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Abstract

This paper introduces a rigorous framework for function modeling of complex multidisciplinary systems based on the sys-
tem state flow diagram (SSFD). The work addresses the need for a consistent methodology to support solution-neutral
function-based system decomposition analysis, facilitating the design, modeling, and analysis of complex systems architec-
tures. A rigorous basis for the SSFD is established by defining conventions for states and function definitions and a rep-
resentation scheme, underpinned by a critical review of existing literature. A set of heuristics are introduced to support
the function decomposition analysis and to facilitate the deployment of the methodology with strong practitioner guidelines.
The SSFD heuristics extend the existing framework of Otto and Wood (2001) by introducing a conditional fork node heur-
istic, to facilitate analysis and aggregation of function models across multiple modes of operation of the system. The em-
pirical validation of the SSFD function modeling framework is discussed in relation to its application to two case studies: a
benchmark problem (glue gun) set for the engineering design community; and an industrial case study of an electric vehicle
powertrain. Based on the evidence from the two case studies presented in the paper, a critical evaluation of the SSFD func-
tion modeling methodology is discussed based on the function benchmarking framework established by Summers et al.
(2013), considering the representation, modeling, cognitive, and reasoning characteristics. The significance of this paper
is that it establishes a rigorous reference framework for the SSFD function representation and a consistent methodology
to guide the practitioner with its deployment, facilitating its impact to industrial practice.
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1. INTRODUCTION

1.1. Challenges for function modeling of complex
systems

The multidisciplinary complexity of technical systems, such
as automotive vehicles, has increased significantly with the
introduction of new technologies to address evolving cus-
tomer needs and trends, including autonomy and environ-
mental concerns (Lu & Suh, 2009). The multidisciplinary na-
ture of technical systems introduces important integration
challenges (Tomiyama et al., 2007; Hehenberger et al.,
2016) to overcome disciplinary boundaries associated with
prevalent discipline-specific approaches in conventional en-
gineering education and design tools and methods (D’ Amelio
& Tomiyama, 2007). It is particularly difficult to assess and
predict system interactions early in the engineering design
process, which makes the management of multidisciplinary
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system integration a very difficult task (Lindemann et al.,
2009; van Beek & Tomiyama, 2009). This becomes an
even bigger challenge with the design analysis of cyberphy-
sical systems (Hehenberger et al., 2016) that are expected to
operate autonomously in nondeterministic conditions with
open architectures. This has prompted an increased interest
in both industry practice and academic communities for ge-
neric (solution-neutral) function modeling approaches that
can be effectively deployed early in the design process, to
efficiently manage cross-disciplinary modeling supporting
multiple challenges from interoperability to innovation and
design for adaptability of dynamic systems (Gericke & Eck-
ert, 2015). The work presented in this paper is focused on
this challenge of developing an effective function modeling
framework that supports a generic, top-down solution inde-
pendent analysis of a complex systems, which is scalable
across the levels of abstraction of the system.

Systems engineering approaches, in particular model-
based systems engineering, have evolved driven by the
need to address the overall integration of operational and
functional models within a system-of-systems context, with
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strong traceability, interoperability, and reuse properties. The
system modeling language (SysML), which has emerged as a
prevalent model-based systems engineering modeling envi-
ronment (Friedenthal et al., 2008; Hoffmann, 2011), provides
a graphical descriptive “language” for system modeling, fo-
cused on capturing functional requirements from the opera-
tional concept of the system across its lifecycle use cases.
However, the systems engineering methods, in particular
function modeling, are not linked to the established tech-
nically oriented design methodologies (Tomiyama et al., 2009;
Hehenberger et al., 2016; Tomiyama, 2016).

The function modeling viewpoint taken in this paper is
driven by the industry need to manage the design process
of large complex systems, which have multiple operating
modes, often delivered through switchable technologies to
address multiple functional requirements (Liu et al., 2015).
An integrative approach to architecture analysis of multidisci-
plinary systems requires a focus on function modeling to sup-
port system decomposition analysis (Komoto & Tomiyama,
2011). Many of the well-established function modeling
schemes, including Stone and Wood (2000), Ulrich and Ep-
pinger (2003), and Ullman (2010) are rooted in the Pahl et al.
(2007) flow-based thinking, underpinned by representations
of the flows of material, energy, and information through
the system. The authors’ extensive observation of current en-
gineering systems analysis practice in the automotive indus-
try, across a number of original equipment manufacturers
(OEMs) and suppliers, has revealed that such methods are
mostly used to describe and represent the function of a known
configuration, that is, as reverse engineering, typically ap-
plied at the subsystem or component level. The application
of these methods for the system-level analysis, linking be-
tween the customer and logical layers, and across multiple
disciplines including software, has been very limited. Other
well-known functional modeling methods, such as the
function—behavior—structure (FBS) model of Umeda et al.
(1990) and the structure—behavior—function (SBF) model of
Goel et al. (2009), which focus on the linkage between
function and the intended behavior and structure of the sys-
tem, were not seen to have a consistent application in indus-
trial practice, which is also confirmed by observations in lit-
erature (e.g., van Beek & Tomiyama, 2009; Tomiyama et al.,
2013).

U. Yildirim et al.

1.2. Background to system state flow diagram (SSFD)

The SSFD was initially introduced to support design failure
mode avoidance methodologies in industrial practice, by pro-
moting a consistent solution-neutral function decomposition
across systems engineering levels (Campean et al., 2011;
Campean, Henshall, Yildirim, et al., 2013). The SSFD is un-
derpinned by the general principle of defining functions and
functional requirements in relation to the state transitions of
the operand (Albers et al., 2011); that is, a function is the re-
lation between the input and the output state of the operand.
The graphical representation of the SSFD is coherent with
the statecharts (Harel, 1987), in that the states are represented
in boxes, joined by arrows indicating the functions defined as
state transitions, as illustrated in Figure la. SSFD analysis
starts with the definition of input and output states of the op-
erand, conceptualized as an object, in terms of the measurable
attributes or properties that describe these states. The function is
defined in relation to the transformation needed to change the
attribute values from the initial input to the final output state.
An SSFD model is developed by decomposing the function
through identification of intermediate states of the flow be-
tween the input state and the output state, as illustrated in
Figure 1b. Functional models of complex systems can be cre-
ated by systematic mapping of flows of energy, material, and
information through the system, as illustrated in Campean
et al. (2011). The SSFD methodology has been deployed in
industry over the past 6 years, in particular in conjunction
with two major automotive OEMs, supported through a learn-
ing intervention for a design methodology focussed on robust
engineering systems design analysis (Henshall et al., 2017).
Through this deployment, many engineers have been exposed
to the methodology, with several hundred case studies being
developed. A perceived strength of the methodology stems
from the fact that it promotes engineering systems analysis fo-
cused on the identification of the observable states of the
flows through the system, described in terms of measurable
attributes. The subsequent articulation of functions and the
associated functional requirements, being defined in relation
to the state transitions, tend to be more precise and maintain a
solution-neutral articulation of the function. This addresses
common difficulties observed in industrial practice associated
with conventional methods, which require the function to be

Function:

Bread Toast

Transform Bread into Toast

(@) llustration of SSFD function representation

Bread Toast
Bread retained in retained in Toast
F1.: Load Bread BTS F2: Toast Bread BTS F3: Remove toast

(b) llustration of SSFD function decomposition

Fig. 1. Tllustration of system state flow diagram for a bread toasting system.
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The system state flow diagram

defined first, typically using a verb—noun structure. This often
leads to imprecise function articulation and modeling, with
no consistent reference to measurable attributes. A further
strength of the SSFD is that it can be applied to the function
modeling and representation across different disciplines (in-
cluding software), and allows combination of multiple flows,
as illustrated in the case studies reported in the literature
(Campean et al.,, 2011; Campean, Henshall, & Rutter,
2013; Henshall et al., 2014, 2015; Dobryden et al., 2017,
Naidu et al., 2017).

With the growing evidence of its application, the need to
enhance the rigor of the SSFD methodology has also become
clear, to boost its broader academic and practical impact.
Based on a critical review of the SSFD methodology against
the established function modeling frameworks, Yildirim
(2015) discussed some key aspects of the methodology that
require improvement:

1. Arigorous definitions for the key elements of the SSFD
methodology is required, in particular, “state” and “func-
tion,” along with consistent convention for their graphi-
cal representation for the SSFD functional model.

2. A consistent set of guidelines is needed to govern the
representation of the combinations of flows and opera-
tion modes in the same diagram to support the compact
representation of complex multidisciplinary systems
with multiple states and modes of operation.

3. A set of consistent practitioner guidelines for the de-
ployment of the SSFD to the analysis of complex sys-
tems needs to be provided to ensure that the effect of
the analyst’s subjectivity on function modeling is mini-
mized (Maier & Rechtin, 2000).

1.3. Research aim and methodology

This paper presents underpinning research aiming to system-
atically address these requirements for the development of the
SSFD methodology. The research aims to establish a rigor-
ous, comprehensive, and coherent framework for function
modeling of complex systems based on the SSFD, covering

1. definitions and conventions for the representation of the
elements of the SSFD functional model,

2. a consistent methodology for the deployment of the
SSFD,

3. empirical validation of the SSFD function modeling
methodology via a benchmark problem and an indus-
trial case study, and

4. a critical evaluation of the SSFD function modeling
methodology based on the benchmarking framework
introduced by Summers et al. (2013).

The significance of the research presented in this paper is that
it establishes a rigorous academic basis for the SSFD function
modeling, together with a coherent methodology to facilitate
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and guide the application of the SSFD framework in engi-
neering systems analysis and design practice.

This research was set in the context of the existing function
modeling frameworks and methodologies, to provide the basis
for a critical discussion and analysis underpinning SSFD
methodology development. Driven by the focus of this paper
on considering function modeling to support a systematic
top-down decomposition analysis of a complex system, a
framework for the classification of function modeling methods
is introduced focusing on the approaches to developing
functional chains (defined as a set of connected functions that
capture the decomposition structure at a given hierarchical
level). This analysis is presented in Section 2 of the paper.

A generic issue noted in relation to the existing functional
modeling approaches is that they generally focus on modeling
of one mode of operation at a time. Given that complex multi-
disciplinary systems often have multiple interconnected
modes of operation, there is a fundamental need for a func-
tional framework to support the solution-independent repre-
sentation and analysis across multiple modes of operation.
This has been taken as a requirement for the development
of the SSFD methodology.

Building on the critical review of the existing function
modeling frameworks, a rigorous basis for SSFD functional
modeling is developed. This addresses the key elements of
the SSFD, that is, the conventions for states definition and
representation, and the function definition and representation
scheme. This work is presented in Section 3 of the paper.

In order to support the practical implementation of the
SSFD functional modeling approach, research and analysis
leading to the development of a set of heuristics to guide
the practitioner in carrying out systematic function analysis
and decomposition of complex systems is presented next.
Similar to Otto and Wood (2001), SSFD heuristics are devel-
oped to address key operations on flows: identification and
decomposition of the main flow; connecting flows; and
branching flow. In addition, a conditional fork node heuristic
is introduced in order to address the practical need to aggre-
gate functional models for complex multidisciplinary systems
that have multiple modes of operation connected through
logical or parametric conditions.

The SSFD heuristics collectively define a consistent
methodology and framework for conducting function analy-
sis of technical systems. In order to validate this methodol-
ogy, the glue gun benchmark problem set for the engineering
design community by Eckert and Summers (2014) is ana-
lyzed. To provide a full validation of the SSFD heuristics
framework, the analysis considered both the basic glue gun
recommended as a benchmark, and a higher specification
glue gun that offers low-temperature and high-temperature
operation modes. This detailed analysis is presented in Sec-
tion 4 of the paper.

To augment the empirical evidence basis for the validity of
the SSFD as a design methodology based on the validation
square framework of Pedersen et al. (2000), an industrial
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case study of the application of the SSFD methodology to an
electric vehicle powertrain (EVP) is presented in Section 5 of
the paper.

Based on the evidence from the two case studies presented
in the paper, a critical evaluation of the SSFD as a functional
modeling methodology is presented in Section 6, under-
pinned by the function benchmarking framework established
by Summers et al. (2013). This analysis, presented in Section
7 of the paper, considers all the dimensions of the bench-
marking framework, that is, representation characteristics,
modeling characteristics, cognitive dimensions, characteris-
tics, and reasoning characteristics.

2. FUNCTION MODELING BACKGROUND

Erden et al. (2008) used function modeling to refer to the ac-
tivity of developing models of systems based on their func-
tionalities and the functionalities of their subcomponents.
Several reviews of function modeling approaches have been
presented in the literature over time, encompassing different
viewpoints. King and Sivaloganathan (1998) classified
existing function analysis methods and techniques into five
areas of application: value analysis, failure analysis, concept
analysis, artificial intelligence, and function classification.
Chiang et al. (2001) presented a review of function modeling
approaches with a strong focus on the way of reasoning and
representing functions. Erden et al. (2008) have classified
function modeling approaches by using 17 criteria organized
under the six headings of ontology, semantic definition of
function, function representation formalism, function—
context relation, decomposition and verification, and imple-
mentation in a programming environment and application.
The review of Srinivasan et al. (2012) focused on the chron-
ology of the development of function definitions and function
representations, and deduced four views of function: level of
abstraction, requirement—solution, system—environment, and
intended—unintended. Summers et al. (2013) proposed three
dimensions of function modeling approaches: representation
characteristics, supported cognitive dimension characteris-
tics, and enabled reasoning activities. Eisenbart (2014) em-
phasized the disciplinary differences in function modeling
approaches, that is, mechanical engineering, electrical engi-
neering, software development, service development, mecha-
tronic system development, product—service systems design,
and systems engineering.

Modern engineering systems present a high degree of com-
plexity, and rely on the fulfillment of a number of intercon-
nected function chains achieving different system functions.
This emphasizes the practical importance of identification
and characterization of function chains in a structured way.
From the point of view of the approach to function decompo-
sition into function chains, function modeling approaches can
be classified into four perspectives:

1. task oriented,
2. flow oriented,

U. Yildirim et al.

3. function—structure oriented, and
4. FBS oriented.

The following subsections outline the analysis of function
modeling approaches based on this framework.

2.1. Task-oriented approaches

Task-oriented approaches represent the flows of functions
through the system with respect to causality in the chain se-
quence, focusing on structure-independent description of
what needs to be achieved. The functional flow block
diagram (NASA, 2007; Chourey & Sharma, 2016) provides
a network structure of functions of the system in a sequential
relationship that leads to the achievement of overall system
function. The functional flow block diagram is well sup-
ported by tools, for example, the SysML activity diagram
(Friedenthal et al., 2008). The function analysis system tech-
nique (Kaufman & Woodhead, 2006), commonly used in in-
dustrial practice through brainstorming-based techniques,
promotes the top-down decomposition of a main function
into subfunctions, by iteratively applying how—why—when
questions of the higher level function. The integrated function
modeling (Eisenbart, 2014; Eisenbart et al., 2016) represents
the functional model of a system through six connected
views: use case view, state view, interaction view, actor
view, effect view, and process flow view. The process flow
view represents the sequence of processes required for the ful-
fillment of a use case, illustrating both sequential and parallel
transformation processes.

Task-oriented approaches promote a hierarchical decom-
position for system functions. However, they lack a structured
approach to the development of the function chains describ-
ing the achievement of function at a certain level of the
hierarchy, and the combination of chains within the overall
functional structure of the system.

2.2. Flow-oriented approaches

Pahl et al. (2007) underpin the development of “function
structures” by introducing a concise taxonomy for the flows
through a system in terms of energy, material, and signal (in-
formation). The basis for function representation is the block
diagram (i.e., black box) in which the function is articulated
in verb—noun structure. The development of the function
model starts by identifying the main flow, followed by the
identification of the auxiliary flows with their subfunctions
(Pahl et al., 2007). The basic principles of the function mod-
eling approach proposed by Pahl et al. underpin the functional
basis of Stone and Wood (2000), widely adopted in mechan-
ical engineering, electrical engineering, mechatronic system
development, and product service system design literature
(see Eisenbart, 2014, for detail). Pahl et al. (2007) do not
focus on the flow characteristics; therefore, multiple opera-
tion modes that depend on different parameter values of the
flows cannot be captured in a single model (Schultz et al.,
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2010). For the same reason, it is difficult to ensure that the
functional model complies with the conservation laws of
physics and therefore that it is “mathematically correct” (also
questioned by Vermaas, 2008, 2009).

Bond graphs model physical systems through a network
(McBride, 2005; Silva et al., 2014), whose vertices represent
physical elements (analogous to design elements and referred
to by the number of energy ports that they possess) and whose
edges (known as power bonds or simply bonds) represent
power flow. Each bond implicitly carries an effort variable
(e.g., force or voltage) and a corresponding flow variable
(e.g., velocity or current). There are also two special types
of vertices called junctions that represent series and parallel
connection. Bond graphs support the analysis of complex sys-
tems across disciplines (Summers et al., 2001). Triengo and
Bos (1985) note that it is difficult to model mechanical sys-
tems, while Umeda et al. (1990) pointed out that the model
focuses on structure and behavior of a system, but not on
its functions. Recent work has focused on addressing this
shortcoming, as evidenced by Lucero et al. (2017) and Mokh-
tarian et al. (2017), who both tabulate mappings of the five
bond graph elements to the functional taxonomy of Stone
and Wood (2000).

2.3. Function-structure oriented approaches

Function—structure oriented approaches attempt to address
the “what” and the “how” concurrently. The integration def-
inition for function modeling (IDEF0; Buede, 2009; Ally &
Ning, 2015) also represents controls and mechanisms associ-
ated with a function box, in addition to the inputs and the
outputs (of material, energy, and information). The top-level
function is decomposed into subfunctions by preserving the
bounding arrows (input, output, control, and mechanism) of
the top-level function box (Buede, 2009). While the IDEFO
can represent the operation of a system in terms of a chain
of functions in detail, function modeling using the IDEFO
can become complicated even in the analysis of a simple sys-
tem (King & Sivaloganathan, 1998; Eisenbart, 2014).
Functions can also be represented in relation to state transi-
tions. A state machine characterizes the behavior of a system
in terms of a state at a particular time, and it is visually repre-
sented by a state-transition diagram (Harel, 1987). Harel
(1987, see Jaelson et al., 2014) extended the state transition
diagrams to statecharts by introducing the notions of cluster-
ing, concurrency, refinement, and zooming. However, as
noted by Buede (2009), semantics and syntax of statecharts
are limited in the modeling of complex systems. Statecharts
are useful in the analysis of a known configuration, and
they are used in the popular graphical modeling languages,
Universal Modeling Language (UML) and SysML, that are
commonly employed for the model-based representation of
multidisciplinary systems (Friedenthal et al., 2008; Albers
& Zingel, 2013). UML/SysML state machines introduce a
strong formalism, but do not cover the way of defining, articu-
lating, and decomposing functions (Eisenbart et al., 2015).
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The SAPPhIRE model (Srinivasan & Chakrabarti, 2009; Sri-
nivasan et al., 2012) uses state transitions as one of its entities
(i.e., state change, action, part, phenomenon, input, organ, ef-
fect) in the analysis of an engineering system. Srinivasan and
Chakrabarti (2009) introduced a model of causality used to
explain the causality of engineered systems through these en-
tities.

Matthiesen and Ruckpaul (2012) represented modeling of
systems with logical states in the contact and channel ap-
proach (C&C?-A). They introduce the “sequence model” in
which a sequence consists of at least two states and it deter-
mines the operational mode of a system. A state can be part
of different sequences and can address the fulfillment of sev-
eral functions. A function includes at least two working sur-
face pairs, connecting channel and support structure, and at
least two connectors to embed the model into its environment.
Design decomposition is carried out through describing the
basic elements working surface pairs, connecting channel
and support structure, and connectors at different levels of
the system (Matthiesen & Ruckpaul, 2012; Albers & Winter-
gerst, 2014; Freund et al., 2015). The development of a func-
tional model for a reasonable large system through C&C?-A
may become difficult due to the use of multiple elements in
the representation of a function.

2.4. FBS-oriented approaches

FBS approaches introduce the concept of “behavior” to estab-
lish a link between “what” and “how” in relation to function
modeling. The FBS model of Umeda (Umeda et al., 1996;
Umeda & Tomiyama, 2015) considers that a function cannot
be represented independent of behavior so they represent a
function as an association of “to do something” and “a set
of behaviors” that exhibit this function. A function is ex-
pressed in verb—object-modifier format, while behavior is de-
fined as sequential state transitions over time where a state
consists of entities, attributes of entities, and relations be-
tween entities. Physical phenomena regulate the changes of
entity attributes by relating them to physical laws (Alvarez
Cabrera et al.,, 2009). The representation of a functional
model using the FBS model can easily and quickly become
complicated and bulky, as the model consists of too many
nodes and edges (van Beek & Tomiyama, 2009).

The SBF model of Goel (Goel et al., 2009; Goel, 2013)
uses the concept of behavior to map structural elements of a
known device to functions. The behavior concept represents
the change in structure in terms of a sequence of state transi-
tions. Each state transition is annotated by the reasons for the
transition, for example, physical laws. The SBF model pro-
vides a structured methodology in the decomposition of given
input and output states into sequential state transitions. This
also limits the model to the development of nonbranching
state transitions.

Object—process methodology (OPM) of Dori (2002, 2016)
describes function, structure, and behavior of a system in a
single model through its basic elements, objects, and
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processes. The OPM can represent a system at any level
through its complexity management mechanisms (Dori, 2002).

3. FUNCTION MODELING BASIS FOR THE SSFD

In relation to the framework for function modeling ap-
proaches discussed in Section 2, the SSFD can be defined
as a flow-oriented approach, which aims to capture the trans-
formations that must take place on each flow such that the
overall function of the system is achieved. The SSFD function
modeling representation schema, generically illustrated in
Figure 2, follows the general principles embodied in state dia-
grams (such as state transition diagrams or reliability state dia-
grams; see, for example, Rausand & Hoyland, 2003) and
statecharts (Harel, 1987), which are the basis of the UML/
SysML state machine diagrams (Weilkiens, 2006). The
SSFD graphical convention is that boxes are used to represent
the states of the objects, for example, the input and the output
states, as illustrated in Figure 2, while the arrow denotes the
function required to achieve the transfer from the initial (in-
put) state to the desired final (output) state.

The following sections aim to establish a rigorous basis for
the definition of states and a consistent graphical representa-
tion to ensure a concise capture of the required information;
and the articulation of function coherent with the SSFD rep-
resentation.

3.1. Conventions for state definitions and
representations

Several function modeling tools, such as statecharts (Harel,
1987), FBS (Umeda et al., 1996), SBF (Goel et al., 2009),
and OPM (Dori, 2002), use states for the function modeling
and representation of a system. Figure 3 summarizes some
of the key definitions and representations of states based on
the cited authors’ examples.

With the exception of FBS (Umeda et al., 1996), which
uses multiple elements in the representation of a state, repre-
sentations of states are based on a rectangular box. The state
representation of Harel (1987) is prevalent in the software-
based graphical representations of multidisciplinary systems,
for example, the UML/SysML state machine diagram (Weilk-
iens, 2006), and it was therefore adopted for the SSFD repre-
sentation.

In relation to the definition of state, it is apparent from
Figure 3 that the reviewed approaches, while using different
terms, are generally consistent with each other. The term state
is associated with a specific situation of a given element
(Harel, 1987), an entity (Umeda et al., 1996), substance/com-

; Input ) I'C)utput\'
State | Function State

Fig. 2. System state flow diagram function modeling representation as state
transition.
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ponent (Goel et al., 2009), and an object (Dori, 2002). Umeda
etal. (1996) and Dori (2002) point out that the situation of an
entity and an object can be specified in terms of a set of
“attributes” that have values, while Goel et al. (2009) use
the term parameter instead. This requires a critical analysis
to establish a consistent approach for both the definition of
states in relation to objects and the description of states via
attributes.

3.1.1. State definition via objects

The terms entity, component, and object are used inter-
changeably in the literature. Umeda et al. (1996) describe
an entity as a component, while Alvarez Cabrera et al.
(2009) suggest that an entity corresponds to an object. Goel
et al. (2009) used the term substance to describe the structure
of a system, with substances being contained in the compo-
nents. Weilkiens (2006) suggested the term element in the
UML/SysML state machine diagrams.

The term object is used in the definition and the articulation
of a function by numerous function modeling approaches. For
example, Stone and Wood (2000) articulate a subfunction in
verb—object form and describe the object as “the recipient of a
function’s operation.” Sickafus (1997) defines an object as a
“tangible item.” For Dori (2002), an object is a thing that has
the potential of physical or mental existence. The former per-
tains to tangible aspect of an object, which can be shown,
touched, or experienced. Mental existence of an object is re-
ferred to as being intangible, which can be realized, depending
on its form, through means such as being recorded on some
tangible medium such as paper, the human brain, and so on
(Dori, 2002).

Stone and Wood (2000) describe a flow as the object of a
subfunction. The flow taxonomy of the functional basis pro-
vides a wide range of objects (i.e., flows) in the form of ma-
terial, signal, and energy; however, some terms on this taxon-
omy are related to characteristics of an object rather than the
object per se, for example, velocity. The object description of
Sickafus (1997) pertains to tangible aspects of objects, al-
though information and light are considered special cases,
at the designer’s discretion.

The SSFD adopts the definition of an object based on Dori
(2002), which is also the basis for the international standard
for automation systems and integration (International Organi-
zation for Standardization, 2015).

3.1.2. Attributes in the definition of a state

The statecharts of Harel (1987) and the implicit state repre-
sentation of Dori (2002) in Figure 3 directly show the value of
a given element and an object, while Umeda et al. (1996) and
the explicit state representation of Dori (2002) in the same
figure describe the value of an entity and an object through
attributes. Goel et al. (2009) use the term parameter with
the same meaning.

Coherent with the attribute description of Tomiyama and
Yoshikawa (1986), Umeda et al. (1990) suggested that an
attribute should be measurable to be observed by scientific
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Fig. 3. Summary of definitions and representations of states.
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means. All approaches in Figure 3 use the term value in the
articulation of a measurable object attribute. According to
Dori (2002), a value is the concrete specification of an attri-
bute. The SSFD uses the concepts of Umeda et al. (1990)
and Dori (2002) in the description of “measurable” attributes
of both physical and conceptual existence of an object. Sickafus
(1997) suggested that a tangible object should possess at least
the attributes of mass and volume, while for Dori (2002), a
physical object should have mass and occupy coordinates
in space and time. Some controversy exists in literature in re-
lation to objects that may not possess mass and volume (e.g.,
light).

However, it could be hypothesized that space and time can be
referred to as “global attributes” of an object, meaning that each
object should possess these attributes. The design approach of
Pahl et al. (2007) and the functional basis of Stone and Wood
(2000) reflect the global attribute “time” by representing sub-
functions of a system in respect of causality, while the FBS
of Umeda et al. (1996) and the SBF of Goel et al. (2009) embed
the time dimension into the function definition through behav-
ior, which is described as sequential state transitions.

The SSFD incorporates “time” and “space” as “global attri-
butes” of an object. The global attribute “time” is embedded
into the state definition by representing transfer between
states with respect to causality, that is, an input state of a state
transition is the output state of another state transition, and
vice versa. The global attribute “space” is referred to as the
“location” of an object in which it is acted on and it is speci-
fied along with the object’s attributes (i.e., local attributes) in
italic. Figure 4 summarizes the convention for the representa-
tion of a state in the SSFD.

The SSFD state box in Figure 4 consists of two parts; the
upper part contains the name of the object in bold, while
the lower part contains the object attributes including local
measurable attribute(s) and global attribute “location.”

For illustration, the last column in Figure 3 shows the
SSFD state representations for the examples considered based
on the reviewed approaches. This shows that the SSFD state
model provides a compact state definition and representation
in a structured way by differentiating between local attributes
(e.g., size) and global attributes (i.e., location and time) of an
object. For example, in contrast to the OPM, the SSFD model
represents the state of the lamp in a single representation.

3.2. Function modeling in the SSFD

There is no uniform function definition in the literature
(Umeda et al., 1996); however, the meaning of function can
be generalized based on the design method used (Vermaas,

Object

Attribute (Value)
Location

Fig. 4. State representation in the system state flow diagram.

U. Yildirim et al.

2013). Coherent with the proposed SSFD state model, the
OAF framework of Sickafus (1997) was adapted for the
SSFD in the definition of a function. Thus, in the SSFD, a
function is conceptually defined in terms of the triad of an in-
put state of an object, an output state of an object, and an ob-
ject (the design solution) that has to be provided in order to
achieve the transfer between states, by addressing relevant at-
tribute(s) of the input state. The associated graphical repre-
sentation is illustrated in Figure 5.

The use of an arrow in the representation of a function is
common practice in state-based approaches, for example,
the statecharts (Harel, 1987). Coherent with the principles
of Harel (1987), an open arrow with the function text below
is used to denote a function in the SSFD, as shown in Figure 5.
The head of the arrow is located on the output state. The func-
tion text indicates that the attribute(s) of the output object is
modified through combining relevant attribute(s) of the de-
sign solution with the attribute(s) of the input object. The
design solution is represented in a gray box in Figure 5.

A function is commonly articulated in verb—noun format in
respect of the flows of material, energy, and information. For
the SSFD, this articulation is related to the transfer between
states. Considering the SSFD state model, the articulation
of a function in verb—noun format is coherent the OAF frame-
work of Sickafus (1997), that is, based on the rule that the
verb corresponds to the operation on the object attribute(s),
whereas the noun relates to the object or the object attribute.

Figure 6 summarizes the comparison of the SSFD function
model with the approaches previously considered in Figure 3.
Comparative representations in Figure 6 shows that the SSFD
supports a compact function representation. The SSFD func-
tion model divorces the consideration of function from the
consideration of the design solution by including the design
solution conceptually in function modeling. Therefore, only
the flow of state transitions is represented, initially without
an explicit reference to a design solution. For example, in
the second row of Figure 6, the SSFD models the FBS “paper
weight” example (a) in terms of the input state and the output
state of the paper instead of the paper weight; the function
“stabilize paper” is articulated based on the specification of
the paper location. If a specific design solution is chosen
(e.g., a paper weight), coherent with the SSFD function
model, the paper weight can fulfill this function as long as
its relevant attribute (i.e., mass) combines with the relevant

Design

A Solution

combines \
with

to generate

| Attribute (Value)
Location

Attribute (Value)
Location

Function

Fig. 5. Comparison of the system state flow diagram function model with the
approaches in Figure 1.
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Fig. 6. System state flow diagram function model.
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attribute of the paper, leading to a specific output state. The
SSFED function definition triad is used to illustrate this, see
the SSFD Model (b) in the second row of Figure 6. Different
design solutions can be used to achieve the same objective,
and can be illustrated in a similar way. The main advantages
of the SSFD over the FBS are the representation of the state in
a single box and the clear separation between function and de-
sign solution.

An SSFD functional model of a system can be developed
by defining all functions of the system on the basis of the
triad defined in Figure 5. Coherent with Suh’s (2005) com-
plexity definition, it can be suggested that the more flows of
material, energy, and information a system addresses, the
more complicated the functional model of the system be-
comes. This shows the need for a set of steps for the estab-
lishment of functional model of a system using the SSFD
function model.

4. DEVELOPMENT OF SSFD HEURISTICS

Practical implementation of function modeling approaches
requires extensive subjective judgement of the practitioner,
which often conflicts with the desired “structured” develop-
ment of functional models of systems. The effect of this sub-
jectivity on function modeling can be mitigated by providing
explicit, prescriptive guidelines for the practitioner, which
have been termed heuristics by Maier and Rechtin (2000), de-
scribed as “trusted, time-tested guidelines for serious problem
solving.” Otto and Wood (2001) have introduced “module
heuristics” to support the practical implementation of the
“functional basis” approach (Stone & Wood, 2000). This sec-
tion describes the development of heuristics for the SSFD
function modeling methodology, following a similar logic
and approach with that of Otto and Wood (2001), by defining
a main flow heuristic, a connecting flow heuristic, and a
branching flow heuristic. In addition, to reflect the require-
ments of function modeling for contemporary multidiscipli-
nary systems, which have multiple distinct modes of opera-
tion connected by logical conditions, a conditional fork
node heuristic is also introduced.

The deployment of the SSFD heuristics is exemplified with
a case study on the glue gun device, designated as a function
modeling benchmarking case study by the engineering de-
sign community (Eckert & Summers, 2014).

U. Yildirim et al.

4.1. SSFD main flow heuristic

Pahl et al. (2007) have introduced the term main flow to repre-
sent the main functions of a system, that is, those that directly
address the fulfillment of its overall function. In a similar
vein, Otto and Wood (2001) have used the term dominant
flow. Complex multidisciplinary systems often present diffi-
culties with the identification of the main flow, as they have
multiple interconnected flows. The identification of a main
flow to start the analysis is therefore the first challenge that
needs to be addressed by the analyst. The decomposition of
the main flow into a functional chain is the next step. The fol-
lowing sections outline the SSFD methodology for complet-
ing these tasks.

4.1.1. Identification of the main flow

Chandrasekaran and Josephson (2000) have discussed that
there are two views in function modeling of a system: device
centric and environment centric. The effect of the device on
the environment in which it operates (i.e., environment-
centric view) is a result of the way of working of the device
(i.e., device-centric view) related to the intended effect on
the environment. The environment is the user or an object re-
lated to the intended effect on the user. Coherent with Deng’s
(2002) description of user-focused purpose of design, and
based on the methodology of Chandrasekaran and Josephson
(2000), the main flow heuristic in the SSFD is introduced to
describe the purpose of a system by determining the flow re-
lated to the intended effect of the system on the user.

Figure 7 illustrates this concept for the glue gun example.
In relation to the use of the glue gun, the main intent of the
user is to join two or more elements to create craftwork or
to close and seal a parcel or box. Figure 7 shows an environ-
mental-centric SSFD representation, capturing the input state
“open box” and the output state “closed box” of the object of
interest, associated with the main intent of the user. The
SSFD “triad” representation includes the main function, for
example, to “join box” (e.g., by joining the two surfaces of
the box top flaps), and the “glue” as the design solution for
the use case illustrated.

The fundamental working principle of the gun is that a
quantity of melted glue is deposited on the desired location
of the box flap; the two flap surfaces are then joined and
held together until the glue is fully solid and thus the box is
sealed. Thus, from a device-centric perspective, the main

Glue

Combines

N

with

to join

State (Open)
XYZ

Join Box

State (Closed)
XYZ
N

Fig. 7. Environment-centric system state flow diagram for the glue gun in relation to the main function “Join box.”
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Fig. 8. Device-centric high-level system state flow diagram for the glue gun.

flow is a material flow, that is, the glue. The input state is the
glue stick at room temperature (temperature T1) located in
storage, while the intended output state is a quantity M2 of
melted glue (temperature T2) deposited on the surface of
the box, in the desired location. The function of the glue
gun is therefore to deliver a quantity of glue in melted state
on the desired location on the box, such that the required
environment-centric function “join box” can be achieved.
The corresponding SSFD for the glue gun device is shown
in Figure 8. Attribute values are denoted by symbols for the
sake of simplicity of the analysis (e.g., M1 for glue stick
mass).

4.1.2. State-based decomposition of the main flow

Coherent with the conversion—transmission module heur-
istic of Otto and Wood (2001), operation types on a state tran-
sition can be categorized into conversion and transmission.
The former addresses the change in the attributes of an object
that the function is applied to, while the latter is about chang-
ing the location of an object through the applied function. The
glue stick, which is the input material, undergoes multiple
conversion and transmission operations to achieve the speci-
fied output state of “glue” described in Figure 8. These opera-
tions can be addressed by describing intermediate state tran-
sitions between the input and output states in Figure 8. The
identification of these state transitions requires the description
of the way of achievement (see Kitamura & Mizoguchi,
2003) of the state transition in Figure 8, that is, the physical
phenomena that regulate the changes of the object attributes.
As noted by Umeda et al. (1996), we can reason out inter-
mediate states between the input state and the output state
based on description of the physical phenomena. Like the in-
put and the output states, an intermediate state is thought of as
an object described by its measurable attributes. Once inter-
mediate states are identified, the flow through these states is
mapped between the input state and the output state with re-
spect to causality. Finally, functions are iteratively articulated
to achieve the sequence of state transitions.
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Solution-neutral decomposition reasoning usually starts
with identifying the key conversions that describe the “way
of achievement.” For the glue flow, the main conversion re-
quired is to increase the temperature of the glue stick to the
specified temperature (e.g., 120-180°C, depending on the ma-
terial used) such that a physical state change (“melted” glue)
is achieved. In order to deliver the device centric function
discussed in Figure 8, a specified quantity (M2) of melted
glue needs to be extracted and deposited at the desired lo-
cation; this can be achieved by subsequent conversions like
applying a force to pressurize the melted glue, followed by
extrusion of melted glue to atmospheric pressure. In order
to apply these conversion operations, the glue stick must be
“imported” into the device, which is a transmission operation.

Figure 9 shows the sequence of transmission and conver-
sions on the main flow in an SSFD format, that is, represent-
ing each intermediate state described in terms of the values of
the relevant attributes, linked to the previous state with an ar-
row that denotes the function (transmission or conversion)
that needs to be achieved. The attributes involved are consis-
tently indicated for all intermediate states, to support the sub-
sequent specification of the functional requirements.

The device-centric SSFD for the main flow of the glue
shown in Figure 9 can be aggregated into the environment-
centric functional model showed as an SSFD state transition
in Figure 7. Thus, the output state of “glue” in Figure 9 de-
notes the design solution, which combines with the input state
of the box (open) in Figure 7, to achieve the output state of
box (closed), fulfilling the user-required function to “join
box.” Figure 7 showed this link by using two types of arrows
(i.e., one and double headed) for the purpose of clarifying the
triad, but in practice this link can be shown by one arrow, as
illustrated in Figure 10. The arrow from the output state is
pointed to the function text related to the conversion, showing
extruded glue as the design solution in this function triad.
This arrow is represented with a dashed line to distinguish
it from the function arrow, as shown in Figure 10.

4.2. SSFD connecting flow heuristic

The main flow in Figure 10 shows the conversion and the
transmission operations between the input state and the out-
put state of the gun. In order to achieve the conversion opera-
tions, flows of additional resources need to be “connected” to
the main flow to complete the function “triads,” showing the
way of achievement of the function. The “connecting flow”
heuristic relates to the systematic identification and analysis
of the flows associated with the conceptual, solution-inde-

1 -
[ Glue Stick (GS) ) (" Glue Stick (GS) ) Glue ) [ Gue
| Mass (M1) L » Mass (M1) » Mass (M2) Mass (M2)
| Temperature (T1) Import | Temperature (T1)| Heat Temperature (T2 ) Temperature (T2)
\ St ) 6s [ GkeGm , GS Glue Gun Box P

Fig. 9. The “main flow” through the glue gun device.
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Fig. 10. System state flow diagram for the glue gun: the flow of glue.

pendent “design solution” that delivers the functions iden-
tified on the main flow.

The functions “heat GS” and “apply linear force” are con-
version functions on the main flow of the glue gun in Fig-
ure 10, which require additional flows. The way of achieve-
ment in the process of melting glue is associated with an
increase of the glue temperature. A common glue gun uses
conduction to transmit the heat between the heat source
(which can be an electric heat converter, e.g., a Nichrome
wire) and the glue stick, via a conducting rigid body (the
glue gun barrel), which also plays a role in the “apply linear
force” conversion. Thus the flow of energy, from the electric-
ity source to the heat transmitted through conduction to the
glue stick, must be mapped using the SSFD and “connected”
to the main flow of the glue gun device. Figure 11 illustrates
the SSFD for this flow, based on the assumption that mains
electrical energy is used as a source. Intermediate state transi-
tions on this flow can be determined using the same SSFD
principles followed in the decomposition of the main flow
of the glue gun. The functions required, as shown in Fig-
ure 11, are to import electrical energy to the glue gun, and
then to convert electric energy into heat, which is transmitted
(through conduction) to the glue stick.

In terms of the function “apply linear force,” for the com-
mon glue gun, the user is the source of energy. The glue gun
device converts energy from the user to linear force applied to
the cold end of the glue stick; the rigid glue stick acts as a pis-
ton, transmitting force and converting it into pressure/fluid
energy for the melted glue. Figure 12 illustrates this energy
flow.

Figure 13 shows an updated SSFD that connects the elec-
trical and user energy flows with the main flow through the
device. This shows the design solutions for achieving the de-
sired behaviors as functions on the main flow as follows:

e ~
Electrical Energy (EE)

Current (C1)
Voltage (V1) Import
The mains ) EE \_

('ElectricalEnergy (EE]\\'

——— Current (C1)
Voltage (V1)
Glue Gun J EE

o the heat energy converted from mains electrical energy
combines with the glue stick to deliver an increase in
the stick temperature to the point where part of the stick
becomes fluid (melted); and

e the linear force (generated from the user energy) applied
to the glue by the glue stick pressurizes the melted glue.

4.3. SSFD branching flow heuristic

Some technical systems require the flows to be split and
allocated to different functions. For example, the hydraulic
brake system for a vehicle distributes the fluid energy from a
master cylinder to more than one wheel to simultaneously gen-
erate a retardation force for the vehicle. It is also the case that
the real behavior of electromechanical systems means that the
transmission and conversion functions cannot be achieved
without loss; the flow of the resources that are diverted away
from the intended function need to be mapped and accounted
for, as these can cause issues elsewhere in the system or at the
interface with other systems. For example, not all the energy of
the heat source is transmitted to the glue stick; a part of it is
transmitted to the environment via convection. The quantity
of heat that is transmitted to the environment increases as the
temperature of the glue increases, and thus the temperature gra-
dient between the heat source and the glue decreases. The
SSFD branching flow heuristic provides a mechanism to repre-
sent flows that branch out of the considered flow, and to ensure
that the SSFD functional model is “mathematically correct,”
that is, observes the conservation laws of physics. The correct-
ness of the model in relation to branching flows can be checked
via the balance of the attributes.

Figure 14 shows an updated SSFD, which illustrates the
flow of heat branching out of the energy flow, with heat

Heat

Heat Energy (HE1)

Cormed Glue Gun

to
Heat Energy

Fig. 11. System state flow diagram for the flow of electrical energy through the glue gun.
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Fig. 12. System state flow diagram for the conversion of user energy in the glue gun.
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Fig. 13. System state flow diagram for the glue gun: the flow of electrical and user energy.

energy being exported to the environment from the glue gun
through convection. The effect of this energy export to the
environment needs to be investigated from an engineering
point of view, to ensure than no detrimental effects are al-
lowed and reduce system efficiency. For example, the effect
of this heat energy on the environmental air temperature is
very likely negligible; however, if we consider the impact
on other environmental factors, such as the user, or another
object like the box itself, the effect could be severe, leading
to injury of the user and damage (or even fire) to the box.

The representation in Figure 14 also shows the “system
boundary”; this is denoted by the rectangular box that con-
tains the states and functions that must be achieved by the de-
vice, confirming the demarcation between the environment-
centric view and the device-centric view.

4.4. SSFD conditional fork node heuristic

Complex multidisciplinary systems often have multiple
modes of operation, corresponding to different use cases.
While each operation of the system can be independently de-
scribed by a functional chain, aggregating all functional
chains into a global functional model for the system that cap-
tures the complex functionality of the system is a challenge,
often not appropriately addressed by conventional functional

models. The aggregation of functional chains often requires
the identification of logical or parametric conditions. A func-
tional model that is capable of representing such a complex
system needs to capture the logic of the system. In order to ad-
dress this challenge, a special SSFD heuristic is introduced to
indicate the flow operation (either connecting type or branch-
ing type) that is subject to a logical or parametric condition.
Coherent with the statecharts (Harel, 1987) convention and
the SysML state machine “fork node” (Friedenthal et al.,
2008), this SSFD heuristic is called the “conditional fork
node.” Figure 15 illustrates the representation of the fork
node for two distinct cases:

1. there can be multiple possible output states distin-
guished by the attribute values involved, which depend,
through the stated condition, on the attribute value of
the input state and the attributes or parameters of the
function; and

2. there can be multiple input states distinguished by
attribute values, which depending on the operating con-
ditions and the function attribute or parameter value,
determine the output state attribute value.

In order to illustrate this for the glue gun case study, a glue
gun that offers low-temperature and high-temperature opera-
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Fig. 14. Glue gun system state flow diagram: branching flow of thermal radiation.

tion modes to serve multiple use cases/user requirements in
terms of the strength of the bond is considered. Such devices
provide the option of low temperature (around 120°C,
suitable for working with more delicate materials) or high
temperature (operating at approximately 190-210°C, provid-
ing a stronger bond), which can be selected by the user via a
switch positioned on the body of the device. Different glue
stick materials are employed for the two modes of operation.
For both operation modes, the device operates based on the
same fundamental working principle, and with the same
functional chain, although the specified attribute values (in-
cluding the temperature of the glue at the output state) will
be different depending on the conditions. Figure 16 illustrates
the SSFD of the whole system, using several fork nodes to
implement the operating logic of the system.

1. Fork node F1 indicates that the input state can be either

low- or high-temperature glue stick, differentiated by
the material composition and attributes (e.g., mass, de-

Operation Mode

(Condition) Object Object (Condition)
» Attribute (Value) Aae Hane)
4 ocation =
Location il Object
Attribute (Value) : . Function | Attibute (Value)
L ocation Function Operano!w‘ Mode Object (onea | Operation Mode Location
(Condition) ject (Condition)
"| Attribute (Value) Attribute (Value)
Location \___Location

noted by M1 and M3, respectively). The geometric di-
mensions are similar, and the way in which the sticks
are imported to the glue gun is the same, as shown by
the fork F1. The value of the mass attribute correspond-
ing to the output state of the function “import GS” is de-
noted by M and it can be either M1 or M3, depending
on the input state.

. The function “heat GS” is controlled by the attribute

of the heat energy output state of the function “convert
EE to heat energy”’; in turn this is controlled by the cur-
rent attribute value of the output state of the function
“regulate current,” which is conditional on the heat
gun control setting, as shown in fork node F2. The
corresponding triad for this function consists of input
state current (C), which combines with the control sig-
nal (if an electronic switch is used; otherwise, it could
be a simple circuit breaker that modulates the resistance
of the heater element by shorting out a section of it) to
“regulate current” (assuming a constant supply voltage

Operation Mode

(a)

(b)

Fig. 15. System state flow diagram fork node.
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Fig. 16. Glue gun system state flow diagram for low- and high-temperature operation modes.

the current will be determined by the resistance) and
deliver the output state attribute value, which is either

C1 or C2.
Fork node F3 illustrates the SSFD for the temperature

control selector (switch), which is activated by the user.

function depends on

Fork node F4 illustrates that the output of the “heat GS”

o the attribute value of the input state, which can be either
low-temperature or high-temperature glue stick; and

o the value of the attribute heat energy, which controls
the function.

Assuming that the trigger force is the same in all cases,

the successful output from the system will be the speci-
fied amount of melted glue at low or high temperature.

Heat energy exported to the environment from the glue

gun will be different depending on the operation mode
of the gun.

5. INDUSTRIAL CASE STUDY: EVP MODELING
USING SSFD

To provide further empirical validation of the methodology, a
case study of the application of the SSFD function modeling

to a real-world engineering problem was considered, for the
analysis of an EVP for a full electric light commercial vehicle,
based on an industrial case study analysis carried out by the
authors, outlined in Campean et al. (2011).

An EVP has several modes of operation, as illustrated in the
SysML use case diagram in Figure 17. For the purpose of this
analysis, the use cases considered include “Charge EV” (UC1)

Electric Vehicle Powertrain (EVP)

”
Charge EV |

% )

| b Y
/-.\_ | Power EV Accessories
Driver

Drive EV \
.

| Maintain EV/ )

_

«actor»
AC Power Source

«actor»
EV Accessories

«wactor»
EV

«actor»
Rear Axle

wactors
Service

Fig. 17. Use case diagram for the electric vehicle powertrain.

Downloaded from https://www.cambridge.org/core. University of Bradford, on 10 Oct 2017 at 07:58:23, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50890060417000294


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0890060417000294
https://www.cambridge.org/core

428

U. Yildirim et al.

e e e A VD Vv (v7) v (VT
i et C{Cd) Gwet = — _ | C(CE) . (8
- e ¢ o) HVIDG = fesng | TrememiEE € C)
f ok EE | \_EVP J Into \_EVP - (8) EV Acc
I 2 Y WDEC = o —-
. v | &) v v (v5) Ve [ von | ' |F2 ",?;‘ ~s e
\ EE(EE1) import | € (C1) [ Actuate | S (2 [T Corven C (€3 Trarsmit | C(CY MGlore | CICH [ Transme A o =~
% £ EE Eﬁ:m‘ EE Cé?,’m AC mto oc C'El:jg EE C;E";.‘ E. _|C I:OVQ s EE R P
~ —~ s Sl gV o~ ( ) ( B W o Y ~
- ® " @ @ - (8)_ | ome EE - EE_L-(o Linkage -{1_;) (Rear Ao
S A o SER o e o E 2 CEE R vV Modvanisn Nt x
ekt i ! By e ;'E:“C‘n Regulate | = Fgg‘) Comven |Ta (Taz) Transmit | | 1© ';3 ] I
Bl ’;‘ ”#e E]E — . = = =4 == = [EvP: Electiic Vehicle Powertrain ™ [~ « - EVP € eve ) 5;::: e orgue i
13 CS tabe of Cha - e s
L~ ® BaC: e of e e 1 i
C{C5) C(c5) mboilialaiadl I | e
F'I sy | Transmt o Ccvgﬁagelmmlnw rect Current TE e U Cz T
m C: Curent T TEEEEETT
o:g 1 Conver Regulate EE Py DI: Driver Input '
Location | Dt into C$ { Di=Di2, . 1" Fy C5: Control Signal '
f!?J Location=EV) h - FOTCr AR . )
ik CET Transmt CEn HVILV: HighfLow Vollage
EVP Pl £ve

Fig. 18. System state flow diagram function

charge and store electrical energy; “Drive EV” (UC2) associ-
ated with the requirement to “provide controled torque at the
rear axle”’; and “Power EV Accessories” (UC3) to provide
power for low-voltage vehicle consumers (Campean et al.,
2011).

An SSFD function model can be constructed for each indi-
vidual use case by applying the SSFD main flow heuristic.
The three SSFDs can be joined up in a single EVP function
model, by using the connecting flow, branching flow, and
fork node heuristics, ensuring that the appropriate logic con-
ditions are fulfilled; for example, the “Drive EV” mode can-
not be selected while the vehicle is being charged (i.e., in
“Charge EV” mode). The aggregated SSFD function model
for the EVP from a device-centric view is shown in Figure 18,
with the use cases identified on the diagram.

The control logic of the system is based on the user input,
which can be either DI, to connect the vehicle to a charge
point, or DI2, to drive the vehicle (fork node F1); in both cases,
the user intent is converted to a control signal. The flows for
UC2 and UC3 are connected to the output state of the UC1
flow (stored DC electric energy) via fork node F2; in this
case, the fork node F2 can be treated as a simple branching
flow as the stored EE is supplied to both UC2 and UC3 flows.

The SSFD functional analysis for the EVP shown in
Figure 18 is entirely generic, that is, solution neutral. The re-
quired transfer functions, annotated on the SSFD diagram (1—
14), can be written explicitly, enabling the transfer functions
for the whole function chain to be derived. By doing so, the
model can be exported to a physical modeling environment

model for the electric vehicle powertrain.

like Simulink. The function architecture model of the EVP
can be extracted from the SSFD and represented as a function
tree, as shown in Figure 19.

Figure 20 shows the physical architecture of a specific EVP
configuration, represented as a structural boundary diagram,
corresponding to the solution implemented in the industrial
case study. The allocation of functions to design elements
can be annotated on the SSFD, by adjusting appropriately
the “location” state attribute, as shown in the updated SSFD
function model in Figure 21. It is important to note that devel-
oping the structural design diagram on the basis of the SSFD
preserves the integrity of the flows. This is useful because the
arrows in the boundary diagram denote the flows, which
could be checked (e.g., through diagnostics) using the attri-
butes identified in the SSFD for the respective state. This
also facilitates transition to a simulation model, with clear di-
agnostics and model checking.

6. CRITICAL EVALUATION OF SSFD USING
THE FUNCTION REPRESENTATION
BENCHMARKING FRAMEWORK

This paper has introduced a rigorous and comprehensive
function modeling framework based on the SSFD, and has
used two case studies (one for a benchmark problem, the
glue gun, and one for an industrial application) to illustrate
application of the framework. This section aims to provide
a critical reflection on the SSFD as a function modeling
methodology based on the function representation bench-

1 T 1 1 1 1 I 1 Ay ——
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Fig. 19. Electric vehicle powertrain function architecture representation as function tree.
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Fig. 21. System state flow diagram model for the electric vehicle powertrain system, updated with design solutions.

marking framework established by Summers et al. (2013),
using evidence from the two case studies considered. The
suggested benchmarking dimensions of representation char-
acteristics, modeling characteristics, cognitive dimension
characteristics, and reasoning characteristics will be dis-
cussed in turn in relation to the SSFD function modeling
framework in the following sections.

6.1. Representation characteristics

6.1.1. Scope

As presented in this paper, SSFD is essentially a flow-
oriented approach, because it aims to provide a description

of the functional architecture of a system in a solution-inde-
pendent manner. This sets it aside from the function—structure
and function—behavior—structure oriented approaches dis-
cussed in Section 2, which provide function models that com-
bine function and structure. However, reference to the design
solution, once known, can be added to the model as a global
state attribute, as illustrated in Figure 21 for the EVP case
study. Reference to the structure could also be added as an an-
notation in the SSFD, as shown in Figure 1, and illustrated in
the industrial examples of Campean, Henshall, and Rutter
(2013) and Henshall et al. (2015). In summary, the SSFD
can be used for function representation for reverse engineer-
ing as well as for hierarchical top-down decomposition of
complex systems.
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6.1.2. Consistency

Both case studies presented in this paper illustrate that the
SSFD provides a consistent framework for function model-
ing. Consistency is ensured by the state-based function repre-
sentation, with the states being described in terms of (physi-
cally) measurable attributes. Furthermore, the SSFD
heuristics ensure that other conditions (time/sequence depen-
dency and parameter dependency) can be appropriately
captured in the system functional model, for example, as illus-
trated by the glue gun analysis in Figure 16. The representa-
tion of conditional flows based on the fork node provides a
better representation compared to other flow-based function
modeling techniques, including the functional basis of Stone
and Wood (2000).

6.1.3. Behavior

The SSFD does not explicitly describe behavior; however,
in the SSFD, behavior is implicitly addressed through its con-
sistent approach to compliance with the laws of physics and
the explicit capture of conditions that represent the behavior
of the system. To substantiate this point, consider Figures
13 and 14 from the glue gun analysis; in Figure 13, the in-
tended behavior was represented through the connecting
flow of heat applied to the glue stick to increase the tempera-
ture of the glue. However, in Figure 14, based on the assump-
tion of a common glue gun heating solution (using nichrome
resistor), the actual behavior is shown in terms of the branch-
ing flow of heat diverted via convection to the environment.
The description of dynamics of this behavior would be in the
form of a heat transfer function, captured in parametric form
in the state description in Figure 14. Figures 16 for the glue
gun and Figure 18 for the EVP illustrate the behavior in rela-
tion to conditional flows associated with specific use cases;
behavior can be described by monitoring the transformation
of the attributes and the description of transfer functions, as
shown with more detail by Yildirim (2015) for the EVP
case study.

6.1.4. Scalability

The SSFD can be used at different scales of the system;
however, the methodology was principally designed for
top-down analysis. The glue gun case study illustrated this
by starting with an environmental-centric analysis (the high-
est level of abstraction), followed by a device-centric analysis,
with increasing level of detail shown by the progression of
model development from Figure 13 to 14 and to 15. The anal-
ysis could be further developed in parallel with the design ar-
chitecture development, for example, by representing the way
the user energy is converted to linear force, which is applied
to the glue stick. The connecting flow, branching flow, and
conditional fork node heuristics enable the development of
the SSFD with an increasing level of resolution.

However, experience with practical application shows that
the SSFD, like most other function modeling methodologies,
is more suited for the higher levels of system. Applying SSFD

U. Yildirim et al.

at a level where functions are essentially pure physics be-
comes more difficult (but possible) in comparison with phys-
ics-oriented modeling tools like the bond graphs (Silva et al.,
2014; Mokhtarian et al., 2017) and the contact and channel
functional modeling framework (Albers at al., 2014), which
provide a stronger functional modeling approach for this level
of abstraction.

For practical design management purpose in industry, it is
preferable to keep functional models reasonably simple at
each level of system analysis, to facilitate communication be-
tween teams. The common practice observed in industry is to
use design structure matrix analysis (Eppinger & Browning,
2012) or interface management tools (Uddin et al., 2016)
based on the structure of the system (e.g., the boundary dia-
gram illustrated in Fig. 20) to capture the interface exchanges
incurred by the actual behavior of the design components.

6.1.5. Indexing

From an engineering point of view, the SSFD provides
an important opportunity to diagnose function models by
measuring the internal states of the flow, for example, via
the relevant attributes of the objects whose states are de-
scribed in the SSFD. If functional modules are developed
and modeled through the SSFD, these will have a built-in
diagnostics structure that could be easily accessed by the
analyst.

6.1.6. Flexibility and translationability

Being a generic function modeling approach, the SSFD
can be applied to diverse problems both within and across
the engineering domains. The glue gun and the EVP analysis
(at t