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Abstract. Diagrams are (meant to be) effective communication sup-
ports to convey information to stakeholders. Being communication sup-
ports, they have to be quickly and accurately understood. To enable
immediateness, many disciplines such as cartography rely on keys, which
categorise diagram symbols and bind them to their meaning. Software
engineering extensively relies on visual languages such as UML to com-
municate amongst the many stakeholders involved in information sys-
tems’ life-cycle. Yet, keys are barely used in these diagrams, hindering
(immediate) understanding and limiting it to language experts. We pro-
vide a disciplined approach to design effective keys, by adapting graphic
semiology theory and cartographers’ know-how to software diagrams. We
illustrate our method on a UML class diagram. Designing effective keys
raises questions about the concerns and tasks to be addressed by the
diagram, and even, reveals issues about the language itself.

Keywords: key, caption, legend, diagram understandability, visual im-
mediacy, visual effectiveness, visual modelling language.

1 Keys in Visual Languages

While understandability is a major preoccupation in Software Engineering (SE)
modelling, it still lacks a precise but consensual definition. Based on these ref-
erences [14,7, 8], an understandable diagram is a diagram that provides all (and
only) the pieces of information the stakeholders look for, immediately percep-
tible and in a way suitable to the stakeholders’ questions or tasks. We propose
a definition of understandability that encompasses those notions but at a more
operational level. Understandability is thus a combination of accuracy and speed
at which the stakeholder processes the information conveyed by the diagram.
Relying on a visual modelling language does not automatically make diagrams
understandable or immediate. Understandability is a quality that requires dia-
grams to be designed in the appropriate way.

Over time, a series of theories about modelling language visual qualities have
emerged but only a handful of them goes beyond the stage of a collection of
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abstract guidelines. The two most complete theories so far are the Cognitive
Dimensions of Notations (CDs) [5] and the Physics of Notations (PoN) [10].
While the CDs provide a large set of high-level properties that help make visual
languages cognitively effective (and hence, more easily comprehensible), PoN
focusses on evidence-based principles formulated to address SE visual languages
in practice. However, both theories still lack a detailed procedure to apply their
properties/principles. Our work contributes to make up for this lack of support
by proposing a disciplined method to design effective diagramming keys.

Keys — also called legends or captions — are usually thought about to be anecdo-
tal pieces of documentation. On the contrary, we argue that designing effective
keys is a real challenge that is worth the effort. Indeed, a key designed accord-
ing to the method described in this work allows (i) to identify the questions to
which the diagram can provide answers, (7i) to indicate the diagram context, and
(i4i), to show how the components of the information are visually depicted. Soft-
ware engineers may consider keys unnecessary given their mastering of modelling
languages. However, it would restrict diagrams to information storage artefacts
only, whereas they are also communication supports to non-expert stakehold-
ers.

While keys are present on various kinds of documents that we consult in our
every-day life, it is surprising that they are most of the time missing from SE
diagrams. We searched several sources (Google Scholar, Dblp) and dedicated
venues in computer visualisation (VL/HCC, VIS, EuroVIS, SIGGraph, and in
Journals like the IEEE Transactions on Visualization and Computer Graphics)
as well as cartographic domains. The searched keywords were: key, legend, cap-
tion, combined to the terms model understandability, diagram understandability,
model comprehensibility, diagram comprehensibility. We finally unearthed three
main articles, focussing on interactive environments. Interactive environments
are a sub-category of dynamic environments where visual representations con-
tain animations and the tool hosting the diagram is equipped with functions
allowing the user to directly interact on the diagram.

Dykes et al. elicit high-level guidelines to design keys for maps in a dynamic
environment [3]. These guidelines are driven by distinct strategies governing
the display of the key (e.g. embedding the key in the map itself, or revealing
the information on demand). Most of their guidelines involve dynamism, which
is not easily transferable to the diagrams we target. More importantly, they
do not cover fundamental constituents (such as shapes and colors), which are
essential for a principled approach to keys design. Tudoreanu and Kraemer’s work
suffer from the same limitations, with a greater focus on user interaction [17].
Interaction is also the focus of cartographers ([9,12,15]).

Riche et al. [6] present and evaluate interactive keys by mentioning fundamental
notions. They demonstrate how these notions can be used to empirically assess
keys in dynamic environments. In contrast, we use these notions to focus on
(static) key design, thus both works are complementary.
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2  What Should Be in a Key?

What elements should appear on a diagramming key and how (or where) to place
these elements on the diagram are the true questions to be asked when designing
a key. Our approach is based on the Semiology of Graphics (SoG), a cartography
theory published in 1963 by Bertin [1]. In a nutshell, keys designed according to
the SoG make the stakeholder (i.e., the reader of the visual representation) able
to understand a map without any kind of prior learning (except for the notion
of coordinates conveyed by the map). We pursue the same objective but for SE
diagrams, independently of the visual modelling language.

A Japan: population density
per prefecture in 2009
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Internal 500
B identification HH}J%

Fig. 1. On the left, a map without any key — on the right, a map with a well designed
key

We introduce the elements that compose a key by referring to a (cartography)
map example. Considering Fig. 1(a) on its own, the stakeholder can recognize
the country under consideration (i.e., Japan). He can also identify distinct levels
of colour brightness that seem to express distinct values, but nothing can be cer-
tifiably inferred about the semantics of these values. Providing a key to the map
actually solves these issues. A key is the visual information added to a visual
representation that allows to perform the external and internal identifications.
The internal identification indicates the components and their categories. Cate-
gories are the distinct values depicted by visual artefacts on the representation.
As depicted by Fig. 1(b), the categories are the numeric ranges associated to
each level of colour brightness. In this example, all these ranges are related to a
common concern — the number of inhabitants per km?, which is called a com-
ponent. The external identification provides information about the context (i.e.,
the invariant) of the information conveyed by the visual representation and it
consists in wording (i.e., by providing a title to the representation). Referring
to the example, the context of Fig 1(b) is the Japanese population density per
prefecture in 2009.
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Hereafter, we introduce the hypothesis that structures the relationships among
the three core notions. It states that the information conveyed by a visual rep-
resentation consists of a set of pieces of information. All pieces of information
(aka., tuples) are specific combinations of categories taken from the same set of
components. The components are defined for the entire visual representation in
the context of the given invariant and each combination has to be composed
of at least one category of each component. A component is defined by several
properties: a name which is a string denoting the concern that is modelled by
the component, a length, which is an integer indicating the number of categories
defined for this component, and a organizational level, which is a value from
the set {qualitative, ordered, quantitative} that means that the categories of
this component are not naturally ordered (i.e., qualitative), or that there exists
a natural order (i.e., ordered), or that it is ordered and the distance between
two categories is significant (i.e, quantitative). The categories are described by
exhaustively eliciting their values.

Referring to the Japan map, we can now define the properties of the component
and its categories. The component is labelled inhabitants / km?, has a length of
seven, and its organizational level is ordered. The categories for this component
are the ranges: [0-99], [100-199], [200-299], [300-399], [400-499], [500-999], [1000-
5514]. Every piece of information displayed in the Japan map (see Fig. 1) is
a tuple (coordinates, density range). This is a particularity of maps: the (x,y)
coordinates are part of the primary notation, even if they do not usually appear
in the key.

Components are visually depicted by visual variables. There are eight variables
that belong to two distinct categories (Fig. 2): two planar variables and six
retinal variables. The planar variables locate any graphic artefact on the 2D
plane as a pair of two coordinates (x,y). The six retinal variables are: the shape,
the size, the colour, the orientation, the value, and the terture. Every variable is
characterised by three properties: steps, length, and level. We do not detail them
due to space limitation (see [1]).

VARIABL ES RETINAL VARIABLES
Shape Color Size
oA 080 00
length =00 length = [7,10] length = 20
(x,y) Value Orientation Texture
Position 'OO E E %
length = [10.15] | ergth = 6,7] length = 4 length = [2,5]

Fig. 2. The 8 visual variables from Bertin [1]
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The mapping of a component to a visual variable actually defines the primary
notation of the modelling language. Every step of the variables from the primary
notation is semantically meaningful. Hence, it is not allowed to introduce a new
step (or change current steps) of those bound variables to carry extra semantics
or perceptual attitudes. This is actually the purpose of the secondary notation.
It is composed of the visual variables that are not bound to any component.
These free variables are available to draw attention to certain locations of the
diagram, to annotate the diagram, or to add extra (i.e., not part of the modelling
language) concerns on the diagram.

3 Method

1. External identification. Wording the diagram (i.e., providing a title).

2. Internal identification. Performed after or in parallel with the external
identification. It is composed of three sub-stages:

(a) category elicitation: the visual artefacts depicted on the diagram are
elicited and those that are visually distinct (i.e., text excluded) are kept.

(b) component elicitation: the categories are gathered according to their
semantic proximity in order to form components. The components’ label,
length, and organizational level are also provided (as defined in Section 2),

(¢) pre-mapping of visual variables: potentially appropriate visual variables
are elicited. The final choice is postponed to after secondary notation require-
ments elicitation.

3. Identification of secondary notation requirements. Visual techniques
(e.g., perceptual pop-out effect [16,13]) to support foreseen uses of the diagram
are elicited. Candidate visual variables are chosen according to their length and
level.

4. Mapping components to visual variables. Given the list of variables
eligible to the primary notation and the candidate secondary notation variables,
the designer selects the variables that constitute the primary notation.

5. Selection of the visual variables to be part of the secondary notation.
Using the outcome of Stages 3 and 4, the choice of variables for the secondary
notation is ratified.

6. Writing down the key onto the diagram. The component to visual vari-
able mapping is depicted on the diagram itself, because it is required to correctly
interpret the meaning of the conveyed information. It is visually structured in
this way: (i) each component is labelled; (i) the categories and the steps of the
visual variable(s) to which each category is mapped are placed below or beside
the corresponding component (only those appearing on the diagram); (%ii) the
secondary notation is added (i.e, the addressed concern(s), and below or beside,
its/their categories and steps).
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4 Running Example: SuperElectronicMarket

In this section, we give an overview of the result of applying our method. We
consider a UML class diagram representing an excerpt of the static domain of
the SuperElectronicMarket information system. There are four classes, Product,
Producer, Customer, Order, one association class, OrderDetail, two binary as-
sociations and one composition. A Customer orders Products that are built by
a Producer. For each Order, there is a series of OrderDetails, each one corre-
sponding to the purchase of a certain quantity of a given Product. Every Order
is at least composed of one OrderDetail. This example does not strive to be
realistic w.r.t. to an actual information system: we focus on visual representation
of the information, not its relevance.

Let’s now assume that we are free to change the UML class diagram concrete
syntax (but neither its semantics nor its abstract syntax). We detail each step
of our method:

Stage 1. The diagram is given a title: the invariant relate to the (static) concepts
of the SuperElectronicMarket domain.

Stage 2. As we do not afford to change the language semantics, this component
elicitation may be puzzling and lead to ill-formed components (e.g., a component
with a length of one, or a component whose categories are not mapped to the
same visual variable(s)). There are four categories and their associated steps:

classes that are depicted with rectangles (visual variable: shape); Enumer-
ations are distinguished from classes by a textual annotation (i.e.., < enu-
meration >>), which is not visually discriminant according to the SoG;

— associations that are depicted with plain lines (visual variable: shape);

— association classes that are depicted with a rectangle and a dashed line (vi-

sual variable: shape);

— compositions that are depicted with plain lines with a diamond head at the
source of the relationship (visual variable: shape).

Grouping these four categories together is not allowed because (i) classes and
enumerations are implanted as a point on the diagram, while the relationship
types adopt a linear implantation (for details about implantation types, see [1]);
(ii) class diagrams are SoG networks, which implies that the existence of rela-
tionships prevails over nodes. Hence, we define two components: concept types,
which comprises the class and enumeration, and relationship types that gathers
the association, composition and association class relationships®.

Stage 3 (and 5). We choose to not use any secondary notation.

Stage 4. The concept types has a length of 2 and is qualitative. The shape variable
is suitable, but class and enumeration symbols are visually speaking identical.

3 According to the UML standard [11], association classes are associations with specific
properties.
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SuperElectronicMarket : Information System Domain

PRODUCT CUSTOMER
id : String -purchases -buvers ‘id : String
label: String firstname : String
weight: Real 0.* 0..* |lastname : String m’%
height : int | birthdate : date Class
width : int mabile : String
length : int 1 nationality: COUNTRY
] t ORDER DETAIL Class Enumeration
. -items !
eyt £Z COUNTRY e
price : Real Relationship types
Slovenia OO0 association
builds A e Belgium
- M composition
Class
1 -manufacturer ] - T
- PRO'DUCER ORDER INVOICE association class
Hle Str_lng id : String id : String
name : String d e
phone : String orderdate : date 1 < concems 1+ paymentdate : date
address : String

Fig. 3. SuperElectronicMarket UML class diagram with a revised concrete syntax

Hence, we provide a new shape to the enumeration that is a rectangle whose
vertical sides are curved. We also add a special mark at the top left corner.
The rationale sustaining our choice is the following: rectangle with curved sides
suggests the meaning of a sheet of paper and the special mark denotes a list of
items. The relationship types is qualitative, and it counts three categories. Again,
any retinal variable could be appropriate. One of the major issues when reading
a class diagram is to distinguish between association types. Associations do not
carry any head, while compositions and aggregations have a black (respectively,
white) diamond. We choose to increase the discrimination of those association
types by using colour and by changing the step of the shape variable. Associations
are now red, compositions are blue and association classes are green. The shape
of the lines is changed this way: chain link shape for associations, diamond link
with a large diamond head at the source side for compositions, and a dashed line
for the association class. We have chosen to use two variables for the association
types because it allows to perform redundant coding.

Stage 6. We design the component to visual variable mapping as described in
Section 3. The resulting diagram is depicted in Fig. 3.

5 Discussion

In this paper, we presented a method to systematically design diagramming keys,
which gives concrete validation rules to ensure the diagram is SoG-compliant.
SoG is a theory to design visually effective representations in which the informa-
tion is understood accurately and (almost) immediately. Inspired by cartography,
we argue that it is useful for SE diagrams in which neophytes get accustomed
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with the language concepts progressively and experts are given dedicated re-
minders on complex notations (such as UML). We improved the concrete syntax
of UML class diagrams to make information quickly and accurately percepti-
ble (other examples: https://staff.info.unamur.be/nge/effective-keys).
Full power of the SoG can be unleashed when designing a new language: in this
context, even abstract syntax (metamodel) will be impacted when performing
the internal identification. To empirically validate our method, we plan to set
up an experiment where participants would have to answer a series of questions
or perform some tasks by relying on a set of diagrams with their keys. A control
group would be asked the same actions but they would work with regular dia-
grams (i.e., without keys). Evaluation and empirical validation of visual concerns
have been shown feasible in the context of [2,4]. Additionally, CASE tools could
ensure the automatic validation of SoG’s constraints. Finally, diagram design
could be assisted by the use of interactive keys.
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