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ABSTRACT 
This paper presents the requirements and needs to establish a benchmarking protocol for systematic 

comparison of different function modeling representations. This benchmarking protocol includes 

representation characteristics, supported cognitive dimensions, and enabled reasoning activities. 

Problem types are also defined as: reverse engineering, familiar products, novel products, and single-

component systems. It is recommended that researchers and developers of function modeling 

representations work together to define a canonically acceptable set of benchmark tests and 

evaluations so that clear benefits and weaknesses for the disparate collection of approaches can be 

compared. This paper is written as a call to action for the research community to begin to look at 

establishing a benchmarking standard protocol for function modeling comparison purposes. This 

protocol should be refined with input from developers of the competing approaches in an academically 

open environment. 
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1 FUNCTION REPRESENTATIONS IN ENGINEERING 

Reasoning about functional aspects of products is critical in product development. Therefore, 

educators argue for the use of many different functional models to support systematic products 

development, yet without clear guidance on which approach is appropriate for which reasoning need 

(Pahl et al., 2007; Ullman, 2010). Therefore, this paper provides a justification and a proposed 

research direction for establishing a common benchmarking scheme for function representations that 

are developed and deployed throughout academia and practice with the ultimate goal of providing 

industry with practically usable functional modeling tools and concepts. Despite decades of research 

into functional descriptions, industry has not appeared to have incorporated functional modeling in 

practice while still proclaiming a need to express product information beyond form. Possible reasons 

contributing to this resistance might be that there is not yet a canonical definition of function, each 

approach being grounded in different conceptualizations or that there might be multiple distinct 

concepts with shared terminology. Researchers and practitioners have proposed many different views 

of function in engineering design (Crilly, 2010; Deng, 2002; Eckert, 2013; V. Srinivasan et al., 2012; 

Vermaas, 2013). These views have resulted in many different approaches to model information about a 

product’s functionality. For example, several design textbooks talk about using function-flow 

networks to capture the sequence and dependencies for the desired functionality of a product (Pahl et 

al., 2007; Ullman, 2010). Rather than develop a single, unified definition of function, we assert that 

each approach has its own strengths and weaknesses; each approach is useful and are particularly well 

suited for different reasoning applications and domains yet the transference across these being difficult 

at best. Therefore, we are proposing a different approach to function research; by developing a set of 

comparative benchmarks that can be explored with the different modeling approaches, the community 

can start to discern which approaches are more useful for different needs, and perhaps to discover 

which elements of the representations and vocabularies are most conducive for different elements of 

functional thinking. 

The information captured within function models can be used to facilitate many different engineering 

activities across entire product lifecycle, such as synthesis, analysis, exploration, visualization, 

explanation, and fault detection (J. Gero and Kannengiesser, 2002; Goel and Bhatta, 2004; Kurtoglu 

and Tumer, 2008). Despite the proliferation of function modeling research in the literature, there does 

not appear to be a significant adoption in industry (Eckert, 2013). Two assumptions are that the 

representations are not perceived as easy to use or learn and that the potential users are not well 

informed with respect to what these representations can provide; both relating back to educational 

challenges for the community. These two keys need to be addressed with each representation and 

modeling approach proposed, but with common frames of reference, perhaps supported through a 

standard benchmarking protocol that would define common problems and common issues against 

which methods can be challenged. 

2 THE NEED FOR BENCHMARKING 

Next, one can turn to other areas of research that have developed canonical benchmark systems that 

have proven to be useful in cross-comparison of algorithms and methods. The Traveling Salesman 

Problem has been developed into a series of benchmark problems that can be used to compare 

algorithms (Peterson, 1990). Likewise, the field of optimization have several accepted benchmark 

problems, again used to evaluate performance of new algorithms (Brest et al., 2006) and available 

online (Mittelmann, 2012). Alternatively, one also finds standard benchmark tests in the automotive 

industry when considering different control strategies (Rajamani, 2012).  

Each of these different benchmark sets have been constructed to test new algorithms, either 

optimization or controls. With developing a benchmark set of problems for comparing function 

representations, the algorithm, or reasoning dimension must be considered. Furthermore, the 

representation and the modeling of the functions should also be considered; defining a critical 

distinction between the traditional approaches of benchmarking and the approach proposed here. 

There has never been a benchmarking activity in functional modeling and while there are many 

discussion of how concepts are related there is no systematic comparison of the expressive power of 

different models. An experiment on functional descriptions, where different engineers were provided 

with a product and asked to generate a functional description (Eckert et al., 2012), has shown that there 

was a huge variability between individuals and in particular between different modeling approaches. 
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There is a need to look systematically at how different modeling approaches compare in 

representational expressive power, reasoning inferencing capacity, and modeling ease of use. 

3 IS FUNCTION RESEARCH SUFFICIENTLY MATURE? 

Before defining a series of benchmark test cases to be used in cross-evaluation of competing function 

representations, one must first ask the question about whether the research field is sufficiently mature 

to warrant such an effort. This is critical to determining whether there is both sufficient need in a 

plethora of competing approaches and a sufficient population size of researchers ready and willing to 

use these benchmarks as comparative tools. To this end, one can first consider the field’s evolution 

over the past five decades (Table 1). This is not intended as a comprehensive survey of function 

research, but as a quick assessment of the maturity of the field.  

Table 1: Recent Decades of Engineering Function Research 

Decade Example References 

1960’s (Eastman, 1969; Pahl et al., 2007) 

1970’s (Collins et al., 1976; Freeman and Newell, 1971; Rodenacker, 1971) 

1980’s (Andreasen and Hein, 1987; Hubka and Eder, 1988; V. Sembugamoorthy et al., 1986; Ullman et al., 1988) 

1990’s (Bracewell and Sharpe, 1996; Goel, 1997; Kirschman and G. M. Fadel, 1998; Qian and J.S. Gero, 1996; 

Sasajima et al., 1995; Umeda et al., 1996; Vescovi et al., 1993) 

2000’s (Albert Albers et al., 2008; Chandrasekaran, 2005; Erden et al., 2008; J. Gero and Kannengiesser, 2002; Hirtz et 

al., 2002) 

2010’s (Linz, 2011; Schultz et al., 2010; C Sen et al., 2011; V. Srinivasan et al., 2012; Yang et al., 2010) 

While there are many different representations found in the literature, such as the Structure-Behavior-

Function (Bhatta and Goel, 1997), the Function-Behavior-Structure (Qian and J.S. Gero, 1996), the 

Functional Basis and derivatives (Hirtz et al., 2002), the Function-Behavior-State (Umeda et al., 1996), 

affordances (Jonathan R A Maier et al., 2007), the Connect and Channel Model (Albert Albers et al., 

2008), and general function lists used in design tools such as morphological charts (Smith et al., 2012), 

the House of Quality (Olewnik and Lewis, 2005), and Axiomatic Design (Suh, 1999).  

These different function representations and modeling approaches have been developed by many 

researchers across the world, each with a different intent, history, and context behind the 

representation. It is because of the many different roles and uses within engineering design that these 

models have evolved disparately. Unfortunately, many of these approaches have suffered from the 

“inventors” problem within design research – researchers will push a solution to a problem and a 

design need without actually designing the tool or method based on the intrinsic properties. Thus, 

many of the representations, while serving different specific purposes such as machinery and 

manufacturing systems with an emphasis on flows (Pahl et al., 2007), might support other activities 

addressed by competing representations. This suggests that there is a need for developing a systematic 

comparison system.  

4 DIMENSIONS OF COMPARISON 

We propose that there are three interlinking dimensions of a function modeling approach that should 

be compared: representation characteristics, supported cognitive dimensions, and enabled reasoning 

activities. The intent of this paper is not to provide a comprehensive ontology of these dimensions. 

Rather, we seek to illustrate how these dimensions might be important in the comparison and how 

different benchmark problems can be used to explore these dimensions explicitly and implicitly. 

Representation Characteristics 
When comparing function modeling approaches, the typical approach is to start first with comparing 

the representations at the vocabulary and grammatical levels. Comparisons can be made similar to AI 

representation comparisons: representational adequacy, inferential adequacy, inferential efficiency, 

and acquisitional efficiency (Winston, 2005). Another approach to compare representations examines 

the vocabulary, structure, expression, purpose, and abstraction (J D Summers and Shah, 2004). We 

propose that the representation comparison could include, but not be limited to:  

 scope: domain for which the function modeling approach is intended (Nagel et al., 2008) 

 flexibility: ability to modify and adapt the representation to address new problems (Regli et al., 

2000) 

 indexing: support access to the right (or useful) knowledge when needed (Goel and Bhatta, 2004) 
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 consistency: enforce physics and other consistency (Chiradeep Sen et al., 2011) 

 translationabilty: tied to other engineering models (Nebel, 2000) 

 behavior: ability of the representation to simulation behavior (Qian and J.S. Gero, 1996) 

 scalability: support both simple and complex problem types (Chiang et al., 2001) 

Modeling Characteristics 
In addition to the representational issues, how the designer interacts with building the model is of 

concern when comparing the functional modeling approaches. For instance, is the modeling 

computationally supported, restricted to human effort, or is a mixed initiative approach supported 

(Chiradeep Sen et al., 2012). Additionally, whether the function modeling supports different types of 

construction approaches, such as forward chaining (moving from input to output), backward chaining 

(moving from output to input), nucleation, environment to system (outside to inside), or system to 

environment (inside to outside) is an important consideration (Chiradeep Sen and Joshua D Summers, 

2012). A final characteristic could be related to whether the modeling approach support decomposition 

and recomposition across multiple hierarchical levels and abstractions (Pahl et al., 2007). 

Cognitive Dimension Characteristics 
The concept of cognitive dimensions has been developed in Human Computer Interaction to help 

software designers to think through the usability of the artifacts they were creating, such as 

programming languages or user interfaces (Green and Petre, 1996), because many developers or 

software engineers have experience to develop well-design information artifacts, they no way of 

articulating why they were appropriate to meet user needs. Functional modeling approaches can be 

seen as information artifacts, similar to programming languages. Cognitive dimensions offer a 

vocabulary for discussing usability issues, that is informed by cognitive science (Blackwell et al., 

2001). The framework is deliberately broad to avoid being overwhelmed in the details of an 

implementation and thereby losing the sought conceptual improvements. However the approach is also 

task-specific; addressing processes and activities rather than merely assessing the final product. 

Therefore it can be used to evaluate functional modeling approaches rather than just offer a way to 

compare functional models. The cognitive dimensions are orthogonal to support reasoning trade-offs 

and to analyze the space of possible solutions in a coherent manner, and where possible look at the 

effect of combinations of dimensions. Table 2 presents a selection of the cognitive dimensions with 

their questions for programming and a possible interpretation of these questions for functional 

modeling, which would need to be refined prior to bench marking exercise (Green and Petre, 1996).  

Table 2: Key cognitive dimensions based on (Green and Petre, 1996) 

Dimension Question for Programming Languages Question of Functional Modelling 

Abstraction 

Gradient 

What are the minimum and maximum levels of 

abstraction? Can fragments be encapsulated? 

What are the minimum and maximum levels of 

abstraction? Can partial be created? 

Closeness of 

mapping 

What ‘programming games’ need to be 

learned? 

What modeling conventions needs to be learned? How 

intuitive is the resulting model? 

Error-

proneness 

Does the design of the notation induce ‘careless 

mistakes’? 

Does the design of the notation induce ‘careless 

mistakes’? 

Hidden 

dependencies 

Is every dependency overtly indicated in both 

directions? Is the indication perceptual or only 

symbolic? 

Is every dependency overtly indicated in both 

directions? Is the indication perceptual or only 

symbolic? 

Premature 

commitment 

Do programmers have to make decisions before 

they have the information they need? 

Do the model require decisions before they have the 

information needed is available? 

Secondary 

notation 

Can programmers use layout, colour, or other 

cues to convey extra meaning, above and 

beyond the ‘official’ semantics of the language? 

Can the models be annotated or linked to other product 

representations? 

Viscosity 
How much effort is required to perform a single 

change? 

How much effort is required to perform a single 

change? How easy is it to adapt the model from a 

model of a similar product. 

Visibility 

Is every part of the code simultaneously visible 

(assuming a large enough display), or is it at 

least possible to juxtapose any two parts side-

by-side at will? If the code is dispersed, is it at 

least possible to know in what order to read it? 

How easy is it to see all aspects of the model? Can two 

models be compared?  

The computing cognitive dimensions have a dimension of the progressive evaluation referring to the 

ability to obtain feedback on the modeling through the process, which appears far more meaningful for 
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a programming language, where a program can be run than a model that is deployed in many different 

ways. There are also dimensions specifically aimed at the notion like diffuseness, which addresses the 

number of symbols or graphic entities are required to express a meaning, and hard mental 

operations, which questions the need for annotations. These depend very much on a particular 

implementation version, as few standards around functional modeling have yet emerged.  

For each of the dimension a scale of sub categories can be developed. For example abstraction gradient 

is decomposed into abstraction-hating, abstraction-tolerant, and abstraction-hungry (Green and Petre, 

1996). For example, while people might find abstraction-hungry programming languages hard, 

abstraction can reduce error-proneness and increase viscosity.  

Reasoning Characteristics 
Reasoning is the comparison dimension that motivates the need for a common, standard benchmark for 

evaluating function modeling approaches. It is for different classes of reasoning that each function 

model is constructed. These activities range from failure detection (Kurtoglu and Tumer, 2008), 

reverse engineering and product understanding (Hirtz et al., 2002), design decision justification (J. 

Gero, 1996), or concept definition and exploration (Pahl et al., 2007). Some types of reasoning that can 

be evaluated with respect to support include: 

 interpretability: how consistent and precise is the interpretation of the function models across 

different individuals, domain, and expertise (B. Caldwell et al., 2012) 

 physics maintenance: can questions about conservation of energy or material, irreversibility, or 

other physics queries be answered (Chiradeep Sen et al., 2011) 

 analogical mapping: does the representation support analogical mapping and alignment (Qian and 

J.S. Gero, 1996)  

 pattern learning: does the representation support learning of abstractions needed for analogical 

transfer (Bhatta and Goel, 1997) 

 state transformations: does the representation support answering questions about different states 

(Deng, 2002) 

 change propagation: does the representation support discovery about the effects of perturbations 

in the system (Kurtoglu and Tumer, 2008) 

These reasoning dimensions might relate to the cognitive dimensions. For example, interpretability, 

analogical mapping, and change propagation might relate to closeness of mapping and viscosity. On 

the other hand, physics maintenance and state transformation is focused more on the content of the 

model. Other challenges in reasoning might relate to the ability to contextualize the system within a 

larger environment or the distribution of system level functions to several distributed elements. 

5 BENCHMARK PROBLEM TYPES 

In order to explore the different characteristics of representation that enable cognitive dimensions to 

support reasoning activities, a set of benchmark problems are needed. Several problem type 

classifications are offered in the literature, but we propose here four types for study, an example for 

each type found in the literature, and a list of alternative examples for each. We notably do not include 

large scale, complex systems such as submarines, aircraft, or space systems as these are not readily 

available to all researchers for benchmarking activities. Further, other product type classifications 

might include application domains, such as automotive vs. consumer electronics vs. power tools, but 

this is out of scope for this paper and can be visited in future revisions of the benchmark protocols. 

Reverse Engineered Products 
Many function modeling approaches have been demonstrated on existing products after dissection and 

reverse engineering. A repository of commercial products, that have been reversed engineered to 

understand them has been developed with the function representation serving as the foundation for the 

information model (Bohm et al., 2005). An advantage of including this type of problem in the 

benchmarking formalism is that the products exist and their performance can be measured and 

evaluated. A reverse engineered product provides a common platform for comparison.  An example 

product that has been used extensively (Hamraz et al., 2012; Huang and Jin, 2009; Jonathan R. A. 

Maier et al., 2007) to explore function modeling is the hairdryer (Figure 2 and Figure 1). Other 

possible products that could be considered might be pneumatic impact drivers (increased amount of 

mechanical components), battery power tools (readily available in multiple variations), vacuum 
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cleaners (potential to compare across multiple customer cultural differences), or bike lights (simple 

and inexpensive systems). It is important that a common product be selected so that the community 

can standardize their demonstration cases. 

 

Figure 1: Example Knowledge 
Types in the Hairdryer (Hamraz et 

al., 2012) 

 

Figure 2: Function structure of a hairdryer product stored in the 
Design Repository (http://repository.designengineeringlab.org/) 

Familiar Product  
Reverse engineering and dissecting products allow engineers to 

map existing systems and components to specific functionality. 

Often, though, as a first step in reverse engineering is to 

hypothesize the internal functioning of a product (Otto and K.L. 

Wood, 1998). Further, while reverse engineering can test the 

ability of a representation to model the detailed functionality of an 

existing system, modeling a familiar without having the product in 

hand can expose the ability to be fluidly and flexibly model the 

system, as significant backtracking and hierarchical jumping is 

likely. An example of the results from an experimental exercise to 

explore how engineers model known products is found in Figure 3 

(Eckert et al., 2011). Different engineers are likely to model the 

system in different ways even given the same underlying 

representation, so the expressive power of modeling approaches 

can be assessed. Thus, this benchmark product can be used to 

explore aspects of the representation, such as consistency and 

repeatability, without the cost of buying products to reverse engineer. Other products than can be 

considered might be bicycles, gear boxes, or printing machines. 

Novel Products 
Generative forward system design is where new multi-component systems are developed for problems 

previously not addressed. In this way, the characteristics include: novelty (not done before), system 

(more than one component), and intentional (design with a purpose). Examples of “problems” that 

could be used to benchmark and compare different function modeling approaches include: automated 

omelet makers, hand cranked pretzel makers, shoe string tying mechanisms, machine to fold clothes 

for a hotel room, and a hand cranked automated burrito maker. Ideally, benchmark examples could be 

drawn from literature to support the objectivity of benchmark. For example, the burrito folding system 

problem has been used in past design experimentation, such as comparing function lists and function 

structures in morphological charts (Richardson III et al., 2011). Figure 4 illustrates the function lists 

and structures for the burrito folder that were used ideation experiments. This type of benchmark can 

help explore the degree to which a function representation can be used in understanding novel 

problems and generating new solutions. 
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Figure 3: Example Function 
Model for a Hydraulic Pump 

(Eckert et al., 2011) 
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(store, {filling}, {filling}) 

(position, {tortilla}, {tortilla}) 

(fill, {filling, tortilla}, {unfolded}) 

(fold, {unfolded}, {burrito}) 

(dispense, {burrito}, {burrito}) 

 

Figure 4: Function List and Function Structure for Burrito Folder (Richardson III et al., 2011) 

Single-Component Products 
Another example product that can be used as an interesting benchmark case is that of single-

component multi-functional products, such as passive morphing airfoils (Schultz et al., 2010) and 

speed screws (Albert Albers et al., 2008). For example, the design and analysis of a speed screw 

demonstrated how the Contact and Channel Model can be used in design of a single component. Not 

all function models might be able to capture the functionality and behaviors associated with single 

components. This scaling ability, both to large systems and to small systems, should be explored. 

While the speed screw benchmark example (Figure 5) shows the downward scalability of reverse 

engineering, the passive, morphing airfoil design (Figure 6) illustrates the downward scalability of 

forward engineered products. Larger scale systems, such as aircraft are not considered within the 

benchmarking protocol because of the challenge of general access for the researchers. 

 

Figure 5: States of WS Pairs for the C&C Model 
for a Speed Screw (Albert Albers et al., 2008) 
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Figure 6: Function Structure for a Morphing 
Airfoil (Schultz et al., 2010) 

6 RESEARCH RECOMMENDATIONS 

This paper is written as a call to action for the research community to begin to look at establishing a 

benchmarking standard protocol for function modeling comparison purposes. This protocol should be 

refined with input from developers of the competing approaches in an academically open environment. 

Researchers should find clear value in this benchmarking process as it (1) forces the disparate 

communities to begin to talk with each other, (2) distributes tutorials on how to develop and execute 

the variety of models and methods thereby enhancing the education of future engineers, and (3) could 

be paired with a reasoning/representation selection database to help more systematically develop 

informed tools and methods. The benchmarking exercises can also help researchers justify a 

systematic evolution of their approaches. 

One approach to achieving this could be to first create a benchmarking development group. This group 

should be diverse internationally, representing the various different families of approaches. In addition 

to the intellectual motivation for benchmarking, the group could provide pressure on funding agencies 

to create benchmarking activities that would include monetary support. 

The benchmarking dimensions and characteristics described above are not intended to serve as the 

final set, but rather to serve as starting point for development. Additional study is needed to refine 

these characteristics and to strategically select case examples for comparison. The development group 

can support this directly. 
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