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Abstract. BPMN 2.0 is an OMG standard and one of the leading pro-
cess modelling notations. Although the current language specification
recognises the importance of defining a visual notation carefully, it does
so by relying on common sense, intuition and emulation of common
practices, rather than by adopting a rigorous scientific approach. This
results in a number of suboptimal language design decisions that may
impede effective model-mediated communication between stakeholders.
We demonstrate and illustrate this by looking at BPMN 2.0 through the
lens of the Physics of Notations, a collection of evidence-based princi-
ples that together form a theory of notation design. This work can be
considered a first step towards making BPMN 2.0’s visual notation more
cognitively effective.

1 Introduction

The Business Process Modeling Notation (BPMN) has recently emerged as the
industry standard notation for modelling business processes. Originally devel-
oped by the Business Process Management Initiative (BPMI), it is now main-
tained by the Object Management Group (OMG). It aims to provide a common
language for modelling business processes, to replace the multiple competing
standards that currently exist. As stated in its latest release (BPMN 2.0 [1]),
BPMN ambitions to “provide a notation that is readily understandable by all
business users, from the business analysts that create the initial drafts of the
processes, to the technical developers responsible for implementing the technol-
ogy that will perform those processes, and finally, to the business people who
will manage and monitor those processes” [I, p. 28]. Considering the enormous
influence that the OMG has in the IT industry, this mission statement holds the
promise of delivering a standardised lingua franca for all those who, in one way
or another, have to deal with business processes.

The standard goes on to say that “[a] key element of BPMN is the choice of
shapes and icons used for the graphical elements [...]” and that “[the] intent
is to create a standard visual language that all process modelers will recognize
and understand” [I, p. 29-30]. From these statements, it is clear that a chief
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concern of BPMN 2.0 is cognitive effectiveness — although the standard does not
use that term. Cognitive effectiveness is defined as the speed, ease and accuracy
with which a representation can be processed by the human mind [23]. A major
incentive for using visual notations is the widely-held belief that they convey
information more effectively than text, especially to novices [4]. However, cogni-
tive effectiveness is not an intrinsic property of visual notations but something
that must be designed into them [3l/5].

The proponents of BPMN 2.0 somehow acknowledged this when they state
that “[they have] brought forth expertise and experience with many existing
notations and [have] sought to consolidate the best ideas from these divergent
notations into a single standard notation” [I, p. 28]. However, a striking thing
when reading through the voluminous document (504 pages) is the lack of de-
sign rationale, that is, explicit reference to theories and empirical evidence for
designing effective visual notations.

To be perfectly fair to BPMN 2.0, we should recognise that it actually does
better than many other language definitions, in at least two respects. Firstly, its
notation has been defined after reviewing a large number of other notations, in-
cluding UML Activity Diagrams, UML EDOC Business Processes, IDEF, ebXML
BPSS, ADF, RosettaNet, LOVeM, and EPC [I, p. 28]. Secondly, it gives a thor-
ough description of its graphical notation, including an extensive list of the
available symbols, how they can be combined and how they can (and cannot)
be customised for domain- or application-specific usages.

Still, BPMN 2.0 does not justify its notation design choices by referring to ex-
plicit principles. This is actually not surprising since this is a common practice in
visual notation design [2]. In this respect, BPMN 2.0 does neither better nor worse
than the vast majority of notations: it relies on common sense, intuition and em-
ulation of common practice, rather than adopting a rigorous scientific approach.

The objective of this paper is to conduct an analysis of the current BPMN
2.0 visual notation that is based on theory and empirical evidence rather than
common sense and opinion. Of course, it is always easy to criticise, but our aim
in conducting this analysis is constructive: to provide an independent analysis of
the strengths and weaknesses of the BPMN visual notation that can be used to
improve its usability and effectiveness in practice, especially for communicating
with business users. We believe that a unified business process modelling notation
is an important innovation and our aim is to help remove potential barriers to
its adoption and usage in practice.

A broader goal of this paper is to increase awareness about the importance
of visual representation in business process modelling, and the need to refer
to theory and empirical evidence in defining notations (evidence-based design
practice). Accordingly, our approach enriches emerging research in the area (see
Section[233]). Visual syntax has a profound effect on the effectiveness of modelling
notations, equal to (if not greater than) decisions about semantics [6]. But, in
contrast to process modelling semantics [7}8], the analysis and definition of pro-
cess modelling visual notations is a much less mature discipline. Our intention
is to remedy this situation.
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This paper is structured as follows: Section 2] presents the research background
we build upon, and in particular the Physics of Notations, i.e., the theory against
which we evaluate BPMN. Section[3 reports on the analysis itself. Section Fl puts
the results in a broader perspective and provides a summary of the paper.

2 Previous Research

2.1 Language Evaluation Frameworks

The Cognitive Dimensions of Notations (CDs) framework defines a set of 13
dimensions that provide a vocabulary for describing the structure of cognitive
artefacts [9]. This has become the predominant paradigm for analysing visual
languages in the IT field. CDs have a level of genericity/generality that makes
them applicable to various domains, but it also precludes specific predictions
for visual notations. In [9], Green et al. noted that the dimensions are vaguely
defined and that “the lack of well-defined procedure disturbs some would-be
users”. These limitations as well as other disadvantages discussed by Moody [10]
support our choice not to base our analysis on CDs.

Also popular is the semiotic quality (SEQUAL) framework [I1]. It proposes
a list of general qualities for models and modelling languages, that it organ-
ises along the semiotic ladder (i.e., the scale ‘physical’, ‘empirical’, ‘syntactic’,
‘semantic’, ‘pragmatic’ and ‘social’). SEQUAL also distinguishes quality goals
from the means to achieve them, and sees modelling activities as socially situ-
ated (constructivistic worldview). Essentially, SEQUAL offers a comprehensive
ontology of model and modelling language quality concepts. It provides a precise
vocabulary and checklist when engaging in a comprehensive analysis. The part
of SEQUAL that is most closely related to notation quality is termed ‘compre-
hensibility appropriateness’ [12]. However, for our purpose, SEQUAL shares a
number of important limitations with CDs (although the two frameworks are
very different in intent and content). The two main limitations are the level of
generality and the lack of theoretical and empirical foundations related to visual
aspects of notations.

2.2 The Physics of Notations

The Physics of Notations theory [2] provides a framework that is specifically
developed for visual notations. It defines a set of 9 evidence-based principles to
evaluate and improve the visual notation of modelling languages. The princi-
ples are clearly defined and operationalised using evaluation procedures and/or
metrics. They are synthesised from theory and empirical evidence stemming
from various scientific disciplines such as cognitive and perceptual psychology,
cartography, graphic design, human computer interface, linguistics, and commu-
nication. This theory is falsifiable [I3], i.e., the principles can be used to generate
predictions, which are empirically testable. So far, the Physics of Notations has
been used to evaluate the visual notations of Archimate [14], UML [15], * [10]
and UCM [17].
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The 9 principles are:

1. Semiotic Clarity: there should be a one-to-one correspondence between se-

mantic constructs and graphical symbols.

Perceptual Discriminability: symbols should be clearly distinguishable.

Visual Ezxpressiveness: use the full range and capacities of visual variables.

Semantic Transparency: use symbols whose appearance is evocative.

Complezity Management: include mechanisms for handling complexity.

Cognitive Integration: include explicit mechanisms to support integration of

information from different diagrams.

Dual Coding: enrich diagrams with textual descriptions.

8. Graphic Economy: keep the number of different graphical symbols cogni-
tively manageable.

9. Cognitive Fit: use different visual dialects when required.

S TN

=

Operationalisations of the principles often rely on values of visual variables, i.e.,
the elementary characteristics forming the visual alphabet of diagrammatic no-
tations. The seminal work of Bertin [I8] identified 8 visual variables divided
into two categories: planar and retinal variables (see Figure[ll). Essentially, sym-
bols are obtained by combining visual variable values. Henceforth, we take the
convention of underlining visual variable names.

PLANAR VARIABLES RETINAL VARIABLES
Shape Colour Size
AO: ©®O O
Brightness Orientation Grain

X
(x,y) coordinates . O O & E g I

Fig. 1. The 8 visual variables from Bertin [18]

2.3 Visual Aspects of Process Modelling Notations

Studies of the visual syntax of process modelling languages are emerging. Some
are concerned with making improvements at the diagram level [19120], whereas
our work makes observations and suggestions at the language level based on the
Physics of Notations. Our work thus focuses on defining notations that are cogni-
tively effective by construction. This, of course, does not preclude diagram level
improvements (which we actually support) by using so-called secondary notation
(see Section [3.71). Empirical research has also started to study the impacts of lan-
guage and context characteristics, such as diagram layout and user expertise [21],
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routing symbol [22], dual use of icons and labels for process activities [23], ease
of use of the language and user experience [24] as well as modularity [25]. Such
empirical research is important as it can falsify or corroborate predictions from
theories such as the Physics of Notations. However, in the case of BPMN 2.0, we
think that application of the theory must come first (see Section H). Neverthe-
less, we took those studies into account for our analysis of BPMN 2.0, as well
work by zur Muehlen and Recker [26] who studied which BPMN concepts are
the most frequently used by modellers.

3 Analysis of BPMN 2.0 Process Diagrams

BPMN 2.0 consists of fourf] types of diagrams: PROCESS, CHOREOGRAPHY, COL-
LABORATION and CONVERSATION diagrams. Process diagrams are by far the
most important. The scope of our analysis is limited to them. The 9 principles
of the Physics of Notations were thus used to conduct a systematic, symbol-
by-symbol analysis of process diagrams. The main findings are reported in the
following subsections, organised by principle. For each principle, we provide a
definition, summarise the results of the evaluation (how well BPMN satisfies the
principle), and give recommendations for improvement. However, we do not go
as far as defining a complete new notation which would be overly ambitious and
premature. The full analysis can be found in [27].

3.1 Cognitive Fit

As stated by Vessey in the theory of Cognitive Fit [28], there should be a 3-way fit
between the audience (sender and receiver), the task characteristics (how and for
what purpose(s) the notation is used) and the medium on which the information is
represented. BPMN’s aim is to “provide a notation that is readily understandable
by all business users, from the business analysts that create the initial drafts of
the processes, to the technical developers responsible for implementing the tech-
nology that will perform those processes, and finally, to the business people who
will manage and monitor those processes” [I], p. 28]. However, Cognitive Fit the-
ory suggests that trying to design a language that is “all things to all men” is likely
to be an impossible mission. Instead, different representations should be used for
different tasks, audiences and/or media. BPMN process diagrams can be used in
various contexts, e.g., to communicate with non-technical stakeholders, as visual
representations of information to be processed by software, etc. The relative im-
portance of the principles differs from one context to another. Different versions
(dialects) of a same notation can even be defined for specific contexts. In practice,
Cognitive Fit is usually analysed according the two following points of view.

Expert-Novice Differences. There are well-known differences in the way ex-
perts and novices create and use diagrams. According to [2], the most important
differences are:

2 The standard does not clearly state if CONVERSATION is a type of diagram or a view
on COLLABORATION diagrams.
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— Novices have more difficulties discriminating between symbols [4129].

— Novices have more difficulties remembering what symbols mean [30].

— Novices are more affected by complexity, as they lack mental “chunking”
strategies [31].

Concretely, when the purpose of a diagram is to reach a shared high-level under-
standing of a process among an audience of novices (non-technical stakeholders
as end users, business experts), then it is particularly important to have a lan-
guage with few symbols (Graphic Economy) that are mnemonic (Semantic Trans-
parency) and quickly distinguishable (Perceptual Discriminability). Moreover,
such diagrams should be kept simple through Complexity Management and Cog-
nitive Integration. On the contrary, if a language is to support detailed discussion
between experts, or if it is to be fed into a workflow engine, it is more important to
have a comprehensive set of symbols with clear semantics (Semiotic Clarity), to
be able to represent all required extra details through text (Dual Coding) and to
be able to structure large models through Complexity Management and Cognitive
Integration. Of course, many other usage contexts could be envisioned, especially
when diagrams are devoted to a particular and well-defined task.

In this paper, we chose to illustrate the principles with examples that target
an audience of novices. We did so because we think that the BPMN 2.0 notation
is more challenging for novices than for experts.

The Differences in Representational Media also support the utilisation
of several visual dialects. Rendering diagrams in a computer-based editing tool
or drawing them by hand on a whiteboard call for distinct skills. Sketching on
a whiteboard requires good drawing abilities, which cannot be assumed from
everybody. Indeed, IT practitioners cannot be assumed to be skilled in graphic
design. Therefore, sophisticated icons and complex geometrical shapes must be
avoided in this kind of notation. Computer-based tools typically do not require
such skills (symbols are ‘dragged-and-dropped’ from a menu onto the diagram)
and can easily produce sophisticated visual objects. However, the whiteboard
remains a better support for collaborative and interactive modelling [32].

The most common BPMN symbols (see Figure PIA) are basic geometrical
shapes. They are easy to draw by hand which is convenient for use on white-
boards, flip charts as well as for paper sketches.

3.2 Semiotic Clarity

According to Goodman’s theory of symbols [33], for a notation to satisfy the
requirements of a notational system, there should be a one-to-one correspon-
dence between symbols and their referent concepts. Hence, our first task was to
inventorise all semantic constructs and all visual symbols of process diagrams.
At first sight, the list of semantic constructs can be approximated by the list
of concrete metaclasses in the BPMN metamodel. However, this is not 100%
reliable due to variations in metamodelling styles. A common example is when
a construct subtype (e.g., EXCLUSIVEGATEWAY, a subtype of GATEWAY) can
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be encoded either as a subclass, or as a particular attribute value of the base
metaclass (i.e., GATEWAY). Unless explicitly stated in the standard, this leads
to subjective decisions (based on document context and common sense) as to
which metamodel elements ought to be considered semantic constructs. We had
to make 160 such decisions, adopting consistent policies for similar cases. We
eventually counted 242 semantic constructs in process diagrams. Symbols, on
the other hand, correspond to legend entries and are thus more straightforward
to identify. Process diagrams have 171 symbols, a small sample of which appears
in Figure 2l The exhaustive list of all semantic constructs and symbols we took
into account is available in [27]. An immediate observation is that these num-
bers are huge: one or two orders of magnitude beyond languages such as ER (5
symbols), DFD (4 symbols) or YAWL (14 symbols).

Once these numbers are established, Semiotic Clarity can be assessed. Good-
man’s theory of symbols pinpoints four types of anomalies (analogous to onto-
logical anomalies [7]) that can occur:

— Symbol deficit: a construct is not represented by any symbol.

— Symbol redundancy: a single construct is represented by multiple symbols.
— Symbol overload: a single symbol is used to represent multiple constructs.
— Symbol excess: a symbol does not represent any construct.

Semiotic Clarity maximises expressiveness (by eliminating symbol deficit), pre-
cision (by eliminating symbol overload) and parsimony (by eliminating symbol
redundancy and excess) of visual notations.

We obtained the following results: 23.6% symbol deficit, 5.4% symbol overload,
0.5% symbol excess and 0.5% symbol redundancy. The latter two are negligible.
Symbol deficit is the biggest anomaly. It has diverse causes, including domain-
specific metaclasses that do not yet have a notation (e.g., AUDITING) or apparent
omissions. Symbol overload appears for some constructs, like GATEWAY, which
can be represented equally by a diamond or a crossed diamond, with no asso-
ciated semantic distinction. We see no particular difficulties in removing those
anomalies at the notational level, provided that semantic constructs are estab-
lished. Determining whether modifications to the semantics are required or not
is beyond the scope of the Physics of Notations.

3.3 Perceptual Discriminability

Perceptual Discriminability is defined as the ease and accuracy with which differ-
ent symbols can be differentiated from each other. Discriminability is determined
by the visual distance between symbols, which is measured by the number of vi-
sual variables on which they differ and the size of these differences (number
of perceptible steps between the values of a visual variable). Perceptual Dis-
criminability is a prerequisite for accurate interpretation of diagrams [34]. The
greater the visual distance between symbols, the faster and the more accurately
they will be recognised [30]. When differences are too subtle, symbol interpre-
tation is much inaccurate. This is especially crucial for novices who have higher
requirements for discriminability than experts [4].
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Discriminability is a two-step mental process: firstly, symbols are distinguished
from the background. This step is called figure-ground segregation. Then sym-
bols of different types are discriminated from each other. This second step, called
symbol differentiation, relies on pair-wise value variations of visual variables be-
tween symbols : Shape plays a privileged role in this process, as it represents
the primary basis on which we classify objects in the real world [35]. In BPMN
process diagrams, 4 shapes are used to derive the majority of symbols. Varia-
tions are introduced by changing border style and thickness, and by incorpo-
rating additional markers. A selection of these symbols appears in Figure [2IA.
All shapes are 2-D and from one of two shape families: ellipses (incl. circle) and
quadrilaterals (incl. “roundtangle”, rectangle and diamond). Ideally, shapes used
to represent different semantic concepts should be taken from different shape
families to minimise the possibility of confusion [35].

Size is another factor that influences discriminability. Large symbols take more
space on the reader’s field of vision and focus attention. The size of process dia-
gram symbols is not specified in BPMN 2.0. In practice, the size depends on the
amount of text inside the symbol and is thus not related to its semantics. Since
AcCTIVITY appears to be the main symbol type in process diagrams, we would
suggest making it explicitly bigger than the 3 other types. Further variations in
Size can be used as a secondary notation [21].

Grain (aka. Texture) determines the style and thickness of shape borders.
This visual variable can also facilitate symbol differentiation. All BPMN border
styles for EVENTS and ACTIVITIES are shown in Figure PIA. Grain is used to
discriminate between 5 types of EVENTS and 4 types of ACTIVITIES. All 5 visual
variable values are distinct, which is a good point, but they quickly become hard
to discern when zooming out on the diagram: double lines are merged into a
single thick line and dotted/dashed lines become solid lines. Even if this issue is
not specific to BPMN, it remains an obstacle to effective discriminability.

Colour is one of the most cognitively effective visual variables: the human
visual system is highly sensitive to variations in colours and can quickly and ac-
curately distinguish between them [30]. However, if not used carefully, Colour can
undermine communication. In BPMN 2.0, the use of colours is mainly up to tool
developers [II, p. 29] (with the exception of the cases discussed in Section [B.7]).
Nevertheless, the Physics of Notations argues that the choice of colours should
be justified by the existence of some sort of association (e.g., logical, metaphor-
ical, rhetorical, cultural) between a symbol and the concept(s) it represents.
Additionally, Colour can be used to achieve redundant coding. Redundancy is a
well-known technique to thwart noise and preserve the signal from errors [36].
Applied to our context, it consists in making symbols distinguishable through
concomitant use of several visual variables. Redundant coding is achieved when
the value of each visual variable (taken individually) is unique among all symbols
of the notation.

Based on the above considerations, we illustrate how Perceptual Discrim-
inability can be enhanced in practice, using symbols from BPMN 2.0 (see
Figure B]). These new versions of the symbols are motivated by several



Analysing the Cognitive Effectiveness of the BPMN 2.0 Visual Notation 385

Some variations of the 4 basic shapes

p '
X ¢

AN e et y o .
CNCNCY @ ®O & @
Intermediate calchmz d nEvemSuh-ﬁrnceu non Boundary non

= SRy
5 End events - !
’f ev boundary interrupting ./ interrupting interrupting events
S

atfvj

Event
(circle)

. (k.
e oo ) «OE |
& N
G bovder thickness

Gateway

(losan

¢

@)

®
)

—+

+ .
£
=
=]
=
-
=z
=

(rectangle)
=5
=Y

© g
£z -, a5
g2 ~ E=
=) . = == LI LI TLT T P TP PP PP
g‘é 7<" Conditional flow A e >
1) 3 z
= Default flow

Fig. 2. Basic shapes and connection objects of BPMN 2.0 process diagrams

principles of the Physics of Notations, so further justifications will be provided
in the appropriate sections. Here we focus on the rationale related to Perceptual
Discriminability:

— We increased discriminability by using 3 shape categories: ellipses, quadri-
laterals and cylinders. Further justification of the shapes appears under Se-
mantic Transparency (Section [3.4]).

— Border Grain is kept as is. It is hard to find another style of border that
is easy to draw by hand. However, we propose to improve symbol discrim-
inability by using Colour (see Semantic Transparency).

So far, we have focused on BPMN flow objects, i.e., EVENT, ACTIVITY and
GATEWAY. Relationships between FLow OBJECTS are called CONNECTING OB-
JECTS in the BPMN jargon. In BPMN process diagrams, there are two types of
relationships: SEQUENCE FLow and DATA ASSOCIATIONE. As shown in
Figure 2B, they are represented by monochrome arrows. SEQUENCE FLOWS can
have additional markers at the source, if they are constrained by a condition or
if they are the default output of a GATEWAY. The two representations differ on
their Grain: SEQUENCE FLOWS are solid lines whereas DATA ASSOCIATIONS are

3 The BPMN standard defines MESSAGE FLOW as an element of COLLABORATION
diagrams. Hence they are not considered in this work.
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Fig. 3. More semantically transparent symbols proposed for BPMN

dotted. This way, they are distinguishable because they have unique values on
at least one visual variable. We should also note that the arrowheads of these
two types of flows are distinct (Shape), which reinforces their discriminability.
Colour and Grain could also be used to improve their differentiation by intro-
ducing redundant coding.

3.4 Semantic Transparency

Symbols should provide cues to their meaning. Semantically direct representa-
tions reduce cognitive load through built-in mnemonics: their meaning can be
either perceived directly or easily learned [37]. Such representations speed up
recognition and improve intelligibility, especially for novices [4I38]. A symbol’s
semantic transparency is not a binary state: the transparency level is in a range
that goes from semantically immediate — the referent concept is understood im-
mediately — to semantically “perverse” — the symbol suggests a different meaning.

In BPMN 2.0 process diagrams, symbols are conventional shapes on which
iconic markers are added (Figure 2IA). Symbol shapes seem not to convey any
particular semantics: there is no explicit rationale to represent an EVENT as
a circle, an ACTIVITY as a roundtangle and a GATEWAY as a diamond. The
situation is even worse for DATAOBJECT: its symbol suggests a “sticky note” (a
rectangle with a folded corner). This icon is typically used for comments and
textual annotations (e.g., in UML), not for first-class constructs. DATAOBJECT
is thus a case of semantic perversity. The differentiation of EVENT and ACTIVITY
subtypes is also purely conventional: it depends on styles of border that are not
perceptually immediate.

This lack of semantic immediacy is particularly puzzling, as one of the leit-
motivs of BPMN is its simplicity of use for novices. Figure Bl proposes more
semantically immediate shapes. These shapes are not meant to be the best
alternative to the current BPMN 2.0 notation. They are only demonstrations
of potential improvements. The suggested EVENT symbols are inspired from
YAWL [8], where they represent types of Conditions using icons inspired from a
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video player metaphor. Our proposal reuses the BPMN EVENT circle filled with
traffic light colours and adorned with player icons. The GATEWAY symbol keeps
its diamond shape which suggests the idea of an interchange road sign (yellow
diamond). A cylinder has been chosen to represent DATAOBJECT. It stands out
from other symbols by being 3-D, thereby also improving discriminability. The
cylinder reuses the symbol usually depicting databases or data storage devices,
which are in the end closely related.

Regarding Colour, we already justified the choices made for EVENTS. The
choice of Colour values should always be based on the nature of the elements
represented by the symbols. In practice, this often results from a trade-off that
takes into account Symbol and Background Discriminability as well as Semantic
Transparency.

@ OF ©fB @f) ©X

Fig. 4. Semantically transparent BPMN icons

The second element that makes BPMN symbols vary is the use of markers.
These markers are icons (also called mimetic symbols or pictographs) because
they perceptually resemble the concepts they represent [39]. Empirical studies
show that replacing abstract shapes with icons improves understanding of models
by novices [38]. They also improve likeability and accessibility: a visual repre-
sentation appears more daunting to novices if it is comprised only of abstract
symbols [37140].

BPMN 2.0 includes a large repertoire of icons (more than 25). While the theory
recommends replacing conventional shapes by icons, BPMN makes a different
use of them. They are added inside symbols instead of being the symbols. Part of
the icon repertoire allows distinguishing between subtypes of the 4 basic semantic
constructs, while the other part represents attribute values of these constructs.
The Semantic Transparency of these icons varies: Figure [ shows semantically
immediate icons that respectively mean: (a) message, (b) manual, (c) timer, (d)
loop and (e) exclusive. If symbols do not appear evocative to novices, once they
have been learned, these icons are easily remembered.

On the contrary, Figure[HA illustrates semantically opaque, and in some cases
“perverse”; icons from BPMN 2.0. The pentagon does not suggest any obvious
meaning. In relation to EVENT triggers, it actually means multiple. The second
icon represents a kind of lightning and could refer to something happening sud-
denly like an event. In fact, it signifies error. The third icon is particularly opaque
and even misleading, i.e., it does not mean list but condition. The 2 gears, that
usually suggest the idea of process or task, are also a case of perversity: this icon
refers to the concept of service (e.g., web service). The last icon resembles a data
sheet, but stands for business rule.

In Figure BB, we suggest new icons that, following the Physics of Notations,
are more semantically immediate. As discussed previously, the level of semantic
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transparency depends on several factors and what seems immediate to someone
can remain opaque to somebody else. This suggestion is therefore by no means
definitive. The Service icon is a waiter carrying a tray and the Business Rule
icon is now composed of a judge’s hammer (meaning “rule”) filled with a dollar
symbol (meaning “business”). Consequently, and even if they may appear seman-
tically perverse at first sight to some people, these icons would probably become
immediate for novices as soon as their rationale is explained.

AONBE B Bk P el

Fig. 5. (A) Semantically opaque icons and (B) More semantically transparent icons

Binary directed relationships are classically represented by arrows that are
essentially unidimensional (1-D) visual objects. Therefore, only a small portion
of the design space is available to achieve Semantic Transparency. Arrowheads
are a slight incursion in the 2-D world to show direction. Additionally, the source
anchor of SEQUENCE FLOWS can be adorned with a GATEWAY or DEFAULT
marker (Figure 2B, left). The GATEWAY marker is rather well chosen whereas
the DEFAULT marker is purely conventional. The latter could be removed and
the default flow could be indicated by a larger Grain. This technique is used for
priority road signs, for example. The representation of DATA ASSOCIATION (see
Figure 2B, right) is not semantically immediate but this quality seems hard to
achieve for this symbol.

3.5 Complexity Management

One of the major flaws of visual notations is their diagrammatic complexity, which
is mainly due to their poor scaling capability [41]. This complexity is measured by
the number of elements displayed on a diagram. The degree of complexity manage-
ment varies according to the ability of a notation to represent information without
overloading the human mind. The two main solutions to decrease diagrammatic
complexity are modularisation and hierarchic structuring.

Modularisation consists in dividing complex diagrams into manageable chunks.
The decomposition can be horizontal or vertical. While horizontal decomposition
takes place at the same level of abstraction, vertical decomposition produces finer
grained sub-diagrams.

BPMN 2.0 provides several mechanisms to manage diagrammatic complexity.
First, it supports modelling along 4 different viewpoints that correspond to the
4 types of diagrams: PROCESS, CHOREOGRAPHY, COLLABORATION and CON-
VERSATION. In a diagram, only the information relevant to the chosen viewpoint
has to be represented. BPMN process diagrams achieve modularity thanks to 2
constructs (see Figure [f]): (a) LINK EVENTS are used as intra or inter diagram
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connectors. They support horizontal decomposition. A LINK EVENT comes as a
pair of symbols: a black arrow indicates the source while a white arrow represents
the target. Naming the pairs facilitates their association when there are several
instances on the same diagram. (b) SUBPROCESSES are self-contained parts of
a process. They allow to vertically decompose a diagram in two levelled views:
a high-level view — collapsed subprocess — and a fine-grained view — expanded
subprocess.

Source Tavaet
LwK Event LwkK Event
N -

Receive
Confirmation

Fig. 6. Modularisation with LINK EVENTS (example from the BPMN 2.0 spec)
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Hierarchic Structuring is one of the most effective ways of organising com-
plexity for human comprehension. It allows systems to be represented at different
levels of detail, with manageable complexity at each level [42]. SUBPROCESSES
provide a means for hierarchic structuring. Yet, to be effective, different levels of
information should be displayed in independent diagrams instead of expanding
into their parent diagram (see hierarchical vs. inline expansion in [43]).

3.6 Cognitive Integration

Large system representations cannot fit into a single diagram. The information
is spread across several diagrams and the reader needs to mentally integrate
all these pieces of knowledge. Cognitive Integration helps making this integra-
tion easier. It takes place at two levels: perceptual integration and conceptual
integration. Perceptual integration refers to cues that simplify navigation and
transitions between diagrams. Conceptual integration addresses the assembly of
information from separate diagrams into a coherent mental representation.

While Complexity Management leads to the multiplication of diagrams, no
technique is available in BPMN to reinforce perceptual or conceptual integration.
Mechanisms such as diagram level numbering, signposting and navigation maps
[44] could improve perceptual integration. Contextualisation information [45//46]
and summary diagrams [47] enhance conceptual integration. Concretely, the no-
tation should ensure that modellers could name their diagrams and number them
according to their level in the hierarchic structure. A navigation map could
be created based on LINK EVENTS and SUBPROCESSES. Contextualisation is
partially achieved as expanded SUBPROCESSES are integrated into their parent
ACTIVITY.
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3.7 Visual Expressiveness

Visual Expressiveness measures the extent to which the graphic design space
is used, i.e., the number of visual variables used by a notation and the range
of values for each variable. While Perceptual Discriminability focuses on pair-
wise visual variation between symbols, Visual Expressiveness measures visual
variations across the entire visual vocabulary. Variables that encode information
are called information-carrying variables and compose the primary notation. The
other variables, called the free variables, form the secondary notation [2I]. They
allow modellers to reinforce or clarify the meaning of diagram elements.

Primary Notation. The BPMN process diagram notation uses half of the
visual variables: Location (x,y), Shape, Grain and Colour carry semantic infor-
mation, while Size, Orientation and Brightness are relegated to the secondary
notation. Visual variables also have to be chosen according to the type of infor-
mation to encode. Figure 7] summarises the power (highest level of measurement
that can be encoded), the capacity (number of perceptible steps), the BPMN val-
ues and the saturation (range of values / capacity) of each information-carrying
variable.

Power ‘ Capacity ‘ BPMN Values [ Saturation

interval 10-15 enclosure 7-10%

nominal | unlimited | circle, roundtangle, diamond, rectangle -
single solid, single thick solid, single 100%
dotted, double solid, double dotted

Colour nominal 7-10 black, white 20 -28%

Grain nominal 2-5

Fig. 7. Design space covered by the BPMN process diagram notation

We observe that visual variables in BPMN were chosen appropriately accord-
ing to the nature of information, which here is purely nominal (i.e., there is no
ordering between values). Location can actually be used to encode intervals but
it is used in BPMN ouly for enclosure (a symbol is contained in another symbol),
which is only a small portion of its capacity. Visual variable capacities are rather
well exploited and Grain is even completely saturated. However, as we discussed
in Section 3.3} this causes discriminability problems. The perceptible steps be-
tween Shape values are a major problem of the current notation. Current shapes
belong to only two categories (circles and quadrilaterals), whereas there is no
semantic relationship between the referent concepts within a shape category. We
have already illustrated possible solutions to this problem (see Figure [3).

Colour is one of the most cognitively effective of all visual variables. BPMN 2.0
specification states that “Graphical elements may be colored, and the coloring
may have specified semantics that extend the information conveyed by the ele-
ment as specified in this standard” [1], p. 30]. In fact, BPMN uses only two colours
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— black and white — that allow distinguishing between “throwing” (filled) and
“catching” (hollow) markers. Hence, the Colour capacity is underused. Improve-
ment proposals have been made for this, e.g., the EVENT symbols in Figure [3

Secondary Notation consists of the visual variables that do not carry seman-
tic information, called free variables. At first sight, secondary notation could be
thought of as a low priority matter. However, it proves to be of utmost impor-
tance when notation engineers face one of the two following situations. The first
is when there is a need for introducing a new type of information in the language
(e.g., if Semiotic Clarity requires a new symbol to be added in the notation). The
language engineer should then first consider free variables before overloading a
visual variable that already belongs to the primary notation. This is also the
case if the language engineer wants to achieve redundant coding as described
in Section The second situation occurs when modellers need to place visual
cues or hints on the diagram to improve its understandability. Most such cues
are cognitive helpers that should be implemented with the secondary notation.
The main reason is that they do not carry language information, so they should
not compete with existing information-carrying variables.

In practice, cognitive helpers are often defined when designing CASE tools.
But CASE tool developers usually implement these helpers differently for each
tool, resulting in non standard solutions even for the same modelling language.
To be effective, CASE tools should propose helpers defined by the notation and
based on theory and evidence.

3.8 Dual Coding

So far, text has not been considered as an option for encoding information (see
Perceptual Discriminability and Visual Expressiveness). However, this does not
mean that text has no place in visual notations. According to Dual Coding the-
ory [48], using text and graphics together to convey information is more effective
than using either on their own. BPMN makes limited use of Dual Coding. It does
so for CONDITIONAL and COMPLEX GATEWAYS only. Labels accompany the AL-
TERNATIVE or CONDITIONAL FLOWS as appearing in Figure8 Although we did
not observe any major issue with current uses of Dual Coding in BPMN, we sug-
gest to further explore the usage of text in order to improve Graphic Economy,
which is BPMN’s major problem as discussed in the next section. This contrasts
with a recent proposal [49] where Dual Coding is achieved at the expense of
Graphic Economy by adding 25 new iconic markers.

3.9 Graphic Economy

Graphic complexity refers to the size of the visual vocabulary, i.e., the number
of symbols in a notation [50]. It is measured by the number of legend entries
required. This differs from diagrammatic complexity as graphic complexity fo-
cuses on the language (type level) rather than the diagram (token level). Graphic
Economy seeks to reduce graphic complexity. It is a key factor for cognitive ef-
fectiveness since humans’ span of absolute judgement when discriminating visual
alternatives is around 6 [51]. It can be higher for experts though.
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Complex and
Condition
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Alternative l\.a

Condition 2

Alternative 2 Default

Fig. 8. Dual Coding in BPMN process diagrams

BPMN 2.0 process models have a graphic complexity of 171. This is at least
an order of magnitude beyond novice capabilities (28 times the aforementioned
limit). zur Muehlen and Recker observe that, in practice, the graphic complexity
of BPMN is significantly lower than its nominal complexity [26]. Their study
shows that most process diagrams designed for novices use only basic symbols:
EVENT, ACTIVITY, GATEWAY, SEQUENCE FLOW, DATAOBJECT and ASSOCIA-
TION, plus a few refinements. The practical complexity is thus around 10. This
is certainly much more manageable than the full language, but it is still high
compared to popular languages [52] such as ER diagrams (complexity of 5) and
DFDs (complexity of 4). YAWL, which is more closely related to BPMN, has a
complexity of 14. Moreover, the question remains open for BPMN experts: do
we really need 171 symbols, even when the goal is to produce detailed models
for other experts or for execution in workflow engines? A study similar to that of
zur Muehlen and Recker is necessary for such usage contexts too. It could make
the case for introducing symbol deficit [2], i.e., choosing not to provide symbols
for some seldom used constructs. Those can still be represented separately using
text as suggested in Dual Coding, similar to integrity constraints in ER. It might
also be useful to check BPMN for semantic redundancies that could be factored
out. Such semantic analyses are beyond the scope of this paper, but at the no-
tation level it is still possible to improve Perceptual Discriminability, Semantic
Transparency and Visual Expressiveness as discussed in the previous sections.

4 Discussion and Conclusions

Defining a cognitively effective notation is a time-consuming activity governed by
conflicting goals. As shown in the analysis presented in this paper, BPMN tries
to strike a balance between such goals. But we have argued that it does so in a
suboptimal way due to its lack of consideration for existing concepts and scientific
principles of notation design. This first complete analysija of BPMN 2.0 against
the Physics of Notations theory reveals various problems in the BPMN notation,
suggests some improvements, but most importantly recommends a change of
methodology.

Given the effort that this would require, we did not go as far as defining a
new notation. Our various suggestions are thus not meant to be definitive or
consistent with each other. Yet, we deem that they have a value in illustrating

4 The full analysis is available as a technical report [27].



Analysing the Cognitive Effectiveness of the BPMN 2.0 Visual Notation 393

“outside-of-the-box” thinking about process modelling notations. We hope they
will be regarded as sources of inspiration and debate by the BPM(N) community.

Our analysis (in particular that of Cognitive Fit) also suggests that aiming at
a notation that is perfect for all audiences and tasks is utopian. There is no silver
bullet. An important question for the future is thus whether there should be one
or multiple dialects of BPMN. Silver [43] seems to support this idea with his
3-level methodology for BPM process modelling, using 3 dialects of the BPMN
notation. Empirical studies [26] also suggest to restrict the BPMN symbol set
when used by novices. But, the guantity of symbols (Graphic Complexity) is
only one of the dimensions to act upon. For example, in a recent similar analysis
of the i* goal modelling notation [16], Moody et al. suggested two dialects, one
(for hand sketching) being a gqualitatively simplified version of the other (for
computer-based editing).

An obvious limitation of our research (and the Physics of Notations) is that
it focuses only on syntactic issues, whereas solving some of the identified prob-
lems (especially the huge number of constructs and symbols) partly requires
re-examining the semantics. Another limitation of our work is the lack of em-
pirical validation of our suggestions with real BPMN users. This is mitigated
by the fact that they are based on theory and empirical evidence synthesised
in the Physics of Notations. Moreover, we argue that it would be premature to
empirically test these ideas at this stage as they are only our suggestions and
are not yet fully developed. More work is needed to explore alternative solutions,
preferably with participation from BPMN users and researchers. Finally, we ac-
knowledge that there is much legacy related to BPMN as version 1.2 is already
used in practice, with support from dozens of commercial tools, some of which
cover additional elements from BPMN 2.0. Our contributions may have a limited
impact on several legacy symbols but they certainly apply to the numerous new
concepts and symbols found in version 2.0, to future versions of BPMN, and to
other related languages.
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