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Abstract

The Structured Assurance Case Metamodel (SACM) is a standard speci�ed by the Object Manage-

ment Group that de�nes a metamodel for representing structured assurance cases. It is developed to

support standardisation and interoperability in assurance case development. Unlike existing frame-

works such as GSN and CAE, SACM (2.0) was not equipped with any visual notation that can be used

to develop graphical assurance cases. A visual notation can be seen as an alternative representation

to the textual form of a modelling language that can support the language's adoption by its users.

The SACM concept is speci�ed using a metamodel. We identi�ed that there is a lack of a systematic

approach that can be adopted to create a visual notation that considers the metamodel as part of the

design process. This thesis proposes an approach that considers a metamodel structure as one of the

inputs to developing a visual notation. The proposed approach could be used to develop any notation

that is based upon a metamodel.

In this thesis, the application of the proposed approach is demonstrated in the development of the

SACM notation. The produced SACM notation is evaluated through empirical studies involving

novice and experienced users. The evaluation results shows that experienced users found the resulting

SACM notation is more intuitive when compared to an existing notation. It is important to notice that

the proposed approach requires many distinct design decisions when applying the approach to pro-

duce a notation. Thus, the development of the notation is sensitive to the design decision made by the

notation designer that could affect the effectiveness of the resulting notation. Based on the evaluation

results, the proposed approach is demonstrated to be helpful in developing a visual notation based

on a de�ned metamodel. Furthermore, the resulting SACM notation is also shown to be useful, and

able to be adopted by the practitioners to develop assurance cases. This is indicated by the adoption

of the produced notation by an international standard body (Object Management Group); the SACM

notation has been published as part of version 2.1 of the SACM standard.
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Chapter 1

Introduction

In this chapter, the motivation of this thesis is described, including the research background and the

identi�ed problems. The research questions, along with the research objective, and hypothesis, are

also provided in this chapter in order to specify the aims of this thesis. Finally, in the last section, the

thesis structure is outlined.

1.1 Motivation

An assurance case is commonly used to provide a clear and structured basis for analysing and com-

municating the assurance arguments and evidence regarding a particular system in a speci�c environ-

ment. An assurance case consists of a related set of auditable elements, such as claims, arguments,

and evidence, used to demonstrate that a de�ned system will satisfy particular properties of interest

such as safety or security requirements. In a complex system, structured arguments will typically be

large and complicated; therefore the argument and evidence must be clearly documented to ensure

they are communicated in a clear and defensible way between the different system stakeholders such

as developers, reviewers, and regulators [9].

An assurance case can be represented using a textual (i.e. natural language) and/or graphical approach.

The Goal Structuring Notation (GSN) and the Claim-Arguments-Evidence (CAE) are two examples of

established assurance case frameworks that can be used to represent an assurance case using graphical

representations [10]. These two frameworks have been widely adopted in various domains to represent

assurance cases, and examples related to their use can be accessed in the literature, for example, in

[1, 11–13].

The Structured Assurance Case Metamodel (SACM) is a speci�cation that de�nes a metamodel for

representing structured assurance cases. It is issued and published by the Object Management Group

(OMG) to improve standardisation and interoperability in assurance case development [9]. SACM is
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1.1 Motivation

built upon the existing and established assurance case frameworks such as GSN and CAE. It provides

a richer set of features, in terms of expressiveness, than existing assurance case frameworks. SACM

was also developed to better support a model-based approach to assurance case development. The

potential advantages of using SACM for creating assurance cases have been discussed in [14]. Despite

the advantages of adopting SACM for creating assurance cases, one of the limitations of the SACM is

related to the lack of visual representation that can be used to visually represent the assurance cases.

Unlike the GSN and CAE, SACM is not equipped with any visual notation. Although SACM models

could be represented visually through the transformation of the models to a different argumentation

notation such as GSN or CAE, these other notations do not provide the richness of SACM, and the

transformations can be complicated and incomplete. It is therefore highly desirable to provide the

ability to visually represent SACM models directly.

A visual notation can be seen as the interface of the modelling language and the users. It plays

an essential role in communicating complex information, especially when communicating with non-

technical users. A visual notation can also be seen as an alternative representation to the textual

form [3, 15]. Similar to GSN and CAE, but from another domain, the Uni�ed Modeling Language

(UML), Business Process Model and Notation (BPMN), and Systems Modeling Language (SysML)

are examples of modelling languages that also provide users with a visual notation.

In the visual modelling language development process, the semantic constructs and the language rules

can be de�ned in a metamodel by the language developers together with the end-users, who help to

re�ne the language concepts [16]. The visual notation should be able to be developed based on the

de�ned metamodel as an alternative representational form to the textual representation of the lan-

guage. However, a limited approach is available that can be adopted to develop a visual notation that

considers the de�ned metamodel as part of the process. Visual modelling languages can also be found

whose development is not based on a metamodel. In this context, those visual modelling languages

were invented before the concept of the metamodelling approach was introduced. An example of this

is the I* modelling language. It was developed before the concept of metamodelling approach was

introduced as part of the development of a modelling language. After I* was widely adopted by its

users in the requirement engineering domain and the concept of metamodelling approach was intro-

duced, there were several proposals that attempted to propose a metamodel for the I*, such as [17, 18];

meanwhile the visual notation of I* was already widely adopted by its users. In contrast to I*, the

SACM is developed and speci�ed in a metamodel. However, there is no visual notation provided in

the speci�cation of the SACM 2.0.

The structured argument is the heart of any assurance cases. Part of the SACM speci�cation de�nes a

metamodel for representing structured arguments. This part of the SACM is one of the main parts that

can be used to develop assurance cases [9]. This thesis aims to provide a visual notation for the SACM

argumentation because there is no visual notation provided for this speci�cation (SACM 2.0). Since

the concept for representing structured assurance cases in SACM is speci�ed using a metamodel, the
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1.2 Research questions

metamodel and its structure should therefore be considered in the development process of the SACM

visual notation.

The visual notation design process is a crucial factor in determining the effectiveness of the notation in

terms of accurately and ef�ciently conveying the information represented in the model [19]. There are

several visual notation design approaches that exist to support the visual notation designer to develop

a visual notation such as [3, 20, 21]. One of the most cited approaches in the domain of visual notation

design and evaluation is known as the Physics of the notation (PoN). This approach aims to ensure

that a visual notation is designed to be cognitively effective by providing nine visual notation design

principles that can also be used as variables to evaluate a visual notation [3]. However, this approach

received some critiques in the literature, mainly focused on the dif�culty of systematically applying

the provided principles. Although there are several proposals that attempted to enhance the PoN [22–

24], there is still a gap regarding how to apply the PoN principles systematically. Also, there is a lack

of empirical evidence to prove that the proposed improvements are suf�cient and can be effectively

adopted to develop a visual notation [15]. Moreover, there is no systematic guideline provided in PoN

principles as well as other existing visual notation design approaches that speci�cally provide visual

notation design steps based on a de�ned metamodel.

Since there is a limitation regarding the visual notation design approach that can be adopted to develop

the SACM notation, this thesis aims to propose a visual notation design approach that considers the

structure of a de�ned metamodel as part of the process. By providing such approach, the lack of

systematical approach in visual notation design, speci�cally, in the context of the development of a

visual notation that consider the de�ned metamodel, can be addressed. The proposed visual notation

design approach is used to develop the SACM notation. This notation is developed to addressed the

current limitation of the SACM 2.0 speci�cation where there is no visual notation provided as an

alternative to the textual representation.

1.2 Research questions

Based on the above discussions related to the motivation of this thesis, the following research question

is de�ned to help specify the work that will be presented in this thesis:

1. How can an effective SACM visual notation be developed?

Due to the limitation of the existing visual notation design approaches that can be adopted

to develop the SACM notation, in order to answer this question, this thesis will address the

following research questions:

2. How can a visual notation be developed based on a de�ned metamodel?
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The following additional research question that is related to the evaluation of the thesis is also

considered:

3. How effective is the resulting notation that is designed using the proposed visual notation design

approach?

The de�nition of an effective notation used in this thesis is discussed further in Chapter 3.

1.3 Thesis objectives and hypothesis

As described in the motivation of this thesis, the objective of this thesis is to develop a visual notation

design approach that can be used to develop a visual argumentation notation for SACM. The proposed

visual notation design approach needs to consider the structure of a de�ned metamodel due to reducing

the current limitation in visual notation design studies where there is a lack of a systematical approach

that can be adopted to develop a visual notation that considers the de�ned metamodel.

Based on the research objectives, this thesis addresses the following hypothesis:

Through the application of the proposed visual notation approach, an effective SACM

argumentation notation can be developed.

1.4 Thesis structure

This thesis is organised into seven chapters:

• Chapter 2presents the literature review relating to existing assurance case notations, the SACM

speci�cation, modelling languages and metamodels, visual notation design approaches, and the

user-centred design approach.

• Chapter 3 presents the proposed visual notation design approach. This approach focuses on the

development of a visual notation based on a de�ned metamodel structure. This approach also

considers multiple aspects such as existing visual notation design approaches, existing notation

in the domain, and the utilisation of visual variables.

• Chapter 4 shows the application of the proposed visual notation design approach to the devel-

opment of a visual argumentation notation for SACM.

• Chapter 5 presents the evaluation of the proposed visual notation design approach through

an empirical study. This compares the SACM argumentation notation developed by following

the proposed approach with an existing assurance case notation developed by another notation

design approach.

21



1.4 Thesis structure

• Chapter 6 presents the evaluation of the SACM argumentation notation. The evaluation con-

sists of several parts such as expert-based evaluation (involving experienced assurance case

users such as assurance case developers, specialists, and project managers), an empirical study

involving novice participants (participants without theoretical or practical knowledge of assur-

ance case notations), and tool support implementation.

• Chapter 7 presents a summary of the thesis contributions, the limitations, and the suggested

directions of future research.
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Chapter 2

Literature Survey

2.1 Introduction

This chapter presents a review of the published literature as the context for this research. As stated in

the previous chapter, the objective of this thesis is to propose a visual notation design approach that

can be used to develop a visual notation for the SACM argumentation speci�cation. To support this

objective, we need to study existing literature from different knowledge areas. We outlined four major

contributing �elds of knowledge that we describe in this chapter:

• Structured assurance case.

• Modelling language, metamodel, and visual notation.

• Visual inheritance in object-oriented paradigm.

• User-centered design

The details of our literature review result related to these knowledge areas is described in the following

sections.

2.2 Structured assurance case

The concept of an assurance case is that it provides a framework for analysing and communicating the

assurance arguments and evidence about a particular system in a speci�c environment (e.g. covering

safety requirements of the systems) [9]. In this section, we discusses the de�nition of the assurance

case and followed by approaches and methods in representing and structuring assurance cases.
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2.2 Structured assurance case

2.2.1 Structure assurance case de�nition

In [25], an assurance case is de�ned as:

"... a reasoned and compelling argument, supported by a body of evidence, that a system,

service or organisation will operate as intended for a de�ned application in a de�ned

environment."

Based on the de�nition above, arguments and evidence form the foundation of an assurance case.

Therefore, both argument and evidence need to be expressed clearly in the assurance case docu-

ment.

An assurance case document facilitates information exchange between various system stakeholder

such as developers, acquirers, and regulators, where the knowledge related to the system is commu-

nicated in a clear and defendable way (e.g. about the safety and security aspect of a system). Each

assurance case should communicate the scope of the system, provides the operational context, the

claims, the safety and/or security arguments, along with the supporting evidence [9].

In order that an assurance case can be developed, reviewed, and presented, it is important that the as-

surance case be documented clearly. Sometimes an assurance case can be very large and complicated

for example in complex systems. Therefore, the documented argument of the assurance case should

be structured to be comprehensible to all stakeholders. It should also be clear how the evidence is

being asserted to support the arguments [25].

2.2.2 Assurance case representations

There are several ways that can be used to represent an assurance case such as use free text approach

(natural language) [26], tabular structures, or graphical-based notation [27]. However as noted in

[27] the use of free-text approach may pose dif�culties for the reader in identifying the individual

elements and structure of the argument. An example can be seen in Figure 2.1. This type of textual

safety argument with multiple cross-references can be awkward and disrupt the �ow of the main

argument [27].

For hazards associated with warnings, the assumptions of [7] Section 3.4 associated with the requirement to

present a warning when no equipment failure has occurred are carried forward. In particular, with respect

to hazard 17 in section 5.7 [4] that for test operation, operating limits will need to be introduced to protect

against the hazard, whilst further data is gathered to determine the extent of the problem.

FIGURE 2.1: Problems of Textual Argument [1]

Similar with free-text format, although tabular approach offers a simple means of structuring an ar-

gument, when presenting safety arguments using this approach we might lose the clarity and the �ow

of the argument due to the limitation in expressing relationship and �ow of the argument using tables

[27].
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Another way is use graphical-based approach. Adopting this approach is believed could help to ease

the dif�culties in writing and certifying the safety cases, since the structure of the argument and the

link to the evidence can be easily identi�ed [26, 28].

When adopting graphical-based approach for representing safety cases, at least, there are two widely

adopted notations that can be used: Goal Structuring Notation (GSN) [27] and Claim-Argument-

Evidence (CAE) [29], where both of them were in�uenced by Toulmin's concept of argument pattern

[26, 30]. The difference between them lies in notations that can be used to visually represent the

argument structure.

2.2.3 Methods for structuring an assurance case

There are several methods that can be used to structure an assurance case. In the previous subsection

we have mentioned GSN and CAE where both of them provide graphical notations to represent assur-

ance cases. Other than GSN and CAE, there is another method, called as SACM argumentation [9],

that can be used to structure an assurance case. However, this method currently is not equipped with

any graphical or visual notations. As follows we summaries the concept of GSN, CAE, and SACM

argumentation:

2.2.3.1 GSN

According to GSN community standard in [25],GSN is a graphical argument notation which can be

used to document explicitly the elements and structure of an argument and the argument's relationship

to evidence. It adopts a hierarchical paradigm where the top claim is on the top of the diagram and is

followed by other GSN elements such as 'strategy', 'sub-goal', and 'solution'.

GSN provides guideline in how to construct an assurance case using GSN notations, which can

be found in GSN Community Standard. Figure 2.2 illustrates the example of GSN Visual Nota-

tions.

FIGURE 2.2: Example of GSN Visual Notations

The following are examples of the GSN elements:
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• A Goal, presents a claim forming part of the argument. It is rendered as rectangle and must be

expressed as a proposition in the form of a noun-phrase + verb-phrase sentence.

• A Strategy, describes the nature of the inference that exists between a goal and its supporting

goal(s). It is rendered as parallelogram and must contain a brief description of the argument

approach.

• A Solution, presents a reference to an evidence item(s). It is rendered as a circle and must be

stated as noun-phrases.

• A Context, presents contextual information or a statement. It is rendered as rectangle with round

corner and must be expressed as a noun-phrase for reference to an artifact or for explanatory

contextual information.

• An Assumptionsand aJusti�cations, provide additional information necessary for the correct

understanding of the argument. Both of them are rendered as an oval with the letter 'A' at the

bottom-right for the assumption and 'J' for the justi�cation.

• SupportedByrelationship element, it declares an inferential or evidential relationship. It is

rendered as a line with a solid arrowhead.

• InContextOfrelationship element, it declares a contextual relationship. It is rendered as a line

with a hollow arrowhead.

The elements of the GSN can be linked together in a network and described as a 'goal structure'.

Other than that it can be used to representing an assurance case, GSN was developed to facilitates

speci�c purpose such as support modular safety case development and support mechanisms to rep-

resent argument patterns as a way of explicitly capturing and documenting reusable assurance case

elements. Further explanation and complete documentation of the GSN elements can be found in [25].

Literature that discusses the application of the GSN, for example, can be found in [31–33].

2.2.3.2 CAE

CAE is also a method for structuring an assurance case that adopts a graphical approach. However, it

has different argument elements and notations compared with GSN. The argument notation elements

of CAE from [29, 34–36] can be summarised as follows:

1. Claim (sub-claims), a statement asserted within the argument that can be assessed to be true or

false.

2. Argument, a description of the argument approach presented in support of a claim.

3. Evidence, a reference to the evidence being presented in support of the claim or argument.
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4. Side-Warrant, a statement about the reason behind why we can deduce the top-level claim from

the sub-claims and under what circumstances the argument is valid.

5. Supports, relationship-type element. It explains relation between 'argument' and 'claim'.

6. Is a sub-claim of, relationship-type element. It explains relation between 'sub-claim' and 'ar-

gument'.

7. Is evidence for, relationship-type element. It explains relation between 'evidence' and 'sub-

claim'.

FIGURE 2.3: Example of CAE Visual Notations

Figure 2.3 shows the CAE visual notations. In general, both CAE and GSN concept are quite similar

since both of them were in�uenced by Toulmin's concept of structured argument pattern for sys-

tematically structuring the argument. However, GSN provides more speci�c argument elements for

explaining speci�c context and additional information such asContext, Justi�cation, andAssumption.

Literature that discuss the application of CAE can be found, for example, in [30, 36].

2.2.3.3 SACM Argumentation

According to SACM documentation in [9], SACM is a speci�cation that de�nes a metamodel for

representing structured assurance cases. It is published by The Object Management Group (OMG)

to improve standardisation and interoperability for assurance cases. SACM consists of several parts

that are related to the assurance case technical speci�cations. Part of the SACM speci�cation de�nes

a metamodel for representing structured arguments.

In SACM, structured arguments are represented explicitly by the Claims, citation of artifacts or Arti-

factReferences (e.g. Evidence and Context for claims), and the relationships between these elements

[9]. The following relationships are de�ned:

• AssertedInference for relationship between Claims

• AssertedEvidence for ArtifactReference (as Evidence) and Claims

• AssertedContext for ArtifactReference (as Context) and Claims

• AssertedArtifactSupport for ArtifactReference (as Evidence) supporting ArtifactReference (as

Evidence and Context)

27



2.2 Structured assurance case

• AssertedArtifactContext for ArtifactReference (as Context) supporting ArtifactReference (as

Evidence and Context)

In addition to these core elements, it is also possible to provide:

• Description of the ArgumentReasoning associated with AssertedInference or AssertedEvidence

• Counter-Argument and Counter-Evidence (via isCounter: Boolean)

• Modular structured argument (via ArgumentPackage) including the mechanism to organise a

speci�c selection of the ArgumentElements contained within the package (via ArgumentPack-

ageInterface), and a mechanism to bound two or more argument packages (via ArgumentPack-

ageBinding)

• An association of a number of ArgumentElements to a common group (via ArgumentGroup)

As mentioned before, the current version of the SACM argumentation speci�cation is not equipped

with any visual notation. We believed that the visual notation is an integral part of modern modelling

languages and can help users in communicating their intended message in the form of a model (or

models) to the reader [3]. It would therefore be bene�cial if we provide a visual notation for the

SACM argumentation metamodel. The SACM speci�cation is described further in Chapter 4 in this

thesis as its visual notation is developed using the proposed visual notation design approach.

2.2.4 Depth and Breadth of Assurance Case Notation Research

In order to capture the current state of assurance case notation research, We summarised related publi-

cations that are available and speci�cally observe the visual notation aspect of the assurance case. For

example, we observed that there are at least four notation extension proposals from current assurance

case visual notations, that are:

• D* framework as an extension for GSN as discussed in [37, 38] where the authors introduced the

use of argument elements such as 'Actor' (as a node element), 'Depend On' and 'Belongs To'

(as relationship elements). They argued that the used of these argument elements could enhance

the users' comprehension aspect when implementing them to represent safety arguments for

dependability systems.

• An extension for GSN for dealing with changes in assurance cases also can be found in [39].

The authors proposed supplemental notations for GSN such as 'Accepted Goal', 'Rejected

Goal', 'Stated Goal', 'Applicable Strategy', and 'Not Applicable Strategy' where they claimed

that these supplemental notations could facilitates comprehension in understanding assurance

cases.
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• Another extension for GSN also discussed in [40]. They introduced notations such as 'Or' and

'And' in order to facilitates goal decomposition analysis in safety engineering. They argued

that these notations could be very useful in order to make a selection for requirements analysts

to evaluate the available sub-goals.

• A concept of 'Multi-View' safety cases has been proposed by Flood in [41]. This concept

developed to support GSN visual notations. The author argued that 'Multi-View' safety cases

have the potential to �lter information of interest to stakeholders, thus reducing complexity and

increasing comprehension of the safety argument.

Based on the above previous work, we may imply that some of the users' needs in regards to the

current safety case visual notations are not fully satis�ed, hence they proposed notation extensions to

ful�ll their speci�c needs.

In addition to several work about notation extensions, there is also previous work that is concerned

with comprehension aspect of assurance case notations. For example, Graydon in [42] reported his

analysis about 'Context' argument element in GSN. He argued that the semantic aspect of 'Con-

text' element should be de�ned in a more precise way, since he believed currently the de�nition of

'Context' element in GSN is ambiguous and could affect the users' comprehension when using the

notation. Furthermore, Graydon's opinion about this aspect is also echoed by Rushby et al as noted

in [26].

Matsuno and Yamamoto in [28] also noticed that the effectiveness aspect of the assurance case no-

tations could be improved by providing more formal de�nition for the syntax. However in their

publication, they do not speci�cally explain about what they mean by formal de�nition.

Previous work about the comprehension aspect indicate that further work is required to provide an

improvement in the comprehension aspect of an assurance case visual notation in terms of formal

de�nition. However, formal de�nition itself is separated from the visual representation aspect. Visual

representation itself plays another important role to deliver a clear and comprehensive message to the

stakeholders.

2.3 Modelling language, metamodel, and visual notation

2.3.1 Modelling language and metamodel

Models can be de�ned as explicit representations of some portions of reality as perceived by some

actor. When a model is presented, it must follow a particular rule of construction and representa-

tion de�ned by a particular language [43, 44]. A model can be represented in a textual or graphical

form. Textual representation encodes information using sequences of characters. Visual representa-

tion encodes information using spatial arrangements of graphic (and textual) elements. An example
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of graphical/visual modelling language is UML, and as a corresponding textual modelling language

speci�cally for the UML activity diagram is the Surface Language as presented in [45].

Due to the increasing needs to adopt modelling languages in a speci�c domain, many domain-speci�c

languages have been created for a speci�c purpose. Metamodelling techniques are adopted to support

the interaction, standardisation, interoperability between languages, and modelling tool implementa-

tion.

Metamodeling is the process of de�ning modelling languages where the common process is �rst to

de�ne the syntax of the language and then to describe its semantic [46]. The syntax of the language

consists of abstract and concrete syntax [3, 47]. For graphical modelling languages, the concrete

syntax is the graphical/visual notation. After the abstract and concrete syntax is created, they should

be able to be mapped to each other. The result of the metamodelling process is the metamodel. The

creation of the notation for a graphical modelling language is one of the steps to de�ne the concrete

syntax of a language.

A metamodel can be seen as a model that consists of statements about models. Therefore, a meta-

model is also a model, but its universe of discourse is a set of models, e.g., models of interest to the

metamodel's creator. A metamodel typically consists of several elements. For example, a metamodel

that is presented using the UML approach might consist of different types of elements such as:

• Class

A class in UML de�nes either an abstract or concrete class. An abstract class is a class that

cannot be instantiated in the model level. A concrete class is a class that can be instantiated

in the model level. The instantiation of the concrete class can be in the form of text, graphical

(visual), or a combination of both of them.

• Attribute

A class in a metamodel may have attributes. An attribute can de�ne, for example, a state of a

class based on a particular de�ned input. An attribute may be grouped by its visibility status

such as private or public that de�ne the accessibility status of the attribute.

• Relationship

Relationship in UML can be speci�ed into several types such as association, aggregation, and

composition. For example, an association can be used as a relationship between classes, which

is used to show that the class instances could be linked to each other.

Metamodels have became popular along with the increasing demands of the adoption of the mod-

elling language. The current speci�cation of UML supports metamodeling techniques to extend the
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capabilities of a language and to adapt it to speci�c modelling domains. An example of a tool that

supports metamodeling is MetaEdit+1.

Figure 2.4 illustrates an example of a metamodel. It is a metamodel of the basic notation for a language

called TOSCA (The Topology and Orchestration Speci�cation for Cloud Applications). TOSCA pro-

vides a well-de�ned way to model composite applications and to provide plans for automating their

management [48]. As shown in Figure 2.4, the metamodel of the basic notation for TOSCA is pre-

sented using the UML approach with elements such as Class, Attribute, Association, and Inheritance

relationship.

FIGURE 2.4: Metamodel example (adopted from [2])

In the next section, the visual notation as a form of the representation of the concrete syntax of a

language is discussed.

2.3.2 Visual notation

2.3.2.1 Basic concepts

By de�nition, the termnotationoriginally stems from the Latin verb 'Notare' and refers to a set of

symbols. Graphical notation systems contain a set of graphical elements (pictograms), which can be

combined with each other according to a set of rules [49].

Anatomically, a visual notation consists of a set of graphical symbols (visual vocabulary) that are

equipped by a set of compositional rules (visual grammar) and the de�nition of each symbol (visual

semantics). The visual vocabulary and visual grammar together form the visual (or concrete) syntax,

meanwhile the graphical symbols are used to symbolise the semantic constructs that typically are

de�ned by a meta-model, and the meanings of graphical symbols are de�ned by mapping them to the

constructs they represent [3].
1https://www.metacase.com/mep/
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Visual notations form an integral part of the language of computer science and software engineering.

Many visual notations have been developed to facilitate communicating complex information between

technical and non-technical users. They are also used in different stages of software engineering, from

requirements engineering through to maintenance. Visual notations are also adopted by practitioners

in industry for strategic planning in the design of software systems. In industry, visual notations play

a critical role in communicating with internal and external stakeholders [50]. This encourages visual

notation researchers to conduct studies in how to maximise the effectiveness of visual notations.

2.3.2.2 De�ning visual notation effectiveness and ef�ciency

Research related to visual notation design is an evolving research area. Many works have been pub-

lished that attempt to design, evaluate and improve the design of the visual notations such as in

[3, 6, 15, 17, 19, 20, 23, 51, 52]. It is important to have variables that can be used as a measurement

to evaluate the design of the visual notation. In this case, effectiveness and ef�ciency are variables

that are frequently used in visual notation design research as a measurement to evaluate a visual

notation.

Visual notations in modeling languages are used as a form of communication between stakeholders

that typically draws in diagrams. As shown in Figure 2.5, the information or message that needs to be

communicated in the form of a diagram is encoded by the model developer or diagram creator, in this

case as an example is X, and will be decoded by the reader Y. The diagram is encoded using a visual

notation, which de�nes a set of conventions that both developer and reader understand. The effective-

ness of communication between the developer and the reader is measured by the match between the

intended message and the received message [3].

FIGURE 2.5: Diagrammatic Communication [3]

In [3], cognitive effectiveness of a visual notation is de�ned as the speed, ease, and accuracy with

which a representation can be processed by the human mind. This de�nition is frequently used in

visual notation design and evaluation research such as in [48, 53, 54]. There are numbers of vi-

sual notation empirical studies that cite this de�nition and they categorised accuracy as a variable to

measure effectiveness and speed (response time in answering the question related to the notations)
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as a variable to measure ef�ciency of a visual notation. For example in [54], the visual notation

effectiveness is measured by the accuracy of users' correct interpretation regarding speci�c visual

representation (symbol) of the visual notation and the visual notation used in a diagram. Besides that,

they also measure the speed of reading and it is a measure of the response times for users to answer

questions related to visual notation in a diagram.

2.3.2.3 Visual notation design and evaluation methods

Research in notation design is closely associated with research in conceptual modelling languages,

speci�cally in evaluating the quality of the conceptual model [19]. Several theoretical frameworks

have been proposed to evaluate and improve the quality of conceptual models, and some of them, such

as Semiotic Quality (Sequal) [43], partially paid attention to the visual notation aspect. However, they

were not designed exclusively to focus on the visual notation.

Sequal is a framework for de�ning the quality of a conceptual model. So, it cannot be used directly

for assessing the effectiveness of a visual notation. The authors of this framework argue that Sequal

is in�uenced by linguistic concepts of syntax, semantic, and pragmatic. Therefore, this framework

focuses on these concepts to de�ne the quality of syntax, semantics, and pragmatics of a conceptual

model, and de�nes four aspects of modeling:

1. Language (L), consists of statements which has syntax and semantics. Syntax divided into al-

phabet (notations/symbols/vocabulary/constructs) and grammar (rules that de�ne how to legally

combine modeling constructs). Meanwhile, semantic divided into semantic (or meaning) for

each construct and semantic for the statements.

2. Domain (D), consists of all possible statements that would be correct and relevant for solving

the problem.

3. Model (M), set of statements that are actually made

4. Audience Interpretation (I), the set of statements that the audience thinks the model contains.

The primary sources for this framework are de�ned using the relationships between the model (M)

and the three other sets (as illustrated in Figure 2.6).

Unfortunately, this framework can not be used for assessing the effectiveness of visual notations

because this framework is developed by the author to be used for de�ning the quality of a conceptual

model [55] [56]. However this framework give us some senses about the relations between model

that could be visualised using visual notations with domain therefore we can de�ne the semantic

quality. Beside that we also can have insight about how to de�ne syntatic quality in the context of this

framework that measured by understanding the relationship between model and language where the

language syntax and grammar are de�ned.
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FIGURE 2.6: Semiotic Quality

Recently, a theory that focuses on visual notation design has been proposed, which is called The

Physics of Notations (PoN). This theory aimed to ensure that visual notations are designed to be

cognitively effective (i.e. the speed, ease, and accuracy with which a representation can be processed

by the human mind) [3]. PoN provides nine principles that can be used either to design or to evaluate

the visual notation. The followings are the overview of the PoN principles:

1. Semiotic Clarity: there should be a one-to-one correspondence between elements of the lan-

guage (semantic constructs) and graphical symbols.

2. Perceptual Discriminability: refers to the ease and accuracy with which symbols can be differ-

entiated from each other.

3. Semantic Transparency: refers to the use of graphical representations whose appearance sug-

gests their meaning.

4. Visual Expressiveness: de�ned by the number of different visual variables used and the range

of values (capacity) used for each variable.

5. Complexity Management: refers to the ability to present large amounts of information without

overloading the human mind.

6. Cognitive Integration: this principle provides mechanisms to support the integration of infor-

mation from different diagrams (only applies when multiple diagrams are used to represent a

problem situation).

7. Dual Coding: the use of text to complement graphics.

8. Graphic Economy: the number of different graphical symbols should be cognitively manage-

able.

9. Cognitive Fit: use different visual dialects for different tasks and users when required.

There are numbers of existing notations that has been evaluated using the PoN principles such as UML
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[57], UML Statechart notations [6], Misuse Case notations [53], I* [17], SEAM [50], UCM [58], and

BPMN [59]. There are also several new notations that are designed using the PoN principles, such as

VTML (The Visual Traceability Modelling Language) [60] and Larman's Operation Contracts [61].

However, this framework has received some criticism in the literature, mainly focused on the valida-

tion and dif�culty in applying the principles since PoN does not prescribe any systematic method or

process for the implementation of the principles. Several works, such as in [15, 22, 23, 62], have been

proposed to address this issue.

Besides PoN, the Cognitive Dimensions (CDs) theory is also frequently discussed in notation design

literature. CDs framework was introduced by Green, who emphasised the use of this framework as a

"discussion tool" to aid non-HCI specialists in evaluating the usability of notational systems and infor-

mation artifacts [63]. To do this, the CDs provides a vocabulary that can be used by designers when

investigating the cognitive implications of their design decisions. Therefore, it does not explicitly

provide any guideline or procedure for designing or evaluating a visual notation [20].

With the advancement of meta-modelling standards, the semantic constructs and grammatical rules of

modelling languages tend to be de�ned in the metamodel to facilitate communication and tool support

[17]. The notation should be de�ned afterwards referring to the de�ned metamodel. In order to design

the visual syntax of the visual notation, we can use Bertin's visual variables theory.

Bertin de�ned eight visual variables that can be used to graphically encode information: brightness,

orientation, size, shape, color, texture, horizontal and vertical positions[4]. Figure 2.7 shows Bertin's

visual variables that can be used by notation designers to develop numbers of graphical symbols

by combining the variables together in different ways. However, there is still lack of guideline that

speci�cally can be used to design visual notation from a prede�ned metamodel.

FIGURE 2.7: Bertin's Visual Variables [4]

2.3.2.4 Visual notation evaluation studies

Beside the above visual notation theories, we also need to understand how visual notation researchers

evaluate a visual notation. There are several studies that have been conducted related to visual notation

evaluation. The evaluation process can be categorised into two groups: expert-based evaluation and

user-based evaluation.
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Expert-based evaluation mostly adopt a method such as PoN for evaluation guideline. For example,

study about I* notations effectiveness as reported in [17]. The authors analysed the I* notations use

nine PoN principles and they found several problems such as symbol redundancy, symbol overload,

and graphical complexity in I* notations. However, this study did not provide any validation in regards

to their analysis results.

On the other hand, user-based evaluation is other way to evaluate an existing visual notation is in-

volving the users of the notation in the evaluation process. Several studies have used this approach to

assess existing visual notations. For instance studies that are conducted by Arning and Zie�e on the

analysis of comprehensibility of C3 notations. C3 is a process modeling (PM) notation that is largely

in�uenced by UML notations. As reported in [49], they conducted the naming method experiment

where the participants of this study had to �nd the most adequate verbal term for the pictogram of the

C3 notation system. The experiments involving different types of participants:

• novices, participants without theoretical or practical knowledge of PM at all

• general PM-experience, participants with theoretical or practical knowledge about PM methods

• speci�c C3-experience, respondents with theoretical or practical knowledge of the C3-method.

The result of this experiment shows that overall participants gave 52.5% correct replies. If we see from

types of participants, only 39.8% of novice users gave correct replies while 53.8% of participants with

general PM experience and 79.2% of participants with C3 experience gave correct replies.

Based on the result, the authors of this experiment stated that there was a low comprehension rate of

C3 notation elements (across all users), which is on average far below the recommended recognition

rate of more than 66% in ISO design guidelines (ISO 9186). The ISO standard for testing graphical

symbols de�ned the minimum hit rates of 67% as the hit rate is required for acceptance of public

information and safety symbols. The result indicates that C3 notation elements are not intuitively

comprehensible for all users, but rather rely on speci�c previous knowledge. This experiment in-

formed us that asking the users of the notations could give important feedback in order to understand

the current comprehensibility aspect of a particular notation. Beside that the feedback can be very

useful to design an improvement of the visual notation.

Beside those two examples, there also a study that compare the results from expert-based and user-

based analysis of a visual notation [51]. This study concentrates on understanding the semantic trans-

parency of UML notation by comparing the semantic transparency between the original UML visual

notation, UML PoN-based visual notation (expert-based analaysis), and UML user-based design vi-

sual notation by involving the users in the experiment process.

To measure graphical notations comprehensibility, the researchers use the hit rates or percentage of

correct responses. The ISO standard for testing graphical symbols de�ned the minimum hit rates
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of 67% as the hit rate is required for acceptance of public information and safety symbols. The

result of their experiments shows that user-based symbols resulting mean of 71.5% hit rates which is

above ISO minimum standard, higher than UML standard notations (22%), and PoN-based notations

(33%). Therefore, this experiment inform us that involving users of the notation in design process can

provide better semantic transparency aspect rather than designing the notation only based on expert

analysis.

Based on three examples of visual notation effectiveness studies that are explained above, we conclude

that other than involving expert, involving users is also important in the evaluation process of a visual

notation.

2.4 Visual inheritance in object-oriented paradigm

In this section, we describe the concept of visual inheritance in the object-oriented paradigm and how

this concept in�uences the basic idea in de�ning the design principles in this study.

2.4.1 Object-oriented concept

The object-oriented (OO) methodology is an approach in the system development that encourage the

software developers to re-use the software components. This concept can be applied in the design

phase, analysis, implementation, and maintenance.

The basic building block of the object-oriented concept is the object itself. An object in an OO system

can represent organisational things (e.g. companies or departments), conceptual things (e.g. purchase

orders or reservations), or physical things (e.g. managers or customers). Objects can also be a feature

of computer implementation such as Graphical User Interface (GUI) frame [64].

In OO, an object is de�ned in terms of its class. A class also can be seen as a template for all

objects of the class. An object that belongs to a certain class also known as an instance of that class.

Therefore, the term of object and instance in OO are used interchangeably. A class typically have

speci�c attributes and operations. All instances of the same class will have the same characteristics

both their attributes and operations. The process of creating an instance of a class also known as

instantiation [65].

The attributes of a class are the data items that de�ne the class, for example, name, date of birth,

and departments might be attributes of a class Student. On the other hand, the operations of a class

combine to form the class behavior. The term operations of a class are closely related to term methods.

Both terms refer to the procedures that form part of a class de�nition [64]. Attributes and operations

of a class can be de�ned with a speci�c visibility method, for example as public or private [65].
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All information related to an object (e.g. attributes and methods) are encapsulated in the object. The

concept ofencapsulationmeans that the only way to affect the object is to perform operations on that

object and the user of that object can only know the operations that are available without knowing

the details (e.g. implementation) of the operations. Encapsulation provides a mechanism, called as

data or information hiding, to protect the data as the data can only be manipulated by the operations

de�ned in the object. Meanwhile, the procedure of representing only important information related to

an object without including the details is also known asabstraction[64–66].

It is possible in OO that for the same methods to act differently in different class. This concept is

called as polymorphism that provides the ability to take on more than one form [65, 67]. For an

example of this concept, there is a 'Person' class which has an attribute de�ned as 'name' and a

method de�ned as 'talk', as in Figure 2.8. There are two instances of the 'Person' class: 'Baby' and

Teenager' class. As stated before, all instances of the same class will have the same characteristics

both attributes and methods or operations. Therefore, both 'Baby' and 'Teenager' class will also have

the attribute 'name' and talk' method. In the context of polymorphism we will focus on the method

within the class. In this case, the 'talk' method will produce a different response depending on the

class where it is implemented. In the 'Baby' class it will respond with some kind of baby talk for

example 'ma ma ma ma' since a baby still has a very limited vocabulary. Meanwhile, in 'Teenager'

class it will respond differently since a teenager already has many vocabularies.

FIGURE 2.8: Polymorphism example

The concept of polymorphism is closely related to the concept ofinheritance[65]. In the next sub-

section, we discuss the concept of the inheritance in the context of the object-oriented paradigm.

2.4.2 Inheritance

Basically,inheritancede�nes a relationship between classes where a class share its characteristics or

behavior to other classes. Semantically, inheritance denotes an 'is-a' relationship [67], for example, a

catis a type of an animal where an animalis a type of a living creature.
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By de�nition, the term inheritance can be de�ned as a mechanism which allows new classes to be

de�ned based on existing classes; a new class can be de�ned as a specialisation of one that has already

been de�ned. In this case, the specialised class inherits the characteristics (attributes and methods)

of the class it is created from. This specialised-class is also known as a sub-class or child-class,

while the existing class that inherits its characteristics is also known as a general-class, super-class, or

parent-class [68].

There are two types of inheritance: single and multiple [67–69]. Single inheritance can be described

as a condition where a child-class has exactly one parent-class. For example, in Figure 2.9 (a), a

child-class "B" has only one parent-class "A". Meanwhile, multiple inheritance can be described as a

condition where a child-class has more than one parent-class.

FIGURE 2.9: (a) Single Inheritance; (b) Multiple Inheritance

2.4.3 Visual inheritance

The concept of inheritance in object-oriented paradigm is commonly adopted in graphical user inter-

face design. This concept is being adopted in order to maximise ef�ciency in the design process, such

as in the case when we have a common (base) design that can be reused further by inheriting this base

design [70, 71].

For example, in creating a visual representation of a generic dialogue window in the context of UI

Frame design. We may create the visual representation of a generic dialogue window, for example,

as a rectangle that is equipped with a button with a letter 'X' for a basic function such as 'Close' for

closing the dialogue window (as illustrated in Figure 2.10). This visual representation can be reused

by more specialised frame, e.g., Login frame, by implementing visual inheritance mechanism. As

illustrated in Figure 2.10, we may reuse the visual representation of the generic dialogue window

for creating the Login dialogue window. We may, for example, add input �elds for the 'Username'

and the 'Password' as well as 'Reset' and 'Submit' button to visually represent the Login dialogue

window.

The concept of inheritance has inspired the idea of visual inheritance design in de�ning the design

principles. The concept of inheritance offers ef�ciency in the design process and it also facilitates
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FIGURE 2.10: Example of the visual inheritance in User Interface design

design coherence between related classes, for example, as illustrated in Figure 2.10. The main idea

of visual inheritance therefore can also be applied in the process of visual notation design based on

metamodel since in a metamodel we can identify the relationship between classes including their

characteristics.

2.5 User-centered design

In this section, user-centered design approach is explained. We starts by describing the basic concepts

and then continue explaining the activities along with the method that can be used in each activi-

ties.

2.5.1 User-centered design concepts

By de�nition, User-Centered Design (UCD) is a design approach that is based upon an explicit under-

standing of users, tasks, and environments [72]. UCD can be used for designing a product based on the

user's perspective. Therefore, this approach offers a potential solution for us to conduct this research

in terms of developing a notation that considers the user's feedback as one of the inputs.

UCD suggest that users be actively involved in both design and evaluation process [73]. Beside that,

the users who are involved should be relevant, have capabilities and experience related to the product

that being designed. The effectiveness of user involvement increases as the interaction between the

developers and the users increases [72].

2.5.2 User-centred design approach

UCD emphasises an iterative process. It should be used to eliminate uncertainty during the devel-

opment of a product progressively. Iteration means that the product speci�cation, description, and
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prototypes are revised and re�ned when new information is obtained in order to reduce the risk of the

product under development failing to meet users' requirements [74].

ISO 9241-210 provides generic guideline for performing UCD process that could be adopted in this

research since the design process emphasise in understanding users' needs and context of use. Ac-

cording to this guideline, before conducting the UCD activities, the stakeholders of the product-to-be

should be identi�ed and then the following activities can be iteratively performed [74]:

1. Understand and specify the context of use.

The characteristics of the users such as roles, tasks, and experience de�ne the context in which

the product is used. It is useful to gather and analyse information on the current context in order

to understand, and then specify, the context that will apply to the future product.

Analysis of existing condition of the product provide information such as de�ciencies and also

can reveal needs, problems and constraints. The are several methods that can be used in this

activity: stakeholder meeting, survey on existing users, �eld study/observation.

2. Specify the user requirements.

The requirements derived from user needs and the context of use, therefore users and other

stakeholder needs should be identi�ed. The stakeholder meeting or stakeholder survey methods

as mentioned above can be used as an example to conduct this activity.

3. Produce design solution.

Potential design solution are produced based on users' requirements (needs and context of use).

Beside that further user requirements that can emerge as potential design solutions are detailed

and evaluated. To conduct this activity, user participatory design method can be implemented

by involving the users in design process. This method is primarily used in UCD since it is align

with the core concept of UCD where the users need to be involved in the design process [75].

In visual notation research, this participatory design method has been implemented as noted

in [51] where the author asked the participants of their research to produce the design for the

visual notations. In relation to this research, this method was adopted in this research where the

stakeholders were invited participate in the development of the proposed SACM argumentation

notation.

4. Evaluate the designs against requirements.

User-centred evaluation (evaluation based on users' perspective) is a required activity in UCD.

It must be conducted both to obtain early feedback in order to improve the product and, at a

later stage of process, to determine whether the requirements have been satis�ed.
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UCD provides user-based evaluation method where the users need to be involved in order to

provide feedback about the design product. The users' feedback later on will be the input for

conducting re�nement activity where the product need to be improved in order to satisfy the

users' need [74].

The above UCD activities generally similar with activities that are noted in others UCD literature such

as [72] and [73] where they also emphasise in iterative process and product re�nement in order to

satisfy the users' needs. Beside that, in designing a visual notation, UCD approach has been adopted

in previous studies. For example, as discussed in [51] where the authors adopt UCD approach in re-

designing UML user-based notations. Based on the result from their experiment, the UML notations

that design by users' provides better comprehensibility aspect rather than existing notations.

Based on the above explanation, we may conclude that UCD offers potential solution for conducting

systematic elicitation process for this research since UCD methods such as stakeholders' survey is

very useful for us to understand users' opinion.

2.6 Summary

In this chapter, we have explained the research context with several relevant literature from the dif-

ferent �eld of knowledge areas such as visual notation research, structured assurance cases, visual

inheritance concept in the object-oriented paradigm and user-centred design.

We have reviewed the basic concepts of visual notation and identi�ed current best practice in devel-

oping and evaluating a visual notation along with the existing approaches and methods. Based on

our review, currently only a few works in the literature focus on providing a guideline in designing a

visual notation for a prede�ned metamodel. As the current metamodeling approach is widely adopted

as a mechanism for improving standardisation and interoperability in modelling languages [17], it is

important to provide speci�c guidelines that focus on the design of visual notation for a prede�ned

metamodel.

In the structured assurance case research area, we have reviewed the structured assurance case con-

cepts and its representations. The methods for structuring assurance cases such as GSN, CAE, and

SACM argumentation were explored. We found that both GSN and CAE adopts graphical approach

in representing the assurance case. However, the concept of SACM argumentation that is speci�ed

in SACM argumentation metamodel, currently, is not equipped with any visual notations. It would

be bene�cial if we provide the visual notation for the SACM argumentation metamodel. With this

aim, we need a systematical approach in developing the notations, however, currently only a few

works in the literature that provides a speci�c guideline in designing a visual notation based on a

metamodel. Therefore, we explored the concept of user-centred design and the visual inheritance in

object-oriented paradigm.
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The concept of visual inheritance inspired us in developing a systematical approach for designing a

set of visual notation based on a metamodel. This concept emphasises the design coherence between

parent and child-classes, where the basic design characteristics of a parent-class must be inherited

to its child-classes. On the other hand, the concept of user-centred design provides as knowledge in

involving user in the design and evaluation activities when developing a product in this case is a visual

notation.
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Chapter 3

Visual notation design approach

3.1 Introduction

In this chapter, the proposed visual notation design approach is described. This approach is developed

in order to be used to design the SACM notation since there is a lack of visual notation design approach

that can be adopted, speci�cally in the context of designing a visual notation based on a de�ned

metamodel.

In Chapter 2, we have discussed several existing notation design approaches. Due to the adoption

of a metamodelling approach as part of the advancement of a modelling language (e.g. to support

interoperability), in this thesis, we speci�cally propose an approach for designing a visual notation

based on a de�ned metamodel of a modelling language. Therefore, in this approach, the primary

input is the metamodel of the language. The metamodel in this context must have the description

of the semantics of the elements and the hierarchical structure (in graphical form, e.g. using UML

approach) of the elements. Both the semantics and the hierarchical structure of the elements will be

used to create the visual representation of the element in the visual notation design process. Therefore,

the metamodel without the semantics and the hierarchical structure of the elements would not be

suitable as the input for our approach.

It is important to note that the validity of the metamodel, including its speci�cation is not part of the

scope of the proposed approach in this study. The focus of the proposed approach is to develop a

visual notation based on a de�ned metamodel that provides a representation for the abstract syntax of

a modelling language.

In the next sections, the overview of the proposed approach is described along with the steps to

develop a notation.
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3.2 Overview

The objective of the proposed visual notation design approach in this thesis is to produce aneffective

notation. In this thesis, we de�ne the effectiveness of a visual notation using the following character-

istics, which are inspired from the visual notation design literature [3, 48, 53, 54]:

• Accurate: a notation that can be used by its user to construct a model (diagram) that is correct

in every detail. This characteristic is essential for effective communication through a visual

medium (i.e. diagram) in order to deliver a valid message from the creator of the diagram to the

reader.

• Easy to learn: the visual representation of the elements should be easy to identify by its users

so that the users can easily read the diagram that consists of multiple elements of the notation.

• Easy to use: the users can use (draw) the visual representation of the elements quickly when

they need to create a diagram using the notation. This characteristic is derived from the de�-

nition of notation ef�ciency (from [3]) to measure the user's speed when using the notation to

create a diagram. Therefore, we consider this characteristic to be important for a notation so

that its users can easily create (draw) a diagram using the notation.

In order to evaluate this objective, the notation produced using the proposed approach needs to be

assessed. The assessment can be done by comparing the effectiveness of the notation that is designed

using the proposed approach and another notation that is designed using another approach.

In order to ensure the notation has these characteristics, the following design approach was developed.

There are two preparation steps before starting the design process that needs to be considered when

applying the proposed approach:

• Consider the design scope of the metamodel

• Consider the involvement of the users of the notation

The �rst preparation step is related to the identi�cation of the design scope of a metamodel. This �rst

step may need to be conducted in the case of designing a notation for a complex metamodel (i.e. a

metamodel that is composed of several sub-concepts) such as UML. The UML metamodel consists

of multiple sub-concepts like Behaviour and Structure diagrams, where each diagram has its speci�c

types of diagram such as Class diagram (part of Structure diagram type) and Activity diagram (part

of Behaviour diagram type). When designing a visual representation of a complex metamodel, it may

be necessary to prioritise which part of the metamodel to design the notation for �rst. Prioritising the

design of the part of a complex metamodel may help the notation designer to focus on one task at a

time in the design process.
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The second preparation step is related to the involvement of the notation user in the design or eval-

uation phase. Developing a visual notation involves creating a product that is de�nitely user-centric,

so users of the product should be involved where possible in the development and evaluation phases.

An example of an experimental study that reported the involvement of the notation users both in the

design and evaluation phases can be found in [51]. That research aimed to investigate the seman-

tic transparency of the UML notation by conducting an experiment involving the notation user in

the design and evaluation phase of the notation. In the design phase, a group of notation users was

asked to create an alternative notation for the UML concepts. In the evaluation phase, another group

of notation users were asked to assess the semantic transparency of the original UML notation and

the created alternative notation. Based on this experiment, it was seen that involving the notation

users in the design phase can be more complicated than involving the notation users in the evaluation

phase.

Figure 3.1 illustrates our view regarding the life cycle of a visual notation. We see the development

and evaluation of a visual notation as an iterative process. After the development process is completed,

the evaluation phase needs to be conducted. The result of the evaluation phase, e.g. the feedback from

the notation users, can be used as an input for the development phase in the next iteration process in

order to improve the notation.

FIGURE 3.1: The visual notation life cycle

In this thesis, following the development process of a visual notation as shown in Figure 3.1, we

propose an approach that considers a de�ned metamodel as part of the process. The approach is

shown diagrammatically in Figure 3.2 that can be used to create a visual notation in the development

phase of the visual notation design life cycle. The following four steps are involved in the proposed

visual notation design approach in the development phase of a visual notation in this thesis, where the

metamodel is used as an input for the �rst task (create a design path):

1. Create a design path (based on a de�ned metamodel)

2. Identify design constraints

3. (for each identi�ed element in the design path) Create the visual representation

4. Document the design rationale
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FIGURE 3.2: The proposed visual notation design approach

The following inputs are required to apply the proposed approach:

1. A metamodel with the description of the semantics of the elements and the hierarchical struc-

ture of the elements for creating the design path and creating the visual representation of the

elements.

2. Existing notations (e.g., in a similar domain to the notation that will be developed) as the input

to de�ne the design constraints in creating the visual representations of the elements.

3. Visual notation design theories and principles such as visual variables, semantic transparency,

and notation usability to help to de�ne design constraints.

Figure 3.3 illustrates the details of each step along with the expected outputs. The rounded rectangle

with shaded colour represents the general step of the approach. The rounded rectangle within the

dashed line represents the sub-step as part of the general step. The parallelogram represents the output

(Ou) of the steps. The arrowhead line represents the �ow of activity related to the approach.

The �rst step in the proposed visual notation design approach is related to the creation of a design

path. A design path provides the order in designing or creating the visual representations of the

metamodel elements and also provides information related to the elements that are involved in the

design process. Step 1, Create a design path, consists of three sub-steps: (1.1) Metamodel elements

identi�cation; (1.2) Elements prioritisation; and (1.3) Design path creation. First, the input for sub-

step 1.1 is a de�ned metamodel. Next, the sub-step (1.1) output is used as the input for sub-step 1.2,

and the output of the sub-step (1.2) is used as the input for sub-step 1.3. Finally, the output of sub-step

1.3 is the created design path (Ou.1).
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FIGURE 3.3: Visual notation design process

After completing step 1, the process continues to step 2: Identify design constraints. This step 2

consists of four sub-steps: (2.1) Visual variables selection; (2.2) Identify existing notation; (2.3)

Identify existing design principles; and (2.4) Identify notation usability. The output for step 2 is the

identi�ed design constraints (Ou.2). The identi�ed design constraints are used as input to create the

visual representations in step 3.

The output from steps 1 and 2 are used as an input for step 3: Create visual representation. The

order in creating the visual representation of the elements is based on the created design path (output

of step 1). In creating the visual representation, we need to respects the design constraints that we

have considered in step 2. In step 3, to create each visual representation of the identi�ed elements,

it is important to consider visual inheritance in order to show family resemblance among related

visual representations (of elements that have similar semantics). It is also important to check the

visual distance between visual representations in order to avoid creating two or more identical visual

representations that can cause visual representation overload. The output of step 3 is the created visual

representation of the identi�ed elements (Ou.3).
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The design rationale of each created visual representation needs to be documented in Step 4. Thus,

the creation of the visual representation and the documentation of the design rationale is a recursive

process until all the visual representations of all the identi�ed metamodel elements are created.

Further explanation regarding each step shown Figure 3.3 and the application example are described

in the following sections.

3.3 Step 1: Create a design path

The �rst step in the proposed visual notation design approach is to create a design path. A design path

is the order in designing or creating the visual representations of the metamodel elements. It helps to

indicate the elements that are to be visually represented using the design process. Since a metamodel

consists of a number of elements, we also need to decide which elements need to be designed �rst

and which element is next in order since another element's visual representations can in�uence the

creation of another visual representation through the visual inheritance mechanism.

Figure 3.4 illustrates the input, process, and output related to the creation of a design path.

FIGURE 3.4: Step 1: Create a design path

The input to create the design path is a given metamodel (In1). The elements of the metamodel that

are considered necessary to have a visual representation will be identi�ed in the �rst sub-step (1.1).

After the elements have been identi�ed (Ou.1.1), we need to prioritise these elements (1.2) in order

to decide which element needs to be designed �rst. This sub-step is related to the utilisation of the

visual variables in the creation of the visual representation. The output of this sub-step is a list of the

prioritised elements (Ou.1.2). After the list of the prioritised elements is created, we need to create a

design path to show elements of the metamodel that are to be included in the creation of the notation,

for example, from the root class to the all the identi�ed elements. After completing this sub-step we

will have the created design path (Ou.1).

The details of each substep is described in the following subsections along with its related exam-

ple.

49



3.3 Step 1: Create a design path

3.3.1 Metamodel elements identi�cation

In order to create a design path, the �rst thing to do is to identify which metamodel elements will be

represented using a visual representation. We need a de�ned metamodel as an input for completing

this sub-step.

A metamodel that is speci�ed using UML, for example, typically consists of several elements such

as Classes, Attributes, and Relationships. A Class can be either an abstract or a concrete one. An

abstract class is a class that cannot be instantiated at the model level. A concrete class is a class that

can be instantiated at the model level. Therefore, a concrete class is a class that can be represented

using a visual representation. A class in a metamodel sometimes has attributes that can be inherited to

its sub-classes. These attributes also can be represented using a visual representation. Classes can be

connected using a speci�c type of relationship. A relationship can be either an Association, Aggrega-

tion, Composition, or Generalisation. An Association relationship can be represented using a visual

representation, while Aggregation and Composition relationships can be used to de�ne compositional

rules of the element in a diagram. The Generalisation relationship, in our approach, is used to de�ne

the visual inheritance relationship between elements.

In some cases, a metamodel can be composed of a huge number of elements (e.g. UML metamodel).

In such cases, we can iteratively develop the notation, or in other words, we need to focus on develop-

ing a visual notation for one particular part of the metamodel at a time, and iteratively developing the

notation for the other parts of the metamodel. In order to do so, we need to identify which metamodel

elements are considered necessary to be designed �rst by comparing the semantic importance of the

metamodel elements related to the application domain. In order to complete this activity, the notation

designer needs to get a better understanding of the metamodel itself by studying the the purpose of

the metamodel, context of use, semantics and relationships of each metamodel element. Studying

the metamodel may provide the knowledge related to which elements are used to represent the core

concepts of the language speci�ed within the metamodel. It is also important to study existing no-

tations in the domain related to the metamodel. Studying existing notations may provide insight in

determining which elements are necessary to have in a visual representation. However, it is important

to note that different languages in the same domain can have different concepts that are speci�ed in

their speci�c metamodel.

Let us consider Figure 3.5 to illustrate the metamodel elements identi�cation process.

Figure 3.5 illustrates an example of a Metamodel (referred to as Metamodel X) that is graphically

represented using a UML Class Diagram approach to specify the concept of modelling language M.

In this metamodel, Class A is the root class that is de�ned as an abstract class (indicated by a *). Class

A has three sub-classes which are Class B, C, and D. Class B is de�ned as an abstract class that has

two sub-classes namely Class E and F. Class F is de�ned as an abstract class that has three sub-classes

which are Class G, H, and I. Meanwhile, Class C has no sub-classes, and Class D has two sub-classes
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FIGURE 3.5: Metamodel X

namely Class J and K. Other than Class A, B, and F, the other classes are de�ned as a concrete class.

Based on this information, we identi�ed that we can create a visual representation of Class E, G, H, I,

C, D, J, and K since they are concrete classes.

Supposed after we study the Metamodel X, we get the following information:

• After studying the Metamodel X and its background modelling language concept, it is possi-

ble to create a model by utilising only the metamodel elements that are representing the core

concept of the modelling language M, in this case the Classes A, B, C, E, F, G, H, and I. The

other classes such as Class D, J, and K are not mandatory elements for creating a model based

on modelling language M since these elements are de�ned as supporting elements.

• After studying another existing modelling language (e.g., modelling language N) in the same

domain as modelling language M, we �nd that the modelling language N only provides its user

with the visual representations of the elements that are used to represent the core concepts of

the language. Other literature also stated that the supporting concepts are rarely implemented

or used in the model.

Based on the above considerations, we may consider focusing on creating the visual representations

for the core concepts of the modelling language M that is speci�ed in Metamodel X by adopting an

iterative visual notation design approach. The visual representation of Classes C, E, G, H, and I,

that represents the core concept of the language, will be designed in the �rst iteration of the notation

development. The rest of the elements, Class D, J, and K that represents the supporting concept of the

language, will be developed in future iterations of the notation development process.

In another case, if we decided to ignore the consideration points as previously described and decided

to create the visual representations of the elements that represents both core and supporting concepts

of the language, we may create the visual representations for all concrete classes in the metamodel

(i.e. create a visual representation of Class C, E, G, H, I, D, J, and K). The Generalisation relationships
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(used to connect between Classes in the Metamodel X), are used in our approach to indicate visual

inheritance that will be used in the creation of the visual representation of the elements.

To summarise, the �rst thing to do to create a design path is to identify the metamodel elements

that need to be represented using a visual representation. Concrete Class, Attributes, and Associa-

tion relationship are metamodel elements that can be represented using a visual representation. The

Aggregation and Composition relationships can be used to de�ne compositional rules of the visual

representations in a diagram. The Generalisation relationship, in our approach, is used to de�ne the

visual inheritance relationship between elements. For a metamodel that is composed of a large num-

ber of elements, we may adopt an iterative visual notation design approach by identifying metamodel

elements that are considered necessary to be designed �rst. The visual representation of the rest of

the elements can be designed in future iterations. The expected output of this sub-step is the list of

the identi�ed elements that will be represented using a visual representation.

3.3.2 Elements prioritisation

After we have a list of the identi�ed metamodel elements, we need to undertake an element prioriti-

sation process. Prioritising the metamodel elements helps in considering the utilisation of the visual

variables. Shape, Position, and Colour are examples of visual variables. Each visual variable has a

unique value. For example, the value of the Shape visual variable can be Rectangle or Circle, and for

Colour visual variable can be, for example, Red or White. These visual variables and their value are

the main components in developing a visual representation of an element.

A visual representation of an element must be unique in terms of the utilisation and combination of

the values of the visual variables. Deciding to use a speci�c combination of visual variable values to

represents an element means that we cannot use the same combination to represents other elements

in order to avoid visual representation overload. Visual representation overload is an anomaly that

occurs when more than one element (or construct) is represented by an identical visual representation.

Visual representation overload leads to ambiguity and the potential for misinterpretation for the users

of the notation (further description and example about visual representation anomalies are described

in Section 2).

Creating a list of a prioritised metamodel elements means that we will create a visual representation of

an element by combining visual variable values, and this combination cannot be used by other visual

representations for other elements on the list.

In our approach, we suggest that the importance of the semantics (related to the application domain)

of an element relative to the other elements in the metamodel as the main consideration in the priori-

tisation process of the elements. Studying the metamodel, its speci�cation, and its domain is the best

way to identify the role of an element in a metamodel.
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Let us consider the output from the example described in sub-step 1 as the input of the element

prioritisation process.

Supposed we have a list of the identi�ed elements that need to be represented using a visual represen-

tation from sub-step 1 as follow:

• Class C

• Class E

• Class G

• Class H

• Class I

We need to prioritise these elements by comparing the semantic importance that is related to the

application domain of an element and other elements. Suppose that after the comparison process, we

created the following prioritised list:

• Class E

• Class G

• Class H

• Class I

• Class C

The above list indicates that we need to create the visual representation of the Class E �rst, and then

continue to Class G, Class H, Class I, and �nally Class C. Having this list (i.e. prioritised elements)

means that we also prioritise use of a speci�c combination of visual variables values to create a visual

representation of an element, and that combination cannot be used to visualise other elements.

To summarise, sub-step 1.2. focus on prioritising metamodel elements by comparing the semantic

importance that is related to the application domain of an element and other elements. The element

prioritisation is important in order to create a unique visual representation for each identi�ed element

in terms of utilising visual variables values. The expected output from the element prioritisation

process is a list of prioritised metamodel elements.

3.3.3 Design path creation

After we have created a list of prioritised elements, we can create a design path. A design path is

the order in designing or creating the visual representations of the metamodel elements. It helps to
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indicate the elements that are involved in the design process of a visual notation. Since a metamodel

consists of a number of elements, we need to decide which element needs to be designed �rst and

which element is next in order to focus on creating a visual representation of one element at a time.

It is also important to know which elements are involved in the design process since an element can

in�uence other elements' visual representation via visual inheritance.

The starting point to create a design path is from the root class of the metamodel. The root class

typically is an abstract class that sometimes has an attribute that can be inherited to its subclass.

From the root class, we may identify attributes that can be inherited to its sub-classes. From the root

class we need to decide which element to consider next. The next element must be the �rst element

from the list of the prioritised metamodel elements or elements that are connected via generalisation

relationship to the �rst element from the list of the prioritised metamodel elements. After that, we can

continue to the other elements based on the list of the prioritised metamodel elements.

Let us consider Metamodel X again (as shown in Figure 3.5) to illustrate an example of the creation

of a design path. Suppose we decided to focus on creating visual representations for the core concept

of the modelling language M. In this case, we want to create a visual representation of concrete Class

C, E, G, H, and I (the output of sub-step 1.1). After the prioritisation process, we decided to create the

visual representation of the Class E �rst, and then continue to Class G, Class H, Class I, and �nally

Class C (the output of sub-step 1.2). This information is used to create a design path. The design path

starts from the root Class of the metamodel (i.e. Class A). From the root Class we continue to Class

B since it is connected via generalisation relationship to Class E (Class E is the �rst class on the list

of the prioritised metamodel elements that the visual representation of this class is need to be created

�rst). From Class E we continue to Class G (via Class F since this Class is connected to Class G

via generalisation relationship), and then to Class H, I, and C as de�ned on the list of the prioritised

metamodel elements.

We illustrate the created design path in Figure 3.6. The Rectangles in Figure 3.6 represent the Classes

of the metamodel, the Lines with a hollow arrowhead connecting the classes represent the Generalisa-

tion relationships, and the dashed lines with an arrowhead represent the design path. Class A, B, and

F, are an abstract class (a star added next to the class name to indicates that this class is an abstract

class) that are included in the design path since they can in�uence the creation of visual representa-

tion of other classes, for example providing design constraints that can be inherited to its sub-classes.

Class E, G, H, I, and C, are the classes that requires a visual representation that need to be designed

(drawn as light-dark brightness). Class D, J, and K, are the classes that are not included in the current

iteration of the visual notation design process. If there was another abstract Class between B and F,

for example we add another class named as class O, then this class need to be added to the design path

because this class is associated directly to the other classes in the design path (Class B and F) that can

also provides design constraints that can be inherited to the sub-classes for the purpose of the visual

representation creation.
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It is important to notice that the order in creating the visual representation must refer to the list of

the prioritised metamodel elements. This means the �rst class on that list must be designed �rst and

continue to the other classes. The design path helps to indicate the elements that are involved in the

design process.

FIGURE 3.6: Example of a design path of the Metamodel X

The expected output of sub-step 1.3 is the created design path. After the design path is created, we

need to consider several design constraints in order to create the visual representations of the element.

The detailed explanation regarding the design constraints is described in the next section.

3.4 Step 2: Identify design constraints

Design constraints are the scope and limitation statements that are de�ned by the notation designer

in designing a notation. A design constraint also can be seen as a requirement that must be satis�ed

in designing a notation [3, 19]. Once a design constraint is planned to be adopted, it needs to be

respected in the creation of visual representations.

As illustrated in Figure 3.7, in our approach, several design constraints can be considered in designing

a notation: the selection of visual variables (2.1), consider existing notations (2.2), consider existing

visual notation design principles (2.3), and notation usability (2.4). These design constraints are

adopted from the existing literature related to the theory of visual variables (In.2.1), existing notations

in the related domain (In.2.2), visual notation design theories and design principles (In.2.3), notation

usability and user-centred design (In.2.4). The information from the literature is used as the input in

this step. The details of each design constraints are described in the following sub-sections. As the

expected output from this step is a list of considered design constraints (Ou.2) that will be used in the

creation of the visual representations.
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3.4 Step 2: Identify design constraints

FIGURE 3.7: Step 2: Identify design constraints

3.4.1 Visual variables selection

The visual variables are the basic building block of graphic visualisation that can be used to graphi-

cally encode information in a visual representation [3, 4, 76]. A visual representation can be created

by utilising and combining visual variables and their values such as Circle, Rectangle, or Triangle as

the unique value of Shape, and Red, Blue, or Green as the value of Colour.

To create the visual representations of the metamodel elements, we need to select which visual vari-

ables that will be used by considering the importance and limitation of the visual variables, e.g., the

importance of Shape, or limitation of Colour. The selected visual variables must be respected when

designing the visual representations and can be inherited when designing visual representations with

similar semantics through visual inheritance process.

The visual notation designer can develop many different visual representations of notation by selecting

and combining the following visual variables in different ways:

• Position/Location (vertical and horizontal): describes the position of the visual representa-

tion relative to a coordinate frame such as changes in the x,y location (in 2d). The Position is

useful in visual notation design, for example, to indicate the position of a visual representation

relative to another visual representation.

Let's consider Figure 3.8 as an example of the role of visual variable Position to describe the

position/location of a visual representation relative to another visual representation.

Figure 3.8 illustrates a Use Case diagram with a subject (sometimes called a system boundary)

is Books Online with applicable use cases (Browse, View, and Purchase Items) and a Customer

actor. The position of the Customer in this example is located horizontally relative to the rect-

angle that is representing the Subject, and the position of the use cases is located within the

Subject.
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FIGURE 3.8: Example of Location/Position in Use Case diagram

• Size: describes the amount of space occupied by the visual representation such as changes in

length, area, or repetition. For example, the size of the rectangle as shown in Figure 3.8 is 390

pt (width) and 317 pt (height).

Size can also be used to provides emphasis to a particular visual representation, e.g., to signify

importance - such as the thickness of a line or outline of shape (since it occupies some space or

area). For example, the size of a line that represents a Join in the UML State Machine notation

as illustrated in Figure 3.9.

FIGURE 3.9: Example of Size indicated by the thickness of the line used for Join

In Figure 3.9, the size of the (thickness of the) line is 12 pt, and the size of the arrowhead line

is 1 pt.

• Shape: describes the external form (i.e., the outline) of the visual representation. Shape can

vary from highly abstract, such as circles, squares, or triangles, to highly iconic, directly mim-

icking the referent represented by the visual representation.

In the context of visual notation design, of all visual variables, Shape is the most important

visual variable for discriminating between visual representation, as it represents the primary

basis on which humans identify objects in the real world. Moreover, it has the largest range

of values amongst the visual variables [3, 24, 59, 76, 77]. Not limited to software and system

engineering �eld, many notations also utilise visual variable Shape from different families (e.g.

Rectangle, Circle, and Line) to denote or visually represent their constructs such as used in

UML, BPMN, and DeMarco Data Flow Diagrams (DFDs).

In Figure 3.10, we can see that in DeMarco DFDs, the visual variable Shape is used with dif-

ferent values to represent the different constructs of DeMarco DFDs. For example, Shape with
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FIGURE 3.10: Example of DeMarco Data Flow Diagram visual representations

value 'Rectangle' is used to represent 'Entity', Shape with value 'Circle' is used to represent

'Process', and Shape with value 'Line' and 'Triangle' combine together to represent 'Data

Flow'. Other than the usage of visual variable Shape, another visual variable is also used in

this example of DeMarco DFDs, such as the usage of visual variable Brightness with value

'Light' as the background within the Rectangle and Circle, and also visual variable Brightness

with value 'Dark' as the background within the Triangle. Utilising and combining different

types of visual variables and values can be useful in order to create different types of visual

representation.

• Orientation: describes the direction or rotation of the visual representation from `normal'. The

normal orientation typically is relative to the designer's de�ned baseline.

Let us consider Figure 3.11 as an example of Orientation in visual representation.

FIGURE 3.11: Example of Orientation in visual representation: a fragment of an argument structure
adopted from [5]

Figure 3.11 illustrates a fragment of an argument structure using GSN-like notation as presented

in [5]. The Claim 1.1.4.2 is drawn rotated 180 degrees from its normal representation. This

Claim is an Undeveloped Goal in GSN and supposed to be drawn with a rectangle with the

hollow-diamond as an undeveloped element decorator placed at the centre-bottom, presents a

claim which is intentionally left undeveloped in the argument. However, in this example, the

visual representation of the undeveloped Goal is drawn rotated 180 degrees, which in this case,
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violates the rule as de�ned in the GSN community standard in drawing the undeveloped Goal

and may confuse GSN users.

• Colour (hue): describes the dominant wavelength of the visual representation on the visible

portion of the electromagnetic spectrum such as blue, green, red. Colour changes in hue at a

given value [78].

In notation design, Colour is commonly used to implement dual coding, i.e., using multiple

visual variables for designing a visual representation in order to increase perceptual discrim-

inability between visual representations (distinguishing between visual representations) [24].

The usage of Colour in designing a notation can be useful, such as, may increase perceptual

discriminability between visual representations. However, the notation designer also needs to

be careful when considering the use of Colour in notation design since Colour can be sensitive

for some context of use. For example, Colour could cause different visual perception for some

users with a limitation such as colour blindness; and also could cause different result in visual

perception such as when printing diagrams that used colour when printed on black-and-white

printers [3].

Further explanation regarding the bene�t and limitation of Colour in notation design is de-

scribed in the Notation Usability design constraint sub-section along with some examples.

• Brightness (colour value): describes the relative amount of energy emitted or re�ected by the

visual representation. Variation in color value results in the perception of shading or areas of

relative light and dark, therefore, color value is also referred to as `lightness' in color theory

[78].

Let us consider Figure 3.12 to illustrates an example of Brightness in notation design.

FIGURE 3.12: Example of Brightness in visual representation

As shown in Figure 3.12, the Brightness of an Activity visual representation in a UML Activity

diagram is de�ned as Light, the Brightness of the Initial node visual representation is de�ned

as Dark.

• Texture: describes the coarseness of the �ll pattern within the visual representation. For ex-

ample, the visual representation of the Message in UML Sequence diagram that is represented

using an arrowhead with solid (texture) line, and the visual representation of Return message

that is represented using an arrowhead with a dashed line (as shown in Figure 3.13).
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FIGURE 3.13: Example of Texture as used in UML Sequence diagram

3.4.2 Identify existing notations

In creating a notation, it is important to identify and consider other existing notations in order to avoid

the occurrence of a notation clash that can confuse the notation user. The clash between notation

in this context is related to the usage of an identical visual representation to represents two different

elements with different semantics. If such cases occur, they could confuse the user of the notation,

even more, so if the notation is in the same application domain.

Let us consider Figure 3.14 as an example of the usage of the same visual representation to represent

two different elements with different semantics from two different notations.

FIGURE 3.14: Example of the same visual representation used to represent two different elements
with different semantics

Figure 3.14 illustrates the UML Comment or Note (a) and the BPMN Data Object (b) visual repre-

sentation. Their visual representation is identical, however, they have different semantics. The UML

Note is a construct that can be used to add further textual information for the user such as a com-

ment or constraint. The BPMN Data Object provide information about what activities require to be

performed and/or what they produce - Data Objects can represent a singular object or a collection of

objects.

Consider another example of notation clash as illustrated in Figure 3.15.

FIGURE 3.15: Example of the same visual representation used to represent two different elements
with different semantics

Figure 3.15 (a) illustrates the visual representation of the SysML Problem and the Figure 3.15 (b)

illustrates the visual representation of the SysML Comment. Both of these visual representations
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are identical, they can be differentiated only by the text `«problem»' that is placed within the visual

representation of the SysML Problem. Text cannot be used as the only aspect to differentiate visual

representations because text is not a visual variable. Visual representations that differ only on textual

characteristics are technically homographs which means they are identical and must not be used to

visually represents the semantics of two (or more) different elements [3].

Based on these examples, existing notations should be considered by the notation designer in notation

design to avoid notation clash and confusion for the notation users.

3.4.3 Identify existing design principles

There are several visual notation design principles that can be considered by the notation designer in

notation design. The following design principles are adopted from existing visual notation literature

such as the Physics of Notation [3], Peirce's theory of sign [79], and visual notation design studies

such as [15, 18, 48]:

1. Semiotic clarity of the notation

Semiotic clarity is a requirement that should be considered when designing a visual notation.

It suggests that there should be a one to one correspondence between the semantic constructs

of the language and the visual representations [3, 15]. In order to satisfy the semiotic clarity,

in designing a visual notation, visual notation designer is suggested to avoid the following

anomalies:

(a) Visual representationredundancy, occurs when multiple visual representations can be

used to represent the same semantic construct.

(b) Visual representationoverload, occurs when two different constructs (or more) can be

represented by the same (identical) visual representation.

(c) Visual representationexcess, occurs when there are visual representations that do not

correspond to any semantic construct.

(d) Visual representationde�cit , occurs when there are semantic constructs that are not rep-

resented by any visual representations.

2. Semantic transparency

Semantic transparency is the creation of a visual representation whose appearance suggests or

represents its semantic meaning [3, 15, 19]. In some cases, not all visual representations can be

used exactly represents the semantic of the metamodel element, or even there may be a visual

representation that can be used to represent the semantics, but the visual representation can be

hard to draw for some users.
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For example, the visual representation of the Defensive State of the extended UML Statecharts

notation to model security aspects as discussed in [6]. A Defensive State can be used to repre-

sent a state of a system when it is expecting or experiencing an attack. The system executes the

necessary defensive mechanisms to fend off attacks. Figure 3.16 illustrates the visual represen-

tation of a Defensive State.

FIGURE 3.16: Defensive State visual representation [6]

For some notation users who create/sketch a diagram or model using conventional approach

such as using pen, paper, or a whiteboard, the visual representation of the Defensive State may

cause dif�culty, i.e., drawing the visual representation, since it uses different Colours and a

Shield icon.

To help the notation designer create a visual representation of an element and comply with the

semantic transparency principle, we adopt the Peirce theory of signs by categorising the visual

representation types to create an intuitive visual representation. Peirce stated that the form of a

sign (visual representation) could be classi�ed as follow [79]:

• An Icon has similar characteristics to the object that is being referred, e.g., a photograph

as it certainly resembles whatever it depicts.

• An Indexshows factual connection or clue to its object, e.g., using an image of smoke to

indicate a �re.

• A Symbolprovides interpretive habit or norm of reference to its object. Therefore, it needs

to be learned, e.g., numbers. There is nothing inherent in the number 3 to indicate what it

represents. So, it must be culturally learned.

By adopting the Peirce theory of signs, we suggest that the notation designer creates a visual

representation by following the order of visual representation type as follows:

(a) Create a visual representation that can represent the semantics of the element (semantic

transparency) by using anicon-typevisual representation. For example, an icon of Stick-

man �gure as commonly used to represent the semantic of an Actor such as in a UML Use

Case diagram as illustrated in Figure 3.17.

(b) If there is no suitable icon that can be used to convey the semantic of the element then

create a visual representation that can provide a clue to the (majority) of the targeted

notation users by using theindex-type visual representation. For example, adopting an
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FIGURE 3.17: A Stick-man icon represents an Actor in UML

existing visual representation to visually represent a particular element in order to provide

a clue to the notation user who is familiar with the existing visual representation, as long

as these elements have identical semantics.

Lets consider the visual representation of the UML Package as illustrated in Figure 3.18

as an example of index-type visual representation.

FIGURE 3.18: The UML Package

The visual representation of the UML Package has been adopted to represent the Package

element of the SysML notation. Therefore, the visual representation of the SysML pack-

age (as shown in Figure 3.19) is identical to the visual representation of the UML Package.

By adopting the UML Package visual representation, a user of the SysML (who is familiar

with UML notation) may easily understand the meaning of the visual representation.

FIGURE 3.19: The SysML Package

It is important to notice that using the existing visual representation to visually represent

the semantic of an element can be applied only when the semantics of the elements are

identical. The notation user could be misunderstand the meaning of the element if this el-

ement as an existing visual representation of another element that has different semantics.

(c) If there is still no index-type that can be used to represent the semantic of the element

then create asymbol-typevisual representation to be learned by the notation users. For

example, the visual representation of I* Agent that is visually represented using a circle

with a horizontal line placed on the upper part of the circle (as illustrated in Figure 3.20).

An I* Agent is de�ned as an actor with concrete, physical manifestations, such as a human

individual, an organization, or a department. For example: Travel agency, Student, and

University of Wonderland [18]. The visual representation of I* Agent does not represent
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FIGURE 3.20: I* Agent visual representation

the meaning of its semantics, instead it needs to be learned by the notation users to get

familiar with the I* Agent visual representation and its corresponding semantics.

Figure 3.21 illustrates the degree of the semantic transparency of the visual representation type.

An icon represents more literal visual representation since it can represent the semantic of the

element, and a symbol representing more abstract visual representation since it is not directly

representing the semantic of the element and also it needs to be learned by the notation user in

order to understand the semantics that is being represented by the symbol.

FIGURE 3.21: Semantic transparency of the visual representation types

De�ning which visual representation type to be used to visually represented an element, can

help the notation designer in documenting the rationale behind the development of the visual

representation. In order to create a visual representation, for any type of visual representation,

we can utilise and combine visual variables.

3. Perceptual discriminability

Perceptual discriminability is de�ned as the creation of a visual representation that must be dis-

tinguishable from other visual representations. Distinguishable visual representations can help

notation users identifying different visual representations [3, 15, 22]. Therefore, this principle

is suggested to be considered by the notation designer to create visual representations.

Discriminability can be measured by thevisual distancebetween visual representations. The

visual distance can be determined by identifying the different visual variable values used by

the visual representations. If visual representations use exactly the same visual variables then

these visual representations are identical which means the visual distance between these visual

representations is equal to zero. Lets consider an example as shown in Figure 3.22 to illustrates

visual distance between visual representations.

A De Marco Data Flow Diagram (DFD) is visually represented using a visual variable Shape

with value Rectangle. Meanwhile, the visual representation of a Process uses the visual variable
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FIGURE 3.22: Visual distance between visual representations of De Marco DFDs Entity and Process

Shape with value Circle. Therefore, these visual representations (as shown in Figure 3.22) can

be distinguished because they utilised different visual variable value, or in other words the

visual distance between them is not zero.

4. Redundant coding

Redundant Coding is de�ned as part of the Perceptual Discriminability principle in [3]. It is

a technique to increase the perceptual discriminability between visual representations by using

multiple visual variables (and their unique value) in creating visual representations. Figure 3.23

illustrates a visual representation that applies redundant coding.

FIGURE 3.23: Redundant coding used in UCM Actor visual representation

The Use Case Map (UCM) Actor, as shown in Figure 3.23, applied redundant coding in its

visual representation [58, 80]. There are several visual variable values used to compose the

UCM Actor such as a Rectangle of visual variable Shape; and a Stick-man icon that is placed

on the top-left of the rectangle (Position/Location visual variable).

Applying redundant coding could increase perceptual discriminability, however, the excessive

use of visual variables may cause a negative impact on visual representation usability. Further

explanation regarding this aspect is discussed in the Notation Usability sub-section along with

some examples.

3.4.4 Identify notation usability

In creating visual representations, usability factors need to be considered by the notation designer

in order to enable a good user experience, and user satisfaction in using the notation [48, 81]. The

following usability factors are suggested as part of our approach that can be considered in designing

a visual notation:

1. Ease of drawing

In some cases models are developed in an interactive manner between developer and other

stakeholders by sketching on whiteboards or paper. Sketching a model using a notation for
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some developers can be considered as an integral activity to informally share knowledge related

to the system to another stakeholders [82].

Since sketches are often hand-drawn, written on a paper or whiteboard without any additional

technology tool, the visual representations must be easy to draw so the modellers can easily use

the notation to create/sketch a model [48]. Therefore, the visual representations that are used to

create the diagrams should be design as simple as possible so developer can draw the diagram

quickly and easily and do not slow down the �ow of ideas.

By considering the easy to draw aspect of a visual representation, visual variables such as

Colour can be dif�cult to use due to limitation in drawing ability and availability of drawing

equipment such as colour pens. Moreover, Colour is sensitive to variations in visual perception

such as color blindness and screen or printer characteristics e.g., black-and-white printers. We

also suggest to avoid creating a complex visual representation such as designing a visual repre-

sentation by excessively combining visual variables and/or using too many different values of

a visual variables, since it could require more effort for the modeller to draw the visual repre-

sentation. We consider a visual representation as illustrated in Figure 3.24 as an example of a

complex visual representation.

FIGURE 3.24: Example of a complex visual representation (in context of a hand-drawn visual repre-
sentation

The visual representation that is shown in Figure 3.24 is a user-created visual representation

for representing a UML Package concept as a result of an experiment on the investigation of

semantic transparency of the UML notation as reported in [51]. We consider the user-created

visual representation as shown in Figure 3.24 to be a complex visual representation since it uses

excessive different types of visual variable Shape and Colour in a single visual representation,

such as Triangle, Circle, Diamond, and Square (for the 2D shape), and also the Cuboid shape

(for the 3D shape type), where each of them has different types of Colour. The modeller might

spend more effort and time to draw the different types of Shape and Colour as well as the

Positioning of the Shapes when creating/sketching a model by hand or without a (technological)

tool support.

According to the literature as stated in [3], redundantly using visual variables (redundant cod-

ing) can help to increaseperceptual discriminabilityfactor (different visual representations

should be clearly distinguishable from each other) and allows positive effects such as a faster
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detection of modeling constructs. However, the excessive use of different types of visual vari-

ables and values also could result in a negative impact to the easy to draw factor since the

modellers may need to spend more effort to draw the visual representation.

In contrast to the visual representation of user-created visual representation of UML Package

as illustrated in Figure 3.24, we consider the original visual representation of UML Package as

relatively easy to draw. In UML, a Package is rendered as a tabbed folder - a rectangle with a

small tab (another rectangle) attached to the left side of the top of the rectangle as illustrated in

Figure 3.18.

FIGURE 3.25: The original UML Package visual representation

The design of the original UML Package, as illustrated in Figure 3.25, may not as stand out

as the design of the user-created UML Package as illustrated in Figure 3.24. However, the

modeller might spend less effort and time in drawing the visual representation of the original

UML Package than drawing the user-created UML Package.

In visual notation design, the term easy to draw can be subjective and highly depend on, for

example, the skill of the modeller in drawing a particular visual representation. Therefore,

in order to reduce subjectivity, we suggest the visual notation designer, after considering the

easy to draw factor in designing a visual representation, to assess or evaluate the created visual

representation. For example, by asking the targeted notation user to actually use or draw the

created visual representation in the context of developing a model using the proposed notation

and analyse their performance in using the notation as well as seek their feedback.

Beside the subjectivity aspect and the interaction between the easy to draw and the perceptual

discriminability factor, it is also important to notice that there is also an interaction between

the easy to draw factor and the intuitiveness of a visual representation. In this context, consid-

ering the easy to draw factor in designing a visual representation may in�uence negatively the

intuitive design of a visual representation.

A visual representation should be designed as intuitive as possible in order to help the user

instantly understand the meaning of the visual representation only by looking at the appearances

of the visual representation. This idea is also known as the Semantic Transparency of a visual

representation [3].

In some cases, just like considering the perceptual discriminability factor, an intuitive visual

representation may require more effort to draw. For example, consider an example of visual

representation of the Compromised State in an extension of UML statecharts notation to model

67



3.4 Step 2: Identify design constraints

security aspects. In this context, Compromised State is used to indicate that the system has

been compromised. It indicates that damage has occurred and is still occurring. Figure 3.26

illustrates the original visual representation of the Compromised State as discussed in [6].

FIGURE 3.26: The visual representation of Compromised State

In order to create an intuitive visual representation of the Compromised State, a proposal for

an improvement to the original visual representation of the Compromised State is made. As

reported in [6], the author proposed an alternative notation to the original visual representa-

tion of the Compromised State by adding the colour black as the background of the visual

representation and an icon of skull and bones. The colour black is used since many existing

security modeling languages used this colour to indicate misuse, including misuse cases, and

mal-activity diagrams. Based on this rationale, the color black is used by the author as the

background in the new visual representation of the Compromised State. A skull and bones sign

is used to indicate that damage has already occurred or is currently occurring. Based on the ex-

perimental study conducted by the author, the results shows that the new visual representation

of the Compromised State is more intuitive than the original one. However, in the context of

easy to draw (e.g. hand-drawing the model), the original notation is relatively easy to draw and

requires less effort compared to the new visual representation illustrated in Figure 3.27.

FIGURE 3.27: Alternative Compromised State visual representation as suggested in [6]

Knowledge of interactions such as between the easy to draw and the semantic transparency of

a visual representation can be used to make trade-offs (where a factor con�icts with another

factor) and analysis of the design rationale of a visual representation.

2. The use of Colour

Visual notation elements (constructs) are mainly distinguished on the basis of the visual variable

Shape because it has a signi�cant impact on object recognition [3, 77]. In order to achieve

faster detection of a visual representation and distinguish between one visual representation and

another,redundant codingtechnique in designing a visual representation is suggested in visual

notation design studies such as in [3, 15, 17, 24]. Redundant coding is a technique of using

multiple visual variables for designing a visual representation in order to increase perceptual

discriminability between visual representations (distinguishing between visual representations).
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Just like other visual variables, Colour is a visual variable that can be used to implement dual

coding in notation design. Colour has been tested empirically for conceptual modelling such

as in [7, 8, 83], that shows if Colour is used as an additional variable to emphasise a particular

aspect in conceptual modelling, signi�cant positive effects on comprehension for users without

prior knowledge of modelling language can be achieved.

An example of the usage of Colour in the context of redundant coding in visual modelling

language can be found in [7] where Colour was discussed to visually distinguish matching

operators in Business Process Models (BPMs), as illustrated in Figure 3.28.

FIGURE 3.28: The use of Colour as a syntax highlighting technique [7]

As shown in Figure 3.28, Colours are used as the syntax highlighting technique in order to

give emphasis to particular aspects in the created model. For example the red colour is used to

emphasise the semantics of an AND-split/AND-join pair as visualised in element t1 and t6, and

the magenta colour is used to emphasise the semantics of an implicit XOR-split/implicit XOR-

join pair as visualised in element p11 and p7. The use of syntax highlighting technique has

become an established feature in programming editors to support programmers in making sense

of code. This idea has been adopted in visual modelling language, for example, as implemented

in [7].

Another example of the use of Colour in visual modelling language can be found in [8] where

Colour is used as part of the Opacity-Driven Graphical Highlight technique for increasing the

cognitive effectiveness of Business Process Diagrams (BPDs) by changing the opacity of graph-

ical elements. To support the implementation of the Opacity-Driven Graphical Highlight tech-

nique, the authors developed a prototype of a supporting tool where Colour is used partially to

implement opacity of graphical elements as illustrated in Figure 3.29.

Based on the experiment related to the effectiveness of the Opacity-Driven Graphical Highlight

69



3.4 Step 2: Identify design constraints

FIGURE 3.29: The use of Colour as part of the Opacity-Driven Graphical Highlight technique [8]

technique, the authors in [8] claimed that participants of the experiment that used Opacity-

Driven Graphical Highlights signi�cantly outperformed those that used the conventional ap-

proach (i.e. process modeling tools which does not exploit the opacity of Business Process

Diagrams elements).

The authors also conclude that using Opacity-Driven Graphical Highlights increases the cog-

nitive effectiveness of business process diagrams [8]. However, the Opacity-Driven Graphical

Highlight technique highly depends on the development of a model using tool support and will

be hard to implement for users who create a model by hand-drawing.

Despite the bene�t of the use of Colour to increase perceptual discriminability between visual

representations, it is important to notice that color should never be used as the main variable and

the sole basis for distinguishing between visual representations as it is sensitive to variations in

visual perception such as color blindness and screen or printer characteristics.

We use Figure 3.28 to illustrate an example of the limitation of colour in the context of sensi-

tivity to variation such as printer characteristics, speci�cally, in the case of printing the model

using a black-and-white printer.

The Colours that are supposed to denote speci�c information as shown in Figure 3.28 cannot be

seen clearly when the model is printed using the black-and-white printer (as illustrated in Figure

3.30). In such cases, the notation user might miss some crucial information that they were

supposed to received. For example, the red colour that was used to emphasise the semantics of

an AND-split/AND-join pair, as visualised in element t1 and t6, cannot be seen clearly since

the model was printed in black-and-white mode.
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