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Abstract

This paper aims to situate functional abstraction in light of systems thinking. While function does not extensively appear in
systems thinking literature, the literature does identify function as part of systems thinking that enables us to recognize and
connect that function has a role in building a systems thinking approach for students. A systems thinking approach is valu-
able for students since it helps them view a system holistically. In this research, we measure how well students are able to
abstract function. We asked students to generate functions for two different products and examined how students taught
functional modeling and function enumeration compare to students who are only taught function enumeration. The student
responses were examined using a rubric that we developed and validated for assessing function. This rubric may be used to
classify functions by correctness (correct, partially correct, and incorrect) and categories (high level, interface, low level,
and ambiguous). On questions where students were not explicitly asked to write a high-level function or low-level function,
and so on, students who were taught functional modeling were able to better demonstrate systems thinking in their responses
(low-level and interface functions) than those students who were only taught function enumeration.
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1. INTRODUCTION

Functional abstraction allows a person to take a step back and
view a system based on the system’s functionality or its pur-
pose, where the purpose is what the system is trying to achieve
and not how the systems works. However, we have noted a
tendency with students to focus on the details without recog-
nizing the overall purpose of the system (i.e., they miss the
forest for the trees). Systems thinking introduces a holistic
view that recognizes that the whole system is taken to be
more than the sum of its parts and that the parts are interrelated
and connected (Senge 1990; Frank, 2000; Caulfield & Maj,
2001; Sireli & Mengers, 2009; Valerdi & Rouse, 2010;
Chan, 2015). It requires both conceptual (abstract) and
technical (concrete) thinking, where the conceptual thinking
is the core to understanding the system while any technical
understandings of the system only contributes to a greater con-
ceptual understanding of the system as a whole (Richmond,

1991). This conceptual or abstract thinking directly corre-
lates to and resides in thinking of a system in terms of its func-
tion(s) and whether that is of the system as a whole, its sub-
systems, or its components. Consequently, we posit that
students’ systems thinking ability may be developed through
learning function abstraction.

When it comes to function abstraction in engineering de-
sign, there is little literature that recognizes and classifies its
role in systems thinking for students. Students themselves
are novices in being able to take a systems thinking approach
to a problem, which causes much of the literature about sys-
tems thinking to be beyond the scope of their abilities. Con-
sequently, we must acknowledge that directly assessing sys-
tems thinking is a nuanced endeavor, and herein, we are
presenting initial work toward this endeavor through identifi-
cation of the characteristics of systems thinking that students
are beginning to use when abstracting functions.

In this study, we seek to understand the difference in sys-
tems thinking between sophomore engineering students
who were taught function enumeration and functional model-
ing versus sophomore engineering students who were only
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taught function enumeration. Specifically, we are bench-
marking the learning outcomes of two different modeling ap-
proaches. While we do not focus on a product for benchmark-
ing, like the glue gun presented in Summers et al. (2017), we
do present quantified metrics for model comparison. We used
the Functional Modeling Skill Quiz (FunSkills; Linsey et al.,
2010), as well as a validated rubric in order to understand po-
tential differences. The rubric was used to assess function
correctness as well as to classify enumerated functions as
high level, low level, interface, or ambiguous. The correct-
ness of a function was assessed using three criteria: contains
a verb–noun pair, realistic and relevant to the system, and
does not act on or contain the system itself. A partially correct
function meets some but not all of these criteria, and an incor-
rect function does not meet any of these criteria, deeming it
not suitable for a functional or black box model of the system.
Both a correct and a partially correct function can fall into the
following categories: high level, low level, interface, or am-
biguous, which are defined as the follows: a high-level func-
tion is suitable for creating a black box model of the system; a
low-level function serves to decompose a black box model
and is internal to the system; an interface function connects
with entities that are external to the system; and an ambiguous
function reasonably fits into multiple prior categories.
Figure 1 demonstrates where these function categories might
be located in a function model. These function categories
coupled with the correctness of functions provides insight
into the ability for students to abstract functionality.

The underlying premise of this approach is that students
who are able to recognize both the forest (high-level func-
tions) and the trees (low-level functions) have a more devel-
oped systems thinking ability than those who miss one or the
other. Consequently, we posit that while an ability to identify
the high-level functions touches upon the ability for students
to abstract in systems thinking, identification of interface
and low-level functions demonstrates an increased holistic

understanding of an engineered system and corresponds to
additional abstraction ability (i.e., systems thinking). This pa-
per demonstrates the process for implementing the FunSkills
Quiz, discusses the development and validation of the design
rubric, provides analyzed student responses, and discusses
our findings.

2. BACKGROUND

A system is a network of components and processes that are
interconnected to an overarching goal. The more complex a
system becomes, then the more cognitively challenging it is
for humans to comprehend due to both the properties and
the processes occurring at the numerous levels within a sys-
tem (Goel, 2013). In order to create a more cognitively ap-
proachable system, the system can be represented by a func-
tional model. Functional modeling is inherently based on
decomposing a system into subsystems by identifying func-
tions at various levels of abstraction and then connecting
these function abstractions in order to create a holistic repre-
sentation. Understanding this relationship between function
and a system is not without its challenges, especially with
more complex systems. This relationship is further strained
from the variety of views or definitions of function and the
different views of functional modeling approaches. By ex-
ploring these different views and definitions, we can begin
to identify the link between function, functional models,
and systems thinking.

The link between function and systems thinking is first
captured in the literature that considers the definition and
meaning behind the term function and the different views
or classifications of function. Function can be defined as do-
ing something, as transforming an input to an output, as being
the purpose of the device, as the relationship between inputs
and outputs of a given task-performing system, or as what the
components of a system do (Miles, 1972; Keuneke, 1991;

Fig. 1. Example of where high-level, low-level, ambiguous, and interface functions correspond to in a functional model.
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Pahl & Beitz, 1996; Chittaro & Kumar, 1998; Srinivasan
et al., 2012). Vermaas (2013) even looks at the ambiguity
in defining function and analyzes different ways of respond-
ing to this multidefined term by either creating a single mean-
ing or embracing the coexisting definitions. Even so, function
becomes more complicated in that it can be viewed in a vari-
ety of ways as well. Chandrasekaran and Josephson (2000)
identify two views of function where one is centered on the
environment and the other is centered on the device. The
environment-centric view refers to the impact that the device
has on the environment, whereas the device-centric view fo-
cuses on the features of the device itself. There is also Chak-
rabarti (1998), who views function in two ways, where the
first views function as being on the same level of abstraction
with an intended behavior and the second views function at a
higher level regarding the purpose of a system. Moreover, re-
searchers have allocated functions into different classifica-
tions; for example, primary and carrier flows (Pahl & Beitz,
1996; Nagel et al., 2007). Deng (2002) utilizes two types of
function, purpose and action, where purpose functions per-
vade higher levels of abstraction in design and action func-
tions remain specific to a particular design. In addition, Crilly
(2010) analyzes the numerous classifications of functions and
developed a 7�7 matrix that classifies functions into seven
categories (physical, status, technical, social, ideological,
aesthetic, and nonaesthetic) by looking at the purpose, effect,
or means and then classifying functions into another set of
seven categories (proper, system, design, use, service, manifest,
and latent) by examining selection, intention, and recognition
of the function. The matrix was crafted in order to represent
the variety of function classes and combinations. Evidently,
function ironically has a versatile function or purpose de-
pending on the context for which it is to be used. Still, the
variety of definitions and views involve different levels of ab-
straction that can be related to the continuum from conceptual
(abstract) to technical (concrete) in systems thinking. De-
pending on the view or definition of function that a designer
adopts, this alters the way a designer will look at and think
about a system, which then leads to various ways to represent
a system.

The variety of function definitions and views has initiated
functional modeling approaches that can also be viewed in
different ways. For instance, a group of researchers deter-
mined that one could classify functional modeling ap-
proaches into three ontologies: device, process, and func-
tional concept (Kitamura & Mizoguchi, 2003; Erden et al.,
2008) . The device ontology encompasses Pahl et al. (2007)
models, which are the foundation of this work, where a sys-
tem is represented by black boxes having input and outputs.
Then the process ontology looks at process and not individ-
ual components, whereas the functional concept ontology fo-
cuses on the ultimate and final purpose of the device and its
components. These different ontological viewpoints impact
how a designer views a system and then translates and repre-
sents that system into a functional model. Regardless of the
viewpoint, though, functional modeling approaches are one

way to “bridge the gap between the high-level requirements
and the low-level details” (Erden et al., 2008). Thereby, func-
tional modeling approaches allow for a constant interaction
between the high-level requirements and the low-level de-
tails. In systems thinking, this interaction is essential for fos-
tering the holistic view of a system, where the designer is able
to identify and understand both the high-level and the low-
level aspects to a system. For example, the holistic view of
a coffee maker would include high-level requirements for
generating hot water and filtering coffee while the low-level
details refer to understanding the equations, theory, and appli-
cation behind heat transfer and fluid dynamics so as to trans-
fer and heat the water. Because functional modeling can
bridge the gap between the high-level and the low-level as-
pects of the system, this indicates that functional modeling
should support and enhance one’s ability to apply systems
thinking for solving problems. Chakrabarti et al. (2013) speak
to this fundamental challenge of viewing systems from multi-
ple functional perspectives and levels, arguing for a common
definition of function as a potential solution for representing
engineered system.

Furthermore, the challenge to bridge the gap between high-
level and low-level aspects to a system can be seen in artificial
intelligence (AI) research. In AI research, the goal is to first
develop an understanding of the human mind and cognition
and then to use what is learned in order to design an intelli-
gent agent (Goel & Davies, 2011; Langley, 2012). The focus
of AI research is on knowledge content and the representation
of this knowledge (Goel, 2013). In order to build representa-
tions, AI researchers may build function models for their
work. Eckert (2013) points out, however, that there are
many challenges with designers’ interaction with their mod-
els. For one, she states that while designers are regularly in
contact with their models, they neglect to understand the
model being built and what can come from the model. This
lends itself to the need for designers to have a more holistic
view of their system where they can understand the parts of
the model despite what the model can do and what can
come from the model. Even so, Eckert (2013) refers to experi-
ments where participants pursued more abstract functional
models but neglected to understand the system fully and con-
nects this struggle to the participants’ inability to connect
components of a product family to what should be included
in the functional model. AI researchers are apparently recog-
nizing a need for designers to understand their systems and
also the function of their systems more fully.

2.1. Functional modeling

Functional modeling presents a graphical description of what
a system should do based on customer needs, target specifica-
tions, objectives, and constraints. Flow-based functional
models stemming from the Pahl and Beitz methodology are
perhaps the more common forms of functional models in en-
gineering design. Models are generated at two levels of ab-
straction: a black box model and a subfunctional model.
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Black box functional models are stand-alone functional mod-
els abstracting a high-level transformation intended for the
product to complete and are generated based on the system
design requirements. A functional model decomposes the
overall functional black box into specific flow transforma-
tions of material, energy, and signal. Flow transformations
define the operations required of the system such that the
identified input flows do become the identified output flows
through the operation of the system.

The roots of flow-based functional modeling can be traced
back to the field of value analysis (Rodenacker, 1971; Miles,
1972). From these early representations of functions in value
analysis, researchers have continued work to effectively and
accurately describe functionality (Roth, 1981; Koller, 1985;
Hundal, 1990; Little et al., 1997; Szykman et al., 1999; Stone
& Wood, 2000; Hirtz et al., 2002; Pahl et al., 2007). In engi-
neering design, a functional model is often a description of a
product in terms of the elementary functions and flows that
are required to achieve the product’s overall function or pur-
pose. A graphical form of a functional model is represented
by a collection of subfunctions connected by the flows on
which they operate (Kurfman et al., 2000). This structure is
a way for a designer to abstract an engineered system based
on how the engineered system is meant to “work” without
having to consider the specific form or components required.

2.2. Teaching and assessing function

There is little literature that strictly focuses on teaching and
assessing functional modeling. Still, there are traces of teach-
ing function and functional modeling. For example, Stone
and Wood (2000) outline how to use a common language tax-
onomy for creating functional models. While the purpose of
this common language may not have originally been pedago-
gical, in practice it can provide a conduit for teaching students
to uniformly abstract functionality of engineered system, and
based on this common language taxonomy, Nagel et al.
(2012) developed an algorithmic approach to teaching func-
tionality. This approach uses a series of grammar rules to as-
semble function chains from a list of enumerated functions
that are desired for the final product. Function chains are
then aggregated into a complete functional model that repre-
sents a system or product. Creating a functional model con-
sists of three primary steps: developing a black box model,
developing function chains from black box input and output
flows, and aggregating function chains into a functional
model. To assess students’ abilities to identify functions, gen-
erate functions for a system, and create a functional model of a
system, Linsey et al. (2010) created and validated the Fun-
Skills Quiz. FunSkills was designed to determine differences
between the impact of high-complexity design problems
and lower complexity design problems on functional model-
ing skills. Since development, FunSkills has been imple-
mented on a range of students from undergraduates with no
functional modeling experience to graduate students with
more extensive training in functional modeling. To evaluate

student-generated functional models, Nagel et al. (2016) de-
veloped and validated an 18-question rubric that assesses
functional models on their adherence to standard modeling
practices. The rubric has been used to evaluate functional
models generated by novice modelers ranging from sopho-
more level through graduate.

Teaching function and functional modeling approaches
presents a unique challenge to many organizations. Eckert
(2013) points out the difficulty in teaching and then applying
functional models. Teaching functional modeling approaches
requires using step-by-step instruction and small examples.
Challenges arise, however, when designers are given com-
plex, real-life scenarios and must rely more on their own per-
sonal experience. Another challenge arises when “applying
and formulating concepts of internal and cross-boundary
functions” (Ernst Eder, 2014). In a study of professional en-
gineers, Eckert et al. (2011) found that professional engineers
either utilized formal definitions that they had been pre-
viously exposed to or they resorted to terms that they associ-
ated with their everyday language. This demonstrates not
only a challenge with respect to teaching and assessing func-
tion but also a challenge with linking functional expression to
systems thinking.

2.3. Systems thinking

Originally coined by Barry Richmond, the term systems
thinking was left as a loose concept involving a “continuum
of activities” that ranged from understanding the overall sys-
tem and the relationships to the equations and simulations of
the system (Richmond, 1991). This continuum, however, ne-
glected to clearly articulate all that systems thinking entails or
to provide a fully articulated definition of systems thinking.
Recognizing the importance of system thinking, researchers
have taken the effort to further articulate and advance the field
of systems thinking, thus leading to many overlapping defini-
tions and characteristics pertaining to systems thinking. Some
definitions include the following by Kordova et al. (2015),
Chan (2015), and Camelia et al. (2015):

† Kordova et al. (2015) describe systems thinking as “a
concept that reflects thinking about the issue as a whole,
emphasizing the interrelationships among its compo-
nents, rather than the components themselves.”

† Chan (2015) describes systems thinking as “conceptu-
alizing real world phenomenon as models. A model is
a set of interrelated concepts, expressed in a language
that captures some aspects of the reality of interest.”

† Camelia et al. (2015) define systems thinking as a
“bridge between theory and practice, and between the
abstract, intellectual domains and the concrete, practical
domains.”

Although there are more definitions than these, it is appar-
ent that systems thinking ranges from abstract to concrete
thinking. As a single definition of systems thinking is non-
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existent, this begs the question of how do you measure sys-
tems thinking if it is not clearly defined. In response, research-
ers have sought to identify characteristics of systems thinking.
For example, Valerdi and Rouse (2010) outline systems
thinking competencies as the abilities to define the universe
and overall system appropriately, see relationships and things
holistically, comprehend the complexity of the system, com-
municate among disciplines, and utilize a broad range of con-
cepts and tools. Stave and Hopper (2007) completed an ex-
tensive literature review of 100 articles on systems thinking,
largely based in systems dynamics, which led them to identify
five characteristics of systems thinking, which included holis-
tic thinking, interconnections and feedback, dynamic behav-
ior, system in terms of causing its own behavior, and system
structure.

With respect to function in systems thinking, most systems
thinking literature agrees that the function of a system is at
least a necessary consideration, but generally the application
of function is not explicitly prescribed. Derro and Williams
(2009) note among their competencies for problem solving
and systems thinking are “the ability to find connections
and patterns across the system” and “thinking systemically.”
Both of which could reasonably include function as a primary
component or a tool for a systems thinker. Similar themes run
in the variety of definitions for systems thinking. In addition,
Frank (2006) examined three different studies involving pro-
fessional engineers and undergraduate engineering students
in order to understand the participants’ levels of systems
thought or capacity for systems thinking. If a participant cor-
responded to having a high capacity for systems thinking,
then he or she does not need to look at the system components
in order to be able to articulate aspects of the system such as
function, behavior, and emergent properties. This shows that
there is a clear place for the application of function as a central
tool in a systems thinker’s arsenal.

3. EXPERIMENT

Building on the literature, we define systems thinking as
being able to consider a system holistically while also under-
standing the relationships and interfaces within a system and
at the system’s boundaries. A student’s ability to enumerate
functions was used as the exemplar of a student’s systems
thinking ability. This study uses a slightly modified version
of FunSkills (Linsey et al., 2010) to assess students’ ability
to enumerate functions of two systems. Some of the original
questions on hierarchical functions were not applicable for
the current study. FunSkills provides two noted advantages:
the lack of reliance of a common taxonomy, and the afore-
mentioned instrument validation.

A between-subject controlled experiment was designed to
test students’ ability to abstract engineered systems function-
ally. Student participants were from one of two treatment
groups: modeling group students, who were taught functional
modeling and function enumeration, and enumeration group
students, who were only taught function enumeration. Stu-

dents in the enumeration group were instructed in how to
identify the function or purpose of a system and were also
taught to identify the system, subsystems, and components
of a system. The students in the modeling group were given
the same instruction as the function enumeration group but
were also given additional instruction in how to create func-
tional models. Functional modeling is a method that is used
to visually represent system functions and how they interact
to produce a desired output based on system boundaries,
where function enumeration is simply the list of all functions
that may be associated with a system of interest.

3.1. Hypothesis

If functional modeling does further develop systems thinking
among students, then it would be expected that by asking stu-
dents to identify functions for a given product, the students
who are taught functional modeling will list fewer high-level
functions than those students who are only taught functional
enumeration. This is because students who are taught func-
tional modeling have been trained through functional model-
ing to identify low-level and interface functions in addition to
high-level functions, and through identification of low-level
and interface functions, the number of high-level functions
would decrease when asked to provide a limited sample of ex-
emplar functions as is requested in FunSkills.

If students who are taught functional modeling are conjec-
tured to be able to identify other functions, then it would be
expected that they would list more low-level functions than
those not taught functional modeling. In conjunction with
this reasoning, students who are taught functional modeling
are also expected to identify more interface functions than
those who are not taught functional modeling. In addition,
we expect that students who are taught functional modeling
will be able to better identify functions for a system, and
therefore students who were taught functional modeling
will list fewer incorrect functions for a system than those
who are not taught functional modeling.

Functional modeling instructs students to understand a sys-
tem at both the surface level (high level) along with the inter-
actions and subfunction levels of the system (interface and low
level). In our study, the only instructions that the students who
were not taught functional modeling received on systems hier-
archy were on systems decomposition through identification of
subsystems and components. For the students who were not
taught functional modeling, we believe that as they were not
taught to recognize low-level functions and interface functions,
and consequently, they will resort to more high-level functions
or functions that are incorrect when prompted to enumerate
four functions for an engineered system.

Following this logic, four hypotheses are explored in this
research:

1. High-level functions: The modeling group will list
fewer high-level functions than the enumeration group.
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2. Low-level functions: The modeling group will list more
low-level functions than the enumeration group.

3. Interface functions: The modeling group will list more
interface functions than the Enumeration group.

4. Incorrect functions: The modeling group will list fewer
incorrect functions than the enumeration group.

3.2. Assessment instrument

To assess a student’s ability to abstract systems using func-
tion, the FunSkills Quiz was used. The FunSkills Quiz in
its entire form is a combination of free-response, open-ended
questions and questions requiring a yes/no response. For this
study, just two questions (Question 2 and Question 3), both
free response, open-ended questions, were used. Question 2
requires the enumeration of potential function statements
for a system based on an image of a nail clipper and Question
3 requires the enumeration of functions from design objec-
tives of an imaginary dorm room product/system. Questions
2 and 3 are provided as Figure 2 and Figure 3, respectively.
No pre- or posttests were conducted for the student groups re-
garding their general knowledge of the systems (nail clipper
and cleaning system) in the questionnaire. It is assumed that
based on geographical location and culture that the students
would be familiar with the systems. Nevertheless, students
were given a picture of the nail clipper to provide a clear rep-
resentation of the system. In addition, the cleaning system is
purely fictional, where the students would deduce functional-
ity via the described customer needs.

3.3. Participants

In this study, data collection occurred across four sections of a
sophomore design course taught in an engineering program
(�450 students) at a comprehensive university (�20,000 stu-
dents) on the East Coast of the United States.

Seventy-nine students across all four sections of the sopho-
more design course provided consent to use their FunSkills
Quiz results in this research. No incentives were provided
to the participants. All sophomore engineering students
were of similar background with their only prior engineering
course having been two introductory engineering courses
completed during the prior academic year. Students did not
learn functional abstraction during their first year in the engi-
neering program, so for all students, this would have been
their first introduction to function. All students were enrolled
in a nondiscipline-specific engineering program on track to
earn a bachelor of science in engineering.

There is no expected difference between students from dif-
ferent sections. Students could choose to take either a 9:30 a.m.
or a 12:05 p.m. section of design on Tuesday or a 9:30 a.m. or
12:05 p.m. section of design on Thursday. Students’ choice in
mathematics and science (physics or chemistry) class is the pri-
mary impact on their design course section. For example, if stu-
dents make the choice for lunch or afternoon design, they take
morning science or math. Based on student background and
course enrollment logistics, there is no reason to believe that
one class is composed of stronger students than another. Tues-
day sections were assigned to the modeling group while Thurs-
day sections were assigned to the experimental group. The de-
sign counterbalances classes at different times of the day.

3.4. Procedure

Students in the modeling group were taught about systems ab-
stractions, function enumeration, and functional modeling in-
cluding generating a black box model and a subfunctional
model, while students in the enumeration group were taught
the same information about systems abstractions as well as
function enumeration but were not taught functional model-
ing. All classes met for 100 min.

The system abstraction content taught to all students in-
cluded identifying a system boundary, subsystems, compo-
nents, and flows. For students in both the enumeration group
and the modeling groups, an engineered system was used as
an example during class with a discussion on system break-
down and perspective being the driving factors for system ab-
straction choices (�30 min). For students in the enumeration
group, a natural system was also used as an example, and stu-
dents worked in-class examples as groups to understand the
process (�60 min). For the modeling group, no additional
system abstraction content was taught using this technique.

The function enumeration content taught to all students in-
cluded a discussion that function is a translation of design ob-
jectives; is composed of a verb–noun pair; describes what a
system, subsystem, or component does; and is form indepen-
dent (�5 min). Examples of a bicycle, music player, lawn
mower, electric motor, and toothbrush were used during class
for both groups. For these example systems, students iden-
tified functions for the system during class, and student re-
sponses were discussed (�5 min). No further discussion of
function was provided for the enumeration group.

Students in the modeling group were provided with the al-
gorithmic approach (Nagel et al. 2012) to generating a func-
tional modeling during the class period. Students were talked
through an example functional model during the lecture por-

Fig. 2. Question 2: enumeration of potential function statements for a system.
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tion of the course (�20 min), and during the active learning
portion of the course, students, as teams of four, worked
through an example functional model during class (�40
min). All students were provided with a step-by-step exam-
ple, and students were provided the following four steps an-
notated with an example black box and/or functional model
developed to a level appropriate for each step.

STEP 1. Generate a black box model for the product being
designed considering the input flows, output flows, and the
overall functionality of the product. Flows and function
should be identified from the customer needs for the product.

STEP 2. Follow the functional basis (Hirtz et al., 2002) or a
similar approach for the generation of the function–flow pairs.
Generate function chains for flows identified at the black box
level. Follow the material, energy, and signal flow convention
from Step 1 when generating function chains. Add flows to
represent the importation and exportation of materials, ener-
gies, and signals into the functional system.

STEP 3. Aggregate function chains. Add flows to represent
the importation and exportation of materials, energies, and
signals into the functional system.

STEP 4. Verify that all input functions identified in the
black box model transition to all output flows in the black
box model.

Students in the modeling group generated black box and
functional models first independently as a homework assign-
ment for a bicycle (provided in Nagel et al., 2015). Feedback
was provided by the course instructor on student submissions
as a grade and written comments at the start of class 2 weeks
following the initial functional modeling instruction. Follow-
ing receipt of feedback, as a second homework assignment,
students then worked as teams to generate a second functional
model for the course project, a human-powered vehicle for a
person with a disability.

Students in the enumeration group generated abstracted
systems following the approach learned during class for a

bicycle. Feedback was provided by the course instructor on
student submissions as a grade and written comments.
A team assignment was not provided.

The FunSkills Quiz was given to both the enumeration
group and the modeling group 6 weeks following the initial in-
struction of functional modeling in the modeling group. The
quiz was administered at the start of the class period, and the
time given to the students was not restricted. The topic of the
quiz was not known to the students prior to class; however, stu-
dents likely anticipated a quiz at the start of class as most class
periods started with a short quiz during the semester.

4. RUBRIC ITERATIONS

The importance of Questions 2 and 3 in FunSkills is that these
questions allowed the students the freedom to fabricate their
own functions for the given design problems. In other words,
both asked students to simply enumerate functions for the sys-
tem. Students were not prompted to identify high-level, low-
level, or interface functions, nor were students explicitly
taught about high-level, low-level, or interface functions.
Consequently, students’ enumeration of high-level, low-
level, and interface functions was based simply on their prior
system decomposition, enumeration, and/or modeling knowl-
edge.

4.1. Rubric development

To evaluate the students’ enumerated functions, a universal
rubric was designed to evaluate the students’ abilities to cre-
ate “good” functions. However, a good function is not
enough to begin building a formalized rubric. The goal was
to answer two questions. What makes a student’s response
a good function? What is meant by a good function?

4.1.1. Rubric development: Phase 1

The first iteration of this rubric, presented by Nagel et al.
(2016), provided preliminary results for identifying correct,
incorrect, high-level, and low-level functions. Although there

Fig. 3. Question 3: enumeration of functions from design objectives.
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was interrater agreement for assessing correct and incorrect,
interrater agreement was not obtained for high-level and
low-level functions. The rubric presented herein was modi-
fied significantly from this original iteration to include a
three-level scale for correctness (correct, partially correct,
and incorrect). Definitions for high-level, low-level, inter-
face, and ambiguous functions were developed and refined
to allow for repeatable assessment of student enumerated
functions.

4.1.2. Rubric development: Phase 2

To improve specifically upon the results presented by Na-
gel et al. (2016) and improve the interrater agreement on high-
and low-level functions, two evaluators who had initially
evaluated the data set presented the basic rubric that they orig-
inally agreed to use for evaluating the student responses.
A third evaluator used the Phase 1 rubric that was also used
in Nagel et al. (2016) and evaluated a random sample of
the collected data in order to establish familiarity, compare re-
sults, and identify areas for improvement. The third evaluator
identified areas of confusion and contention in the rubric,
such as the need to further designate correctness and the cat-
egories to two components of the rubric and also to create
clearer definitions. These areas of confusion became the basis
for developing the definitions of high- and low-level
functions. Three experts, plus one graduate student and one
undergraduate student, both with experience in creating and
analyzing functional models, discussed and refined the defi-
nitions of high- and low-level functions as well as correct and
incorrect functions. Using these revised definitions, the third
evaluator checked the ability to apply these definitions to an-
other random sample of student responses. The sole purpose
of this evaluation was so that the evaluator could provide
feedback on the new definitions and rubric. Based on the eval-
uator’s feedback, the definitions for high- and low-level
functions were once again revised, and the two evaluators
proceeded to evaluate the data from the East Coast university
and count the total correct, incorrect, high-level, and low-
level functions for each student. As a check, this was then
compared to the total scores of similar data using the same
FunSkills Quiz that was collected at another university.
Disagreements on the high- and low-level functions in
Question 3 were still identified.

4.1.3. Rubric development: Phase 3

To arrive at agreement, the differences between the scores
from each evaluator were marked and discussed in order to
identify reasoning behind the differences between the evalua-
tors’ decisions. From these conversations, the following addi-
tional guiding questions for high-level functions were added
to the assessment process:

1. Can you create a logical and useful model for an objec-
tive, intent, or common use of the object described with
all pertinent flows and sufficient functional detail?
(Note that it does not necessarily have to capture ALL

the intents, objectives, or common use, but it must com-
pletely capture one.)

2. Do/can you use [Object] to function? If so, you can likely
satisfy (Question 1), and it is a high-level function.

The guiding questions demonstrated that the current cate-
gories of high-level and low-level functions along with
correct and incorrect would not adequately represent systems
thinking attributes nor adequately capture all of the functions
that students would list. Systems thinking recognizes that there
is a spectrum from low level to high level, whereas the current
categories were classifying functions into low level or high
level and correct or incorrect. On top of that, the current
definitions were causing confusion and required further clarity
and articulation. Adjustments to definitions and new categor-
ies would be necessary in order to fully classify the functions.
A new level to the scale for correctness was developed:
partially correct. In addition, two new categories were
developed: interface and ambiguous. The result is a 3-point
scale for correctness: correct, partially correct, and incorrect,
and a method for categorizing correct and partially correct
functions based on high level, low level, interface, and
ambiguous. The correctness and the categories have the
following definitions:

1. Correctness:

a. Incorrect functions are not evaluated into categories,
while partially correct and correct functions should
be.

b. A correct function should be

† a verb–noun pair,
† realistic and relevant to the system, and
† should not act on or contain the system itself.

c. A partially correct function: if evaluators can inter-
pret the answer as a function or see, in their eyes,
overwhelming functional thought, it should be con-
sidered as a function.

2. Categories:

a. High-level functions (black box) are functions
suitable for creating a black box model of the sys-
tem.

b. Interface functions are functions that likely interface
with entities external to the system.

c. Low-level functions (internal) are functions that
serve to decompose a black box model.

d. Ambiguous functions are functions that could rea-
sonably fit into multiple categories.

To test the revised rubric and to evaluate the results of the
FunSkills quizzes, the undergraduate research student and the
graduate student used the rubric to score Questions 2 and 3 of
20 of FunSkills for both correctness (correct, partially correct,
and incorrect) and for function categorization (high, interface,
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low, and ambiguous) resulting in a total of 80 assessed func-
tions. Following this evaluation, the raters identified that the
definition of partially correct and incorrect functions required
additional clarity; the definitions were adjusted to include ra-
tios of correct function characteristics. The evaluators reas-
sessed their 20 FunSkills quizzes prior to calculating inter-
rater agreement. The interrater agreement using a Cohen k

was found to be 0.688 for the correctness of functions (Table 1),
0.8 for category responses to Question 2 (Table 2), and 0.785
for category responses to Question 3 (Table 3). According to
McHugh (2012), a Cohen k value of 0.61–0.80 is substantial
agreement. Therefore, in this additional evaluation, we were
able to achieve substantial agreement in all three areas using
the same rubric.

4.2. Final rubric

The final rubric was composed and is described herein.

4.2.1. Scoring Sheet: FunSkills Quiz

Functions are evaluated for correctness, which is a fre-
quency metric. Functions should be assessed as correct, par-
tially correct, or incorrect based on the following definitions:

1. A correct function is where clear functional thought is
given. A correct function

a. is a verb–noun pair,
b. is realistic and relevant to the system, and
c. does not act on or contain the system itself.

An example of a correct function is “cut nails” or “wash
hands.”

2. A partially correct function is where some functional
thought is given. A partially correct function matches
2/3 of the qualifications for the correct function. An ex-
ample of a partially correct function is “blade cuts.”

3. An incorrect function is where no functional thought is
given. An incorrect function matches 0/3 or 1/3 of the
qualifications for the correct function. These functions
are not suitable for a functional model or black box
model of the system. An example of an incorrect func-
tion is “must be easy to use.”

For correct or partially correct functions, each function is cat-
egorized as high level, low level, interface, or ambiguous.
Definitions for each category follow:

4. High-level functions (black box): functions suitable for
creating a black box model of the system. A high-level
function satisfies the following:

a. Could you use the function to create a logical and use-
ful model that captures an objective, intent, or common
use of the object and all pertinent flows with sufficient
functional detail? (Note that it does not necessarily
have to capture ALL the intents, objectives, or com-
mon use, but it must completely capture one.)

b. Do/can you use [Object] to [Function]?
If so, it is likely a high-level function. For exam-

ple, “cut nail” or “wash hands.”

5. Interface functions: functions that likely interface with
entities external to the system. An interface function sat-
isfies the following:

a. Does the function transfer an energy, material, or sig-
nal (EMS) flow across the system boundary?

b. Does/could the function accept an external flow of
EMS and export an intermediate flow into the
model?

c. Does/could the function accept an intermediate flow
and export a black box-level EMS flow?

If so it is likely an interface function. For example,
“import hand” or “dispense soap.”

6. Low-level functions (internal): functions that serve to
decompose a black box model. A low-level function
satisfies the following:

Table 1. Cohen k values for two raters on Question 2

Value
Asymptotic

SEa
Approx.

Tb
Approx.
Signif.

Measure of k
agreement 0.800 0.081 8.040 p , 0.001

Valid cases (N ) 40

aNot assuming the null hypothesis.
bUsing the asymptotic standard error assuming the null hypothesis.

Table 2. Cohen k values for two raters on Question 3

Value
Asymptotic

SEa
Approx.

Tb
Approx.
Signif.

Measure of k
agreement 0.785 0.078 8.360 p , 0.001

Valid cases (N ) 40

aNot assuming the null hypothesis.
bUsing the asymptotic standard error assuming the null hypothesis.

Table 3. Cohen k values for two raters on the frequency
of correct functions

Value
Asymptotic

SEa
Approx.

Tb
Approx.
Signif.

Measure of k
agreement 0.688 0.137 4.432 p , 0.001

Valid cases (N ) 20

aNot assuming the null hypothesis.
bUsing the asymptotic standard error assuming the null hypothesis.
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a. Does the function address a single transformation
within a larger process?

b. Could it be used to decompose a black box model?

If so it is likely a low-level function. For example,
“convert human E. to mechanical E.” and “guide
hands.”

7. Ambiguous functions: functions that could reasonably
fit into multiple categories. An ambiguous function
could reasonably fit into multiple categories. For exam-
ple, “apply soap” or “move object.”

4.3. Rubric application

The application of the FunSkill rubric is divided into two
rounds of assessment for each question. First, the evaluator
reviews the student’s four responses to Question 2 based on
correctness, which is outlined by the criteria in the rubric.
The evaluator notes the number of correct functions (3/3 char-
acteristics of a function), the number of partially correct func-
tions (2/3 characteristics of a function), and the number of in-
correct functions (1/3 or 0/3 characteristics of a function). The
total number of correct, partially correct, and incorrect func-
tions should equal four.

Second, once correctness has been scored, the evaluator
proceeds to the second round, where he or she is to assign
each correct and partially correct function to a category by
following the rubric guidelines. The number of high-level,
low-level, interface, and ambiguous functions is tallied for
Question 2, and the total of these should be equal to the num-
ber of correct and partially correct functions found in the first
round. The evaluator then repeats this process for Question 3
of the quiz.

To demonstrate, a student responds with four functions for
Question 2. The rater assesses that one function is correct, one
function achieves two-thirds of the rubric qualifications for a
correct function, and the other two functions do not achieve
any rubric qualifications for a correct function and are thereby
incorrect. In turn, the rater inputs a 1 into the partially correct
column of Table 4, a 2 into the Incorrect column, and a 1 into

the correct column. Of these four functions provided, two
functions, the correct and partially correct functions, are
then further evaluated into categories and scored. In this
example, the rater assesses one function to be a high-level
function and the other to be an ambiguous function.

5. RESULTS

When comparing the modeling group to the enumeration
group (Fig. 4), the results from Questions 2 and 3 of the Fun-
Skills Quiz were combined since both questions were asking
the students to generate functions. Figures 5 to 9 show the
box-and-whisker plots for the number of correct, ambiguous,
interface, low-level, and high-level functions combined for
Questions 2 and 3. The nonparametric statistical Mann–Whit-
ney U test was implemented because the outcome variable
was a on scale of 0 to 4. A Mann–Whitney U test compares
the median ranks rather than the averages. It is used when
you have interval scale data or if the data fails to meet the as-
sumptions required for a t test of normal distribution and
equal variances. A Mann–Whitney U is the nonparametric
equivalent of a t test. In addition, the data is not normally
distributed, and the variances are not necessarily equal.

As shown in Figure 4 and Table 5 the number of high-level
functions produced by the modeling group was significantly
lower than the enumeration group (Mann–Whitney U ¼
433.5, p¼ 0.002). Furthermore, the students who were taught
functional modeling also produced significantly more inter-
face and low-level functions (Mann–Whitney U ¼ 934.0,
p¼ 0.003; Mann–Whitney U¼ 543.0, p¼ 0.044). This sup-
ports our first three hypotheses that students would list more
low-level and interface functions and fewer high-level func-
tions when taught functional modeling, due to their ability
to begin to see the system more holistically. Moreover, for in-
correct functions, there was statistically significant difference
in the functions that were incorrect between the two groups of
students (Mann–Whitney, U ¼ 513.0, p ¼ 0.018). As such,
this endorses the final hypothesis that more incorrect func-
tions would be generated by students who did not receive
training in functional modeling. Overall, these results do in-
dicate that students who are taught functional models are
able to generate a variety of functions that are both appropri-
ate for a system and describe more than just the high-level
function of a system. This ultimately demonstrates that teach-
ing functional modeling is more effective than just enumerat-
ing function.

The box-and-whiskers plots (Figs. 5–9) provide an addi-
tional aid to showing how the student responses compare ac-
cording to the spread and median of the data. For high-level
functions, the median for the enumeration group was two
high-level functions, whereas the modeling group had a me-
dian of zero. In addition, the middle 50% of the data set for
the enumeration group is in the four to six count region
whereas the middle 50% of the data set for the modeling
group is in the two to four count region. Still, the modeling
group does span from one to eight counts, which demon-

Table 4. Example of the application of the FunSkills Rubric
to an example

Round 1: Correctness

Correct Incorrect
Partially
Correct

Total
Functions

Total Correct &
Partial Functions

1 2 1 4 2

Round 2: Type of Function

High Low Interface Ambiguous
Total Correct &
Partial Functions

1 0 0 1 2
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strates that they are using high-level functions, but just at a
lower count, a result that is not surprising considering stu-
dents were prompted for a discrete number of functions. Fur-
thermore, the low-level functions have a similar bottom 50%
of the data for both conditions. The modeling group, how-
ever, has a higher upper value for the top 50% of the data,
which shows that students who were taught functional

modeling are using more low-level functions. A similar find-
ing is shown in the interface function box-and-whisker plot.
In this case, though, the third quartile spans from three counts
down to the median of the modeling group, which is also the
upper bound of the enumeration group. Clearly, students who
were taught functional modeling articulated more interface
functions in their responses. Finally, the box-and-whisker

Fig. 4. Mean number of functions per group by function type.

Fig. 5. Box-and-whisker plot comparing high-level functions between the
students who were taught functional modeling and those only taught func-
tion enumeration.

Fig. 6. Box-and-whisker plot comparing low-level functions between the
students who were taught functional modeling and those only taught func-
tion enumeration.

Fig. 7. Box-and-whisker plot comparing interface functions between the
students who were taught functional modeling and those only taught func-
tion enumeration.

Fig. 8. Box-and-whisker plot comparing ambiguous functions between the
students who were taught functional modeling and those only taught func-
tion enumeration.
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plots, which show the incorrect functions data, highlight that
the enumeration group has a larger portion residing in higher
counts, which demonstrates the impact that teaching
functional modeling has on a student’s abilities to generate
functions.

6. DISCUSSION

In our data we were able to identify that students who received
functional modeling instruction did not list as many high-
level functions as those students who only received function
enumeration instruction. We posit that this is because stu-
dents who are learning functional modeling are also gaining
the ability to see the holistic view of the system so as to under-
stand the interfaces and relationships between the parts of a
system. In turn, these students are able to start recognizing
functions that are at lower levels of the system. Because of
this, they will have both high-level and low-level functions
in their minds when they are asked to generate function for
a given design problem. From the FunSkill Quiz questions,
we asked them to generate four functions for both Questions
2 and 3. Because the students who were taught functional
modeling also understood lower level functions, this took
away from the amount of higher level functions that they
were able to transcribe onto the page. Alternatively, students
who were taught only function enumeration were not trained
in the ability to identify lower level functions. Thus, when

asked the same questions, they were able to generate high-
level functions. As such, this resulted in more high-level
functions for students who were taught function enumeration
than those taught functional modeling.

Students in the modeling group also understood lower
level functions; our results confirm that they were able to
list more low-level functions than students who were taught
only function enumeration. The low-level functions are indic-
ative of the internal details and subsystems of a system and
understanding the processes or relationships within a system.
Functional models are one method that allows students to cre-
ate a representation that decomposes a system and then iden-
tifies connections within the system. Even though the quiz
questions did not explicitly ask for subfunctions, students
within the functional modeling condition still generated
low-level functions.

Not only was the modeling group able to answer with low-
level functions, but they were also able to identify more inter-
face functions than the enumeration group. The interface
functions are the functions that interacted with the external
system. This indicates that the students are able to recognize
system boundaries and how the system interacts with its envi-
ronment. This integrates into systems thinking since students
are not isolating their system. The students are thinking of the
system in terms of its environment and surroundings.

Moreover, the modeling group recorded less incorrect
functions than the enumeration group. This indicates that stu-
dents who are learning functional modeling are developing
the ability to correctly identify functions for a system. Being
able to correctly identify functions is very important for nu-
merous functional modeling approaches and for a variety of
disciplines and fields (i.e., engineering design, product devel-
opment, and systems engineering). Function is utilized across
a vast and versatile number of fields. It is even used as a
means to create a common language across disciplines.
Therefore, if a student is able to begin to correctly identify
functions, then this is the beginning for what can lead to a ver-
satile and applicable systems thinking skill set.

7. LIMITATIONS

For Questions 2 and 3 of the FunSkills Quiz, the students are
prompted to generate only four lines for the given system. Al-
though the reason for this was to capture the initial thoughts
of the students, this does not necessarily consider that a stu-
dent who lists high-level functions may have knowledge of
low-level or other functions for the systems. While it is as-
sumed that students would put forth the functions that they
presume to most accurately suit the system, the current
method does not fully capture what the students understand
about a system. Future revisions to the quiz will aim to pro-
vide students with the opportunity to generate more functions
for the systems. In addition, students are not directly taught or
prompted to identify high-level, low-level, and interface
functions, which limits the ability to ask them specifically
to generate high-level, low-level, or interface functions.

Fig. 9. Box-and-whisker plot comparing incorrect functions between the
students who were taught functional modeling and those only taught func-
tion enumeration.

Table 5. Mann–Whitney U for the
total number of function in each
function category

p U

Incorrect 0.018 513
Ambiguous 0.065 576
Low level 0.044 543
Interface 0.003 934
High 0.002 433.5
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Finally, an assumption was made that due to the cultural
background of the student population, students from both
groups would understand both the fingernail clipper and the
washing station for a dormitory room. While no evidence
was noted in the results that students did not understand these
two systems, the possibility of misunderstanding remains.

This work sought to demonstrate the means for how teach-
ing function can correspond to how students are utilizing sys-
tems thinking. While the design rubric is aimed at capturing
the systems thinking of the students, the results of this work
simply indicate that there is a link between systems thinking
and teaching function. The lack of literature on the relation-
ship between function and systems thinking provides some
difficulty in establishing a more thorough rubric. Neverthe-
less, this work seeks to initiate the conversation on how stu-
dents are utilizing systems thinking and how this depends on
the way that they are taught and understand function.

8. CONCLUSIONS

In a 2011 ASME IDETC conference paper examining ap-
proaches to teaching function, Nagel and Bohm asked
“How do you quantitatively determine the value that func-
tional modeling and their related approaches bring to the de-
sign process?” and posed several research questions that must
be answered before such a determination could be made. The
work and resulting data and analysis presented in this paper is
a first step in beginning to answer the questions of “quantita-
tively determining” the value of learning to think in terms of
function. While analysis of the different groups in this work
shows that students who learn functional modeling are able
to identify more low-level and interface functions than stu-
dents who only learn function enumeration, the data does still
not conclusively demonstrate the benefits of learning func-
tional modeling in the design process.

Existing research in systems engineering regarding systems
thinking recognizes that the identification of function is an
important aspect of having a holistic view of a system. The
leap presented in this work proposes that not only the recog-
nition of function but also the level of detail of function rec-
ognition is critical in systems thinking. That is, to say that a
pair of fingernail clippers “convert human energy to mechan-
ical energy” or “import human energy” is much more insight-
ful than saying that they simply “clip nails.” Future work in-
volves structuring a set of assessments, metrics, and design
problems in order to determine how functional modeling
skills (or level of skill) impact the quality of a particular de-
sign problem.

To build on these results and further explore the impact that
teaching functional modeling has on engineering students’
design abilities, we will examine how teaching function enu-
meration and functional modeling have a longitudinal impact
on students as the progress from their sophomore to senior
year. This will help us to understand the impact and retention
of functional modeling and help to validate and refine the rub-
ric that was presented in this paper. Further future work is

needed to expand on understanding and investigating the in-
tersection between function and function modeling with sys-
tems thinking.
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