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Abstract

Function-based design and modeling have been taught, studied, and practiced in various forms for several years with efforts
centered on using function modeling to help designers understand problems or to facilitate idea generation. Only limited
focus has been placed on potential use for qualitative and quantitative reasoning and analysis of the design concept.
This potential for early stage analysis has not been fully explored partly because computational reasoning tools have not
been developed for this express purpose. This paper presents a set of requirements and their justification to realize this de-
sign enabling tool. The requirements include coverage, consistency, validity against physics laws, domain neutrality, phys-
ics-based definitions, normative and descriptive modeling, and qualitative and quantitative modeling and reasoning. Each
requirement is defined in concrete terms and illustrated with examples and logic. With the requirements for function-based
reasoning and representation clearly identified, future research toward formalizing of function-based design will be more
focused and objective validation of proposed representations against these requirements would be possible.
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1. INTRODUCTION

Research in the representation of mechanical functions has been
conducted from different viewpoints historically (Goel, 2013).
In the artificial intelligence (AI) view, models exist mainly to
support device description, cause-and-effect explanation, and
design synthesis. The second viewpoint, the engineering design
view, uses a popular representation, the graph-based function
structure, to support different design reasoning. These views
have approached the definition and understanding of function
as behavior, user interaction, capabilities, goals, and structure
with different design activity objectives (Vermaas, 2013).
These different views and approaches to functional reasoning
are developed to ultimately support engineering design activ-
ities in industry and education (Eckert, 2013). Ultimately, the
capabilities of the existing tools limit the views of how function
might be explored in engineering design. We envision a new di-
rection of supporting physics-based reasoning through func-
tional modeling based on conservation principles that can
only be realized with formalized representations. The goal of
this paper is to present a detailed enumeration of requirements

that must be satisfied to fully support the envisioned reasoning
support system without being in conflict with the form-indepen-
dent view of function modeling. The proposed requirements
supports one possible role of function modeling and design
space exploration through feasibility reasoning on proffered so-
lution concepts. These requirements can be used for both as-
sessment and comparative benchmarking of current modeling
and reasoning approaches while simultaneously providing re-
search motivation and guidance for the community at large.

2. REVIEW OF FUNCTION-BASED DESIGN

The ultimate goal of the reasoning that can result from satis-
fying these requirements is to more fully support engineering
design by providing tools that are more well received in indus-
try (Eckert, 2013). Function-based reasoning about mechan-
ical systems has been a topic of early interest in AI and cog-
nition research (Eastman, 1969; Freeman & Newell, 1971;
Simon, 1998), with design reasoning focused primarily on
supporting artifact synthesis as opposed to explaining the
workings of an existing device (Simon, 1998). Consequently,
design reasoning requires a representation that captures intent.

The AI models of function, several of which briefly dis-
cussed in Vermaas (2013), are inspired by the complex inter-
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action between multiple entities and are primarily descriptive
(Umeda et al., 1996, Chandrasekaran & Josephson, 2000;
Gero & Kannengiesser, 2002; Goel & Bhatta, 2004, Chandra-
sekaran, 2005; van Eck et al., 2007). This view recognizes
that “how a device works” (behavior; Gero & Kannengiesser,
2002) is less dependent on the observer’s viewpoints than on
“what a device is for” or “what does a device do for human
needs” (function; Umeda et al., 1996; Gero & Kannengiesser,
2002; Goel & Bhatta, 2004). These are more holistic views of
function and are subject to the difficulties of modeling inten-
tionality of designers and device use (Kroes, 2010). By con-
trast, the engineering design view takes a simpler view of
functions as transformations of material, energy, and signal.

In engineering design, function is often seen as transforma-
tive actions of input and output flows in a system (Rode-
nacker, 1971; Pahl et al., 2007; Fenves et al., 2008). Often,
a graph-based representation (function structure) captures
these transformations (Pahl et al., 2007; Ullman, 2010)
through nodes as transformative actions (functions) and
edges as objects of actions (flows: material, energy, or sig-
nal). Figure 1 illustrates the function structure model of a
hair dryer. To help formalize this representation, controlled
vocabularies of functions and flows are proposed, typically
through empirical observations, where actions and flows
within mechanical devices are identified and cataloged (Col-
lins et al., 1976; Kirschman & Fadel, 1998; Hirtz et al., 2002;
Bohm et al., 2005). Several function-based tools have been
developed to support engineering design activities (Mc-
Adams & Wood, 2002; Vucovich et al., 2006; Kurtoglu
et al., 2010). Although these tools are computational, they
do not perform reasoning to draw inferences about physical
behavior and validity against natural laws. At best, these tools
are generative, not analytical (Linz, 2011). Although re-
searchers and engineers have employed function structures
both for describing existing solutions, such as through reverse
engineering, and for forward engineering, such as through
conceptual design, each view of the function is still a transfor-
mative point of view.

Overall, the two directions in function representation re-
search differ in a few ways. First, the AI representations at-
tempt to include the user’s and designer’s intent, although

the graph-based model does not include that, though in
some models in the Design Repository (http://repository.
designengineeringlab.org/) the user’s interaction (usage)
with the device is captured through flows of human mate-
rial or human energy (Hirtz et al., 2002). Second, although
a function structure captures function as transformations of
flows within the system, the AI models traditionally discard
this view because transformation alone is inadequate to
capture the entire essence of functions, specifically the
user’s intent and the artifact’s effect on the environment
(Umeda et al., 1996). Third, the AI models typically use
a free, natural language, and several expanding ontologies
of functions have been proposed (Sasajima et al., 1995;
Kitamura et al., 2004; Cebrian-Tarrason et al., 2008). Fourth,
the AI models have been extended to substantial degree of
formalism, where modeling languages such as Causal Func-
tional Representation Language and tools such as case-based
reasoners have been implemented. In the present state of the
art, formalization of the function and flow definitions in func-
tion structures is limited to informal definitions of function
vocabularies that does not yet support automated reasoning.

Functions might be goal based, physical, or existential
(Eckert, 2013). Here, we address the physical and existential
views as captured in the engineering design focused function
structures. Although the reasoning requirements developed
are specifically developed for the transformative view of
functions, these might be expanded to other views of function
modeling (Goel, 2013).

3. THE NEED FOR COMPUTER MODELING AND
REASONING ON FUNCTION STRUCTURES

The lack of computer support to early mechanical design, as
compared to detailed design, is commonly recognized. Com-
puter-aided design (CAD)/computer-aided engineering tools
support modeling and analysis using form-based design in-
formation (Fenves et al., 2008). For example, reasoning on
strength requirements of components and systems are enabled
through formal representations of geometry, loads, and
boundary conditions, and manufacturing process planning
is supported through geometric reasoning on standard repre-

Fig. 1. The function structure of a hairdryer stored in the design repository.
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sentations. These types of reasoning are only possible with
formal representations. In conceptual design, there is a need
for similar tools that a designer could use to model a concept
on a computer, interactively expand or explore design var-
iants, and finally analyze the concept to get feedback suitable
for concept-level decision making. Although function model-
ing might be useful for ideation, the potential for early stage
analysis has not been adequately explored. In early design,
designers often perform low-fidelity analyses, such as con-
cept feasibility (is the concept realistic or does it violate phys-
ical laws?), theoretical completeness (have all flows and func-
tions been considered or are some overlooked?), side effects
(what emissions will the design produce and how much?),
and energy efficiency (component-wise and overall effi-
ciency, losses, power required, power produced). These anal-
yses are not currently supported through automation for gen-
eral-purpose mechanical design. Design insight could be
gained early if these analyses were supported, thus enabling
more informed decisions by front-loading the design process
(Thomke & Fujimoto, 2000).

To support this type of reasoning, the representation under-
lying the models must be logically consistent and valid against
the laws of physics. However, formal reasoning with the func-
tion structure representation has been realized with limited
success. Recently, it was demonstrated that the lack of logical
consistency and the lack of validity against the laws of physics
is the root cause of much of this limitation (Sen et al., 2011a).
To address this gap, a set of representation requirements is pro-
posed.

3.1. Modeling gap

Function structure graphs are widely recommended in design
texts as a means to model the intended functionality of new
design concepts (Hubka & Eder, 1988; Otto & Wood,
2001; Pahl et al., 2007; Ullman, 2010). At present, limited
work is reported toward constructing these graphs on the
computer. Typically, concepts are modeled manually, on
pencil and paper, whereas computer software, such as MS
VisioTM, might be used as diagramming tools. Although
these digital models look like function structure graphs, these
tools do not assist design in an intelligent manner; they
merely replace the pencil with the mouse. They do not pro-
vide a controlled vocabulary of model entities (e.g., function
modeling icons), do not prevent the designer from drawing
absurd or unrealistic concepts, do not provide feedback if
the model is in agreement with natural laws, and do not sup-
port any postmodeling reasoning on the concept itself. Their
level of automation is analogous to the early two-dimensional
drafting tools, where the designer was responsible for the cor-
rectness of the drawing: the tool would not raise an alarm if,
say, a projection view was incorrect. Two initiatives of func-
tion structure modeling are significant. The first is the auto-
matic generation of models using graph grammars (Sridharan
& Campbell, 2005; Kurtoglu et al., 2010). This tool puts the
computer in charge of synthesizing models, rather than the

designer, and does thus not support designer-driven modeling
and exploration outlined above. The second is function CAD
(Nagel et al., 2009). The designer develops the concept using
the functional basis vocabulary as icons or menu options.
However, it cannot check for logical or physical inconsis-
tency of the model; it permits inconsistent model topologies
and violations of the laws of physics, and it does not support
any postmodeling reasoning.

3.2. Reasoning gap

Model-based reasoning uses logic queries on a model to draw
inferences or to reveal information about the modeled reality
that is not explicitly captured in the model (Summers & Shah,
2004; Luger, 2005). For example, CAD kernels support com-
puting the distance between vertices of a body, orthographic
projection views, and mass properties, even if this data is not
directly used to construct the model. In function-based de-
sign, consistent reasoning using function structure graphs
has not been demonstrated adequately. Tools used in similar-
ity detection (McAdams & Wood, 2002), concept generation
(Vucovich et al., 2006), component layout (Kurtoglu et al.,
2010), or failure modeling (Stone et al., 2005) use function-
based information as the basis of reasoning but not from
the graph form of the model. Rather, they use information
in other representations, typically relational databases
(Bohm et al., 2005). Graph grammar-based synthesis tools
(Sridharan & Campbell, 2005; Kurtoglu et al., 2010) use
the graphs as the basis of reasoning, but they are focused
on generating concepts by pattern integration rather than in-
ferencing. Other functional modeling tools exist (Vescovi
et al., 1993; Umeda et al., 1996; Chakrabarti & Bligh,
2001; Deng, 2002; Goel & Bhatta, 2004; Albers et al.,
2008; Wang et al., 2009; Srinivasan et al., 2012), but they
do not use the notion of function as transformative action
(Pahl et al., 2007) used in the function structure. This paper
explores requirements for specifically the graph-based func-
tion structures, one of the most commonly used representa-
tions of functions.

Consistent and reliable reasoning requires the representa-
tion to be valid against the bodies of knowledge used in rea-
soning. For example, CAD tools can compute mass properties
of a solid using geometric representations and algorithms to
compute the volume or moment of inertia. The more generic
the knowledge, the wider is the applicability of this reasoning.
In mechanical design, external knowledge that applies uni-
versally regardless of function or form includes the balance
and irreversibility laws. Irrespective of the specific functions
or principles chosen in a concept, and even in the early stage
of concept development, it is true that the design must satisfy
the balance of mass and energy and is subject to irreversibil-
ity. The function reasoning tools mentioned above do not use
such external knowledge as the basis of reasoning. By en-
abling physics-based reasoning of this type in function-based
design, much insight could be gained early in the process,
which would support more informed decisions.
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4. REQUIREMENTS FOR THE
REPRESENTATION

This section identifies requirements for a representation to
support function modeling and physics-based reasoning in
early design. Coverage, consistency, and validity are consid-
ered generic requirements of any formal representation (Sum-
mers & Shah, 2004; Luger, 2005). The other three are specific
to this representation, based on gaps in function-based design
(Sen et al., 2011b, 2013). The requirements are the following:

1. coverage
2. consistency
3. validity against physics laws
4. physics-based concreteness
5. normative and descriptive modeling
6. qualitative modeling and reasoning

4.1. Coverage

Coverage refers to the knowledge domains, the objects and
phenomena from which can be modeled and reasoned by
the representation (Baader, 1996; Summers, 2005a). For ex-
ample, if representation A supports modeling electrical de-
vices and representation B supports both electrical and acous-
tic domains, B has broader coverage than A.

Mechanical devices use a variety of physics principles for
their operation. The principles ultimately used to solve a
novel design problem are difficult to foresee in early design.
In the interest of broad coverage, the representation must sup-
port modeling and reasoning a variety of physical phenomena
and principles. Broader coverage usually comes at a cost of
reasoning accuracy and efficiency (Summers, 2005b). At
one extreme, expert systems such as rule-based tools (Chavali
et al., 2008) use knowledge specific to the task at hand and
perform fast and accurate reasoning (low coverage). How-
ever, they cannot perform a different task even with less speed
or accuracy. The rule set used in these systems is the result of
evolutionary refinement through generations of similar past
designs, an opportunity that does not exist in novel designs.
At the other end of this spectrum are the general-purpose
CAD, computer-aided engineering, and control flow diagram
tools that can model and analyze systems from virtually any
domain (high coverage), but the designer must construct
models for individual analyses. In an effort to bridge this
gap, CAD companies either offer domain-specific tools
such as NX Mold Wizard for injection mold design or enable
user customization of CAD tools for specific tasks, such as
DriveWorks. In respect to this spectrum, the requirement
for the function representation is stated below.

The representation should support modeling and reasoning
with principles and devices commonly used/discussed in
physics and mechanical engineering. Specifically, phe-
nomena involving electrical, mechanical, and thermal en-
ergy and their interaction with various material forms
must be supported.

4.2. Consistency

Consistency ensures that assertions within the representation or
statements logically derived from them do not contradict mu-
tually (Luger, 2005). Consistency is an internal property. It
only prevents “mutual” conflict and does not require that the
statements be valid against external knowledge. Sen et al.
(2011a) illustrates typical inconsistencies found in function vo-
cabularies. For example, the definition of branch in the func-
tional basis (Hirtz et al., 2002), when taken literally as a formal
statement, implies two contradictory assertions: the incoming
flow must be branched into multiple flows, and the function
must not produce multiple output flows. Although the func-
tional basis is widely used for function modeling by human de-
signers, this inconsistency is prohibitive of formal reasoning.

The representation should be internally consistent. More
formally, it should be impossible to derive two statements
P and Q from the assertions within the representation such
that P ¼ : Q.

4.3. Validity against physics laws

Validity against an external knowledge ensures the impossi-
bility to start from a premise that is true against that knowl-
edge and draw inferences that are false against the same
knowledge using reasoning supported by the representation
(Bergmann et al., 1990). Unlike consistency, validity is an ex-
ternal property. It checks for agreement between assertions of
the representation (or their logical derivatives) and external
knowledge: here, the principles of conservation and irreversi-
bility. To this end, the requirement is the following:

The representation must be valid against the principles of
conservation and irreversibility. If a model implies a viola-
tion of these principles, the reasoning algorithms to detect
that violation must be supported.

4.4. Physics-based definitions

For supporting physics-based reasoning, the concepts in the
representation must be defined in terms of physics-based ac-
tions. In function literature, the varying level of definitions
has been recognized (Lind, 1994; Chandrasekaran, 2005).
The need for the function representation is illustrated through
the following example. The overall action of a hairdryer can
be stated as the following:

1. “It allows the user to dry hair with a stream of hot air.”
2. “It dries hair with a stream of hot air.”
3. “It produces a stream of hot air for drying hair.”
4. “It produces a stream of hot air.”
5. “It transforms cold air at rest to hot air in motion.”
6. “It converts electrical energy to heat and kinetic energy

and adds them to air.”
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7. “It converts electrical energy to heat using a heater and
to the kinetic energy of a fan.”

8. (All of 7)þ “It rejects part of the input electrical energy
as other forms.”

Each statement is correct, but they are increasingly objec-
tive and definitively physical. The first sentence describes
what a person could do with the device, similar to affordances
(Maier & Fadel, 2009), without mentioning its physical ac-
tions. The last two sentences focus on the physical actions
without describing what someone could do with it. The mid-
dle steps incrementally drop the user (2), the effect of drying
hair (3), and the perceived purpose: “for drying hair” (4). La-
ter statements are focused on the actions performed (5) and
their physics (6). The last two sentences, (7) and (8), even
drop the surrounding air. In this view, the function is limited
to spinning the fan and producing heat; the effect of blowing
hot air is contingent on the device being immersed in air, and
thus is not a necessary part of its function. For the function
representation, the objectivity of Sentence (6), plus the losses
described in (8) seem appropriate, because (6) is the most ob-
jective level that does not include form descriptions, such as
heater or fan. An effort to define the level of abstractions in-
cluding qualitative and quantitative reasoning support is illus-
trated in Chandrasekaran and Josephson (2000).

Existing function vocabularies do not define the terms with
this physics-based objectivity, because they were not meant
to support physics-based computation. For example, the
verb separate is defined in the functional basis as “To isolate
a flow (material, energy, signal) into distinct components.
The separated components are distinct from the flow before
separation, as well as each other” (Hirtz et al., 2002). The
verb is frequently used in the Design Repository (http://
repository.designengineeringlab.org), two of which are the
function of a can opener (separates the lid from the can) and
the filter in a vacuum cleaner (separates dust from the air þ
dust mixture). Both applications are in agreement with the def-
inition, because the incoming material flow is a conjoined form
of the outgoing material and at exit the two flows are distinct
from each other. However, as seen in Figure 2, the phys-
ics of these two actions are quite different. The can opener
consumes external energy, and mechanical work is done on
the material flow: E added to M. The filter does not consume
external energy; it removes kinetic energy from the dust par-
ticles completely (stopping) and from the air partially (slow-
ing down). Energy released to the surroundings (heat and
sound) is extracted from the material flow itself: E removed
from M. The definition of separate applies notionally to both
functions, but it describes two different physical actions,
which shows that the definition is not indicative of a specific
physics-based action. Thus, physics-based objectivity is not
realized in this definition. The recent literature proposes
two new verbs, energize material and de-energize material,
which describe the atomic actions of adding and removing
energy or work from material flows (Sen et al., 2011a,
2013). These verbs could capture the distinction between

the two cases. The need for physics-based objectivity is sum-
marized below.

The entities, relations, attributes, and grammar of the rep-
resentation must be defined in terms of physical actions,
specifically to support reasoning against the conservation
and irreversibility principles.

4.5. Normative and descriptive modeling support

Normative means “what should be” and descriptive means
“what is.” Engineering begins with a need for a solution (nor-
mative) and ends with a solution (descriptive; Simon, 1998).
A normative function structure describes the intended func-
tions and flows in their ideal topologic arrangement. A de-
scriptive function structure describes the actual actions,
flows, and topologic arrangement that occur in a device dur-
ing a mode of use. These definitions are applied to the differ-
ent function modeling approaches of both the AI and design
points of views (Table 1).

Although the terms normative and descriptive apply to
models, they distinguish models by their intended use, rather
than their content. The definitions do not assume complete-
ness, correctness, consistency, validity, or feasibility. A nor-
mative model could, as such, violate laws of physics, possibly
due to incomplete modeling, and still be a useful representa-
tion of the need. Similarly, a descriptive model does not guar-
antee that the designer successfully observed every functional
detail. Physics-based analyses, such as detecting violations of
balance laws or irreversibility, could be applied to both mod-
els. For normative models, they could evaluate the theoretical
feasibility or efficiency of a normative model. For descriptive
models, they could ensure that no flows, specifically losses,
are omitted. Finally, a representation that supports both nor-
mative and descriptive models would allow for a systematic
reformulation (Gero & Kannengiesser, 2002) by exposing
the gap between the normative (wish) and descriptive (real-
ity). In this manner, a representation that supports both nor-
mative and descriptive modeling can begin to span the two

Fig. 2. An analysis of separate functions as applied in two models.
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different views of functions, both AI and design. The require-
ment is summarized below.

The representation must support descriptive modeling of
existing devices, concepts, or physical principles. It must
also support normative modeling of new design concepts.

4.6. Qualitative and quantitative modeling and
reasoning support

Qualitative physics is a technique of using physics for quali-
tative reasoning of confluences (De Kleer & Brown, 1984;
Forbus, 1984), mainly to estimate how the increase or de-
crease of a parameter in a system causes a change in other pa-
rameters, without using quantitative values. For function
structure models, confluence-based reasoning would be to in-
fer from Figure 3a that increasing the power of the input elec-
trical energy will cause an increase in the mechanical energy
output or that Figure 3a violates conservation, because it does
not produce a material output despite receiving one. Sim-
ilarly, Figure 3b violates irreversibility, because it suggests

that the input electrical energy is entirely converted into me-
chanical energy without loss. This reasoning can detect
modeler-inflicted inconsistency. An example of quantitative
reasoning is to infer that the input electrical energy in
Figure 3b must be supplied at a rate of 4825.7 Watts, using
the power of the output mechanical energy and the efficiency
of the function. This quantitative reasoning requires quantita-
tive information, which the representation must support. The
capability of different representations to support quantitative
and qualitative reasoning is illustrated in Table 2.

Qualitative reasoning will be more useful in early design,
when quantitative information is not available. However,
the designer should be allowed to evolve the model as a re-
flection of his thoughts, which is likely to progress from qual-
itative to quantitative details in later design stages. Thus, the
requirements are summarized below.

Qualitative: It must be possible to model concepts qualita-
tively, when quantitative information is not available. It
must be possible to perform qualitative reasoning on the
concepts using the conservation and irreversibility prin-
ciples, and confluence.

Quantitative: It must be possible to add quantitative data to
qualitative models subsequently. Quantitative reasoning
for calculating efficiency, power required and produced,
mass flow, volume flow, and other physical parameters
of interest should be supported on these models.

5. DISCUSSION

Six requirements are identified above for formalizing func-
tion structure graphs to support modeling and formal analysis
of concepts. Coverage, consistency, and validity are generic
requirements of formal logic: they are articulated here for
function modeling. Three additional requirements are iden-Fig. 3. The function model for qualitative and quantitative reasoning.

Table 1. Characterization of existing function representations

Modeling Approach Normative Descriptive Comments

Function as effect (Chandrasekaran &
Josephson, 2000)

X Used for causal reasoning

Causal function representation
language (Vescovi et al., 1993)

X Used for causal reasoning

Function–behavior–state (Umeda et al.,
1996)

X
Design new artifacts and analyze behavior

Functional basis (Hirtz et al., 2002) X Created by reverse engineering
Collins’ vocabulary (Collins et al.,

1976)
X Created by reverse engineering

Function–behavior based tools (Bohm
et al., 2005)

X Morphological combinations of existing solution
fragments described functionally

Function–behavior based tools
(Kurtoglu et al., 2010).

X Graph-grammar tools use prepopulated models as
knowledge base

Function–behavior–structure model
(Gero & Kannengiesser, 2002)

X X Provides explanation of how design solution evolves
by comparing normative to descriptive states
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tified based on research gaps. In each case, the gap is estab-
lished with analysis of other representations.

It is anticipated that this representation will address the
general lack of intelligent automation support in early design,
specifically in concept-level analysis. The envisioned soft-
ware can be used to model the normative functionality of a de-
sign and examine or explore design variants on the computer,
while getting analytical feedback from it, in a much similar
manner because geometric CAD today supports modeling
and analysis (both real-time and postmodeling). Advances
in this direction have been made in the past years. Specifi-
cally, Sen et al. (2011a) describes a protocol to derive formal
definitions of existing function verbs, Sen et al. (2011b) illus-
trates the potential of automated reasoning using this repre-
sentation, and Sen (2012) presents a formal representation
of functions that partially meets these requirements. Finally,
Sen (2012) illustrates a software tool, Concept Modeler,
which addresses the requirements of coverage, consistency,
validity, domain neutrality, qualitative reasoning, and quanti-
tative reasoning. The tool currently supports descriptive mod-
eling better than normative modeling, thus that requirement is
not adequately addressed.

Although a set of requirements are offered, the relative im-
portance of these requirements is not discussed. As with any
development effort, trade-offs between requirements and the
level of satisfaction of the requirements is necessary. These
trade-offs should be driven from contextual and specific use
cases developed for function reasoning. One must recognize
that several different representations might meet the require-
ments, but with different levels of performance, and might
be better suited for different types of reasoning activities.
This paper does not try to impose a valuation on the impor-
tance of the requirements but to simply define and justify
why each should be considered.

Ultimately, this paper is intended to provide a starting point
for developing a consistent and canonical set of requirements
for function reasoning, representation, and modeling. These
requirements are necessary for clearly defining the potential
capabilities of the proliferation of different approaches and

views for different intents. It is strongly recommended that
other researchers take these requirements as a starting point
for self-critique on their developed approaches or use these
proposed and justified requirements as motivation for refine-
ment and future work. These are not intended to be the com-
prehensive set of requirements but a fundamental collection.
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