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INTRODUCTION 
Creativity is a crucial part of the engineering design process as it  
enables innovation [1] and is the quintessence of new 
businesses [2]. As such, researchers have devoted substantial 
effort to developing and testing methods for supporting creative 
idea development through methods such as TRIZ [3], 
SCAMPER [4], Brainstorming [5], Brainsketching [6], C-sketch 
[7], Product Dissection [8], Design Heuristic cards [9, 10] and 
Gallery [6] techniques. As the methods to develop these 
solutions increase, the necessity to develop rigorous methods for 
evaluating the success of these methods also increases [11], 
because the success of research in this field hinges on the quality 
of the measurements used to interpret the research findings [11]. 
However, the robustness of current engineering creativity 
metrics, or their ability to produce consistent results and avoid 
misconceptions in the use and deployment of the metric, has 
been brought to question. The goal of the current study was to 
determine the rigor and repeatability of the variety metric 
proposed by Shah, Vargas-Hernandez and Smith (SVS) [12], and 
its adaptation by Nelson et al. [13],  and identify how susceptible 
the metric is to misinterpretations of its calculation.  

MEASURING CREATIVITY IN ENGINEERING DESIGN 
Expanding and exploring the design space in the early stages of 
the design process is necessary to develop successful 
designs [14]. Because of this, engineering researchers have 
sought to capture the variety of design ideas generated 
throughout engineering design activities, or how “explored the 
solution space” is during the idea generation process 

(pg. 117, [12]). The variety metric is used to counterbalance the 
quantity measure in design studies [15], because increases in the 
fluency of ideas must also proportionally increase the spread of 
the ideas [16].  This is important because there is a higher 
possibility of solving a design problem when a more discrete set 
of ideas is produced in the initial stages of the design 
process [14]. This type of divergent thinking has been shown to 
directly translate to the production of successful design 
solutions [16, 17].  

The engineering community has largely adopted a genealogy 
tree approach to measuring design variety in an effort to reduce 
the subjectivity of creativity assessment [15]. The variety metrics 
commonly adopted in the engineering literature [12] break 
design variety into four hierarchical branches: the physical 
principle, followed by the working principle, embodiment and 
detail. SVS [12] suggested that values of 10, 6, 3 and 1 are 
assigned to each of these levels, respectively, to ensure that 
“separation at higher levels will always score a greater total” (pg. 
126). In other words, the metric seeks to reward ideas that have 
more variety at higher abstraction levels. The justification for 
choosing these values is that ideas that differ in physical 
principle diverge by a greater extent in the design space [12, 13].  

One of the largest challenges with the deployment of metrics 
that utilize this hierarchical structure is that the metrics 
commonly deployed throughout the engineering literature [12, 
13] fail to define exactly how the principles are defined (e.g., 
working, physical and/or embodiment) or provide a framework 
(e.g., [18]) for how to define these principles which may lead to 
subjectivity in the deployment of these metrics [19]. This is 
further confused because SVS also mentions that in cases where 
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distinguishing between physical and working principles 
becomes arduous, only working principles and embodiment can 
be considered [20]. Because of this, it is up to authors to carefully 
describe and define these principles in their own work to ensure 
repeatability of their findings. However, in a review of the 
literature from technical papers published over the past two 
decades in IDETC, JMD, IJEE and so forth [11, 14, 15, 21-42], 
20 of 25 papers that administered these metrics, failed to provide 
examples or definitions of the physical and working principles 
in their study. This is a large problem in design research because 
“Important qualities characterized by rigorous research are 
validity and reliability” [43].  

CASE STUDY 
The purpose of this case study was to identify what happens as 
variety is added to the calculation of the variety metric. In other 
words, what happens if a researcher inappropriately defines the 
physical and working principle levels and in effects ‘flips’ or 
modifies the tree? Or what happens if a researcher does not 
define these principles and thus leaves it up to interpretation 
when one deploys these metrics. Will a significantly different 
variety score be yielded giving the criteria that the variety metric 
definition and its subsequent weights were provided to provide 
higher scores for design sets that deploy variety at higher levels 
of the tree?  

In order to determine the impact of these variations, the 
variety metric was calculated in two different way using a dataset 
derived from a previous study. Specifically, variety was 
calculated from an idea set with 934 ideas from 89 first-year 
students and 52 senior students.  The variety metric was 
calculated in both instances using the method described by 
Nelson et al. [13]. However, there were two key differences in 
how variety was calculated, as shown in Figures 1 and 2. 
Specifically, in Figure 1, the type of motion for the design was 
used for differentiation at the physical principle level while the 
type of power was used for differentiation at the working 
principle level. On the contrary, as Figure 2 demonstrates, the 
tree physical and working principle definitions were switched. 
This was done because the authors when analyzing their own 
work, struggled to define these principles appropriately for the 
design problem at hand. Thus, in the current study, the metric 
was calculated both ways and the results were compared.   
 

 
 
Figure 1. Genealogical tree with assumed physical and 
working principles resulted in a variety score, V=35.  
 

   

 
 
Figure 2. Genealogical tree with physical and working 
principles switched resulted in a variety score, V=30.  
 

To assess the degree to which both variety scores provided 
similar values (i.e., interrater reliability) an intraclass correlation 
coefficient (ICC2) was computed.  Results showed that the two 
methods produced similar ratings to one another as depicted by 
meeting the threshold of 0.70 (ICC2 = 0.934).  While these 
results are good in that large changes to the definitions of the 
principles do not result in large variations in the computation to 
the variety metric, they bring to question what this metric is 
actually measuring and if it is really rewarding ‘high levels of 
abstraction.’ 

CONCLUSION 
Exploring the breadth of the design space is essential to produce 
creative and successful designs [14]. Hence, the need to measure 
variety is of significant importance. However, the metrics 
currently used in research have certain implicit assumptions 
leading to inconsistencies. As indicated in the example above 
large variations in the deployment of the definitions of the 
variety metric did not yield significant difference in the variety 
score. If the variety metric is really "rewarding higher levels of 
abstraction" then changes to the tree should result in significantly 
different variety scores. However, results from the study suggest 
this is not always true.  Currently, there are no strict guidelines 
for the evaluation of ideation methods [29] and the variety 
scoring relies heavily on the rater’s implicit definition of the 
metric, indicating that the ratings are subjective in nature and, by 
proxy, potentially biased. Moreover, most studies have failed to 
provide these definitions and example trees of how the 
calculation occurred. The consistency of metrics using 
genealogical trees relies on the fundamental definitions of what 
constitutes to physical principle, working principle, embodiment 
and detail. Given the importance of variety in creative idea 
generation established earlier, this calls for more research that 
test the rigor and repeatability of existing metrics as well as their 
predecessors.  
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