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ABSTRACT 

The systematic engineering design process equips designers with tools and methods 

necessary to understand and solve a given design problem. Function decomposition is one 

such tool that allows designers to decompose the given problem into sub-problems which 

may be easier to address. Research on Function modeling, specifically Function Structure 

models, has focused on improving model construction techniques and using the Function 

Structure models to support concept generation. Additionally, Function Structure models 

have also been traditionally used as individual design tools; however, most other 

conceptual design tools are used in a collaborative setting (e.g. gallery sketching, method 

3-6-5, etc.). This research investigates the use of Function Structure models as a 

collaborative tool by using seed models constructed using three different chaining methods 

(forward chaining, backward chaining, and nucleation) identified in a pilot protocol study. 

These seed models were intended to represent a partially completed model created by one 

designer, which was then delivered to the next designer for completion. A designer study 

and a protocol study were conducted to identify differences between the final Function 

Structure models generated using different seed models, based on the percent increase in 

the number of functions and flows, change in model complexity, and a rubric based 

evaluation of the model. Results show that using a nucleation seed model yield a higher 

increase in function and flows, as well as a larger change in model complexity. Analysis of 

the rubric based model evaluation shows that the presence of the seed model improves the 

evaluation scores, however, the type of chaining method used does not impact the final 

score. These results suggest that teaching of Function Structure models should include 
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explicit identification of the different chaining methods, and recommends nucleation as the 

chaining method of choice. Moreover, future research areas are identified with respect to 

further comparison of chaining methods, as well as investigation of behavioral patterns in 

the modeling activity.   
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Chapter One 
FUNCTION MODELING: WHAT IS IT AND WHY STUDY IT?  

The systematic engineering design process is an information exchange between the 

problem space and the solution space, guided by a series of decision making tasks which 

are supported by a variety of design tools [1–3]. These design tools can be used throughout 

the design process to help better understand the problem, and search of creative and 

efficient solutions. Ideation tools such as brainstorming, gallery method, Method 3-6-5, or 

collaborative sketching (C-Sketch) are used to help designers systematically generate 

solution concepts, whereas decision making tools such as Morph Charts, Pugh Matrices, 

decision matrices, or pairwise comparisons are used to help designers evaluate solutions 

against defined requirements [4–7].  

1.1 Design Tools in Engineering 

Engineering design tools can be classified into three board categories: tools that act 

in the problem space, the tools that act in the solution space, and tools that act in both the 

solution space and problem space simultaneously. The problem space is the part of 

engineering design that focuses on improving our understanding of the problem. The 

solution space, on the other hand, deals with generating solutions that address the identified 

problem. Figure 1 shows a non-exhaustive list of design tools, classified into the three 

categories. Tools such as requirements checklist, PDS, or objective tree work in the 

problem space, whereas, brainstorming, gallery method, and C-sketch support work in the 

solution space. 
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Figure 1: Classification of Engineering Design Tools 

Certain tools such as the function means tree or function modeling, work 

simultaneously in both spaces. These function focused tools help the designer bridge the 

problem space to the solution space. Much of the research done to understand and enhance 

creativity with respect to the design tools has been focused on the design tools in the 

solution phase [8–10]. This research is focused on understanding function modeling, a 

design tool that works simultaneously in the problems space and the solution space. 

1.2 Function Modeling as a Design Tool 

As a design tool, function modeling works between the problem space and solution 

space, transferring information both ways, and improving the understanding of both. 

Function modeling can be used to objectively model a design problem by decomposing the 

problem and revealing its sub-functions [6]. Similarly, function models can also be used to 

model existing products for evaluating product similarity, identifying innovation 

opportunities, and other reverse engineering purposes [11–13]. Alternatively function 
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models can also be used to generate solutions for a given problem [1,2,14]. In general, 

function models can be used for generative design purposes (problem definition, solution 

concepts) or reverse engineering purposes (product similarity, design evolution).  

Function modeling is done through different representations, such as Function 

Structure model [2], Function Behavior Structure (FBS) model [12,15,16], Structure 

Behavior Function (SBF) model [17], Function Behavior State (FBSt) model [18,19], 

Contact and Channel model [20,21], and Function Interaction models [22]. These 

representations provide a more specialized approach to function modeling, ranging from 

developing computational tools for problem solving to identifying product similarities. 

This research will focus on the Function Structure model representation, a compound 

flowchart of anticipated system functions and flows [2]. Figure 2 shows an example 

Function Structure model describing a rice cooker.   

 

Figure 2: Function Structure Model of a Rice Cooker1 

                                                           
 
1 From the design repository located at http://ftest.mime.oregonstate.edu/repo/browse/ 
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As shown in Figure 2, a Function Structure model consists of function blocks and 

flow arrows. The dashed line is the system boundary; all the functionality of the system is 

contained within this boundary. Functions in the models are transformative actions on the 

energy, material, or signal flows passing through the system.  

1.3 Research on Function Structure Models 

The concept of function has always been a topic of research in engineering and 

design. Early research on function modeling can be found in field of computer science and 

artificial intelligence [23], whereas early description of function structure  models in 

mechanical design can be found in the works of Pahl and Beitz [2]. More recent research 

efforts on function structure models have focused on strategies to construct the model, 

developing a standardized vocabulary, evaluation and interpretation of the model, using the 

model for concept generation, and using the model for comparison of existing products. 

However, limited research has been done targeting modeling behaviors related to function 

structure models. Understanding designers’ cognitive activities while creating function 

structure models has been relatively unexplored.  
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Table 1: Summary of Function Modeling Research 

No. Citation Year Type of 
Study Scope Research 

Focus 
Application 

Area 

[24] McAdams, Stone, and Wood 1999 1999 CS S PC REV 
[25] Kurfman et al. 2000 2000 DS L MC REV 
[14] Hirtz, Stone, and McAdams 2002 2002 LR N/A MC REV 
[26] Bryant et al. 2005 2005 TS S CG GEN 
[27] Sridharan and Campbell 2005 2005 DS L MC GEN 
[28] Caldwell et al. 2008 2008 AS M MC GEN/REV 
[29] Thomas et al. 2009 2009 DS M ME GEN/REV 
[30] Schultz et al. 2010 2010 CS S MC/ME REV 

[22] Ramachandran, Caldwell, and 
Mocko 2011 2011 DS S CG GEN 

[31] Caldwell et al. 2012 2012 DS M ME GEN/REV 
[32] Sen and Summers 2012 2012 PS S MB GEN 
[33] Nagel, Bohm, and Linsey 2013 2013 DS M ME GEN/REV 
[34] Tomiyama et al. 2013 2013 CS S IU GEN/REV 
[11] Booth et al. 2015 2015 DS M MB REV 
[35] Eisenbart et al. 2017 2017 CS M MC/ME GEN 
[36] Gill, Summers, and Turner 2017 2017 AS L MC/ME REV 

[37] Mokhtarian, Coatanéa, and Paris 
2017 2017 CS L MC/ME REV/GEN 

[38] Gericke and Eisenbart 2017 2017 CS S MC/ME REV/GEN 

Type of 
Study: 

CS – case study; PS – protocol study; DS – designer study; LR – literature review; 
TS – theoretical study, AS – analytical study 

Research 
Focus: 

MC – model construction, ME – model evaluation and interpretation, CG – 
concept generation, PC – Product comparison, IU – Industry Use, MB – modeling 
behaviors 

Scope: S – small, less than 12 functions; M – medium, 12 to 20 functions; L – large, more 
than 20 functions 

Application 
Area: 

GEN – generative design, REV – reverse engineering 
 

Table 1 presents a summary of recent research on function structure models, 

including the type of study, scope of research, research focus, and application area for each 

citation. The type of study categorizes the research methods used in any experiments 

conducted for the research, whereas the scope categorizes the Function Structure models 
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involved in the research with respect to the number of functions. Moreover, the research 

focus categorizes the aspects of function modeling investigated. Finally, the application 

area states whether the research was geared towards generative design (solving new and 

novel problems) or reverse engineering.  

As shown in Table 1, designer study (7 out of 18) and case study (6 out of 18) are 

widely used in research for function structures. Additionally, majority of the research on 

Function Structure models focuses on model construction (9 out of 18), and model 

evaluation and interpretation (8 out of 18). Some work has been done in the area of using 

Function Structure models for concept generation and product comparisons. Finally, work 

on modeling behaviors is relatively new, and mostly explorative. 

1.4 Pilot Protocol Study 

A protocol study was conducted previously to investigate modeling behaviors in 

function structure modeling [32], which examined two participants with varied 

backgrounds in design experience. The same design problem was given to both designers, 

and their activities were recorded, and the video was subsequently coded to analyze 

designer behavior. Findings from this protocol study suggested that patterns may exist in 

the construction of the model with respect to chaining methods. Three different chaining 

methods were identified: forward chaining, backward chaining, and nucleation.  

1.4.1 Chaining methods in Function Structure Modeling 

Chaining of a function structure model describes the directionality of the model as 

the designer constructs it. The example function model showed in Figure 2 can be used as 
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a basis to describe the different chaining methods. In order to simplify the explanation of 

chaining methods, the text descriptions of the functions (block text) and flows (edge text) 

will be disregarded. A portion of the rice cooker Function Structure model was re-created 

and annotated, as shown in Figure 3. 

 

Figure 3  Partial Rice Cooker Function Structure 

The partial function structure of the rice cooker has 8 elements. These elements can 

be added in a variety of sequences, which result in the three different chaining methods.  

1.4.1.1 Forward Chaining 

Forward chaining is a technique that generates the model from the known inputs to 

the desired outputs. For example, if the model in Figure 3 was generated using forward 

chaining, the elements would be from left to right, as shown in Figure 4.  
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Figure 4: Partial rice cooker model created using forward chaining 

As such, the source for a function is always added before the function itself, and 

the sink for the function always follows the function. A source is the element that serves as 

an input, whereas a sink is the element that acts as the output. This source-sink relationship 

can be graphically represented in a topology graph. An example of the topology graph for 

forward chaining is shown in Figure 5. 
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Figure 5: Graph representation of Forward Chaining 

In Figure 5, the elements are numbered chronologically on both axes, and the source 

and sink identified for each element is graphed. For a forward chaining model, the line 

connecting the sources shows a positive slope, additionally, the source line is above the 

sink line, as shown in Figure 5.  

1.4.1.2 Backward Chaining 

Backward chaining is done in the reverse order compared to forward chaining, with 

the final output being added first and the initial input being added last. In backward 

chaining, the sink for the function is always added before the function, and the source for 

the function is always added after the function, as shown in Figure 6.  
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Figure 6: Partial rice cooker model using backward chaining 

A general topology graph for back-ward chaining can be seen in Figure 7.  

 

Figure 7: Graph Representation of Backward Chaining 
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As shown in Figure 7, the line connecting the sources is always zero, while the line 

connecting the sinks has a positive slope. This is indicative of backward chaining because 

it shows that the sinks to an element are added before the sources.  

1.4.1.3 Nucleation 

Nucleation of a model occurs when most central, or the element carrying the most 

information, is added to the model first and the rest of the model is nucleated from there, 

as shown in Figure 8.  

 

Figure 8: Rice cooker model created with nucleation 

In other words, nucleation uses both forward and backward chaining as needed. A 

general topology graph for nucleation can be seen in Figure 9. 



 

12 
 

 

Figure 9: Graph representation of Nucleation 

As shown in Figure 9, a topology graph for nucleation includes features from both 

forward chaining and backward chaining. Nucleation can be identified in a graph by 

observing instances of source and sink lines intersections. These are indications of change 

from forward chaining to backward chaining or vice versa.  

1.4.2 Experimental Setup and Video Coding 

In order to further understand chaining patterns in modeling behavior, a follow-up 

protocol study was conducted, where eight graduate student participants were given the 

task of creating a function structure model for a given design problem [39,40]. The videos 

collected for each participant were analyzed using a video coding procedure. The coding 

procedure consists of three types of coding: element coding, activity coding, and topology 

coding. Figure 10 shows an overview of the coding procedure.  
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Figure 10: Overview of the Coding Procedure 

As shown in the figure, the final results of coding a video are two graphs: an activity 

graph and a topology graph. As discussed earlier, the topology graph can be used to identify 

the chaining methods used in the modeling behavior. Alternatively, the activity graph is 

used to identify different types of activities on a time-scale. Observation and analysis of 

the graphs for all eight participants suggested that forward chaining was predominantly 

used by participants during the modeling activity (84.2% of total modeling time), with 

small amounts of nucleation (14%), and almost no backward chaining (1.8%) [39]. 

However, due to the small number of participants used in this study, a need was identified 

to conduct a different study to identify whether forward chaining was predominantly used 

in function modeling.  
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Chapter Two 
MOTIVATION: WHY STUDY MODELING BEHAVIOR 

As previously mentioned, research on investigating modeling behaviors in a 

function modeling activity is largely exploratory. Observation from the pilot study identify 

three chaining methods and finds that forward chaining was predominantly used; however, 

these findings are based on a small number of participants. Additionally, work on function 

modeling focuses largely on models generated by individual designers. Notably, none of 

the citations mentioned in Table 1 explicitly address group-based generation of Function 

Structure Models. However, other design tools used in the conceptual design stage such as 

brainstorming, gallery sketching, C-Sketch, and decision matrices are generally used in a 

group setting [41], resulting in an interdependence within the group using these tools.  

2.1 Interdependence 

Literature on functional modeling describes Function Structure models as a tool for 

problem decomposition, as well as a tool for facilitating ideation [39]. However, there is a 

lack of research focused on the cognitive processes within a designer when generating 

function models. Generally, when a designer reads a textual description of a product, two 

distinct representations are generated: a mental model, and a text-based reflection of the 

reviewed material [42]. Unlike the text-based reflection, a mental model is an object-based 

representation constructed in the working memory, consisting of the different components 

of the product [43]. The object based representation can take a variety of forms, including 

a mental map of the inputs and outputs of the product, a model of underlying mechanical 

reasoning, or the mental representation of the product working along with associated spatial 
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manipulations [44]. In addition to the text based representation, the presence of a figure or 

a model that incorporates relevant product information has been found to improve the 

accuracy of formed mental models [45]. 

The process of generating a mental model is complex, involving a variety of 

variables, and associated sensitivity to those variables. However, this complexity is further 

intensified when considering the individual interactions that take place during a traditional 

group idea generation session [46]. For example, individual differences may lead designer 

to notice and elaborate upon different components of the same given design problem, 

resulting is differing mental models. When these mental models are communicated among 

the group members, individual members may modify and evolve their own mental models, 

resulting in different understanding of the given prompt. This difference in mental models 

stems from interdependence within the group members, and it can be helpful in identifying 

a variety of design solutions, as well as stimulating novel solutions [9,47,48].  

In the following section, multiple idea generation methods will be detailed, where 

interdependence amongst individuals will vary depending on the design tool. Three 

different types of interdependence have been suggested in organizational literature: pooled, 

sequential, and reciprocal [49]. Pooled interdependence can be identified when individual 

members of the group work independently, but the end product is an accumulation of 

individual efforts. Alternatively, sequential interdependence happens when one individual 

completes a portion of the work, which is then transferred to another individual who 

continues that work and so on. Finally, reciprocal interdependence can be identified when 

individuals share work back and forth until completion, requiring high levels of 
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coordination. Regardless of the type of interdependence involved, individual designers on 

a team will use both text and visual representations, as well as recollection of previous 

experiences with similar products or designs. This suggests that each individual designer 

can approach idea generation differently based on a variety of factors, including but not 

limited to, experience, mental model of the problem, and spatial ability [50]. Similar to 

understanding a given design problem, these individual differences in idea generation can 

lead to more varied and novel solutions, as suggested by the majority of ideation tools 

being collaborative in nature.  

2.2 Progressive Ideation 

Ideation, or idea generation, refers to the process of generating ideas, specifically 

in engineering, ideas directed towards solving a problem. Traditionally, ideation has been 

an individual task, where one designer takes the problem statement and produces solution 

concepts addressing the problem. Additionally, it is advised that the designer should avoid 

being influenced by existing solutions [51]. However, research has demonstrated that 

having knowledge of, or being able to review partial solutions or existing solution to similar 

problems can stimulate ideation. In order to take advantage of this, many group ideation 

methods have been developed [48]. Some examples of these are brainstorming, gallery 

sketching, the 6-3-5 method, and C-Sketch. These methods focus on taking advantage of 

multiple individuals being able to review each other’s ideas while they are in progress. This 

is further supported by a meta-analysis of motivation gains that shows working in groups 

results in an increase in motivation for inferior group members when compared to 

individual work [52]. Additionally, research on virtual teams shows that feedback and 
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discourse among team members results in overall positive effects on team member’s 

motivation and satisfaction, as well as the overall team performance [53]. Conversely, there 

is also literature showing group ideation activities generally lead to inferior products 

compared to individual sessions [54,55], however, structured approaches to group ideation 

have shown to yield superior ideation results [9].  

2.2.1 Gallery method 

The gallery sketching method is described in engineering design texts as a design 

tool for ideation in the concept development phase of the design process [2]. The gallery 

sketching method is a multi-step process where the designers essentially take breaks 

between their sketching activities to discuss their ideas with other designers. The first stage 

of gallery sketching is a silent sketching phase where designers individually produce 

sketches that provide solution to the given problem. After a certain amount of time, the 

sketching activity is paused, and the designers are encouraged to review each other’s 

solutions and discuss how the solutions address the problem. As the second stage ends, the 

designers resume sketching in the third stage to complete their incomplete solutions or 

improve upon them based on the discussions. Therefore, although there is individual work 

that occurs, the method of gallery sketching leverages reciprocal interdependence because 

the entire group of the designers share feedback and have direct input into each other’s 

models.  
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2.2.2 Method 6-3-5 

The 6-3-5 method was originally introduced by Rohrbach and extended by others 

as a concept generation technique in a group setting [56]. A group of six designers is used 

for this method. Each designer generated three solution ideas for the problem statement in 

a given amount of time. These ideas must be described only with words. Next, the ideas 

are passed to the next designer in a circular manner. Again, three new ideas are generated 

in the given amount of time, then passed on to the next designer. This is repeated five times, 

therefore on the past pass, the original ideas should return to the respective designers. 

During each pass, the designers are not allowed to verbally communicate. Moreover, 

duplicate ideas are not allowed on a list of ideas. As mentioned earlier, this method uses 

the ideas generated by one designer to stimulate more ideas from another designer. 

Therefore, this method reflects sequential interdependence because models and ideas are 

passed from one person to the next, with a final product emerging at the end. An additional 

challenge for the designers is also presented as they are forced to produce new ideas each 

turn. This method can be used by any number of designers by simply changing the number 

of passes. However, a group too large may run out of ideas, while a group too small may 

not provide the expected results.  

2.2.3 C-Sketch 

The C-Sketch, or collaborative sketching, was a method originally developed by 

the Design Automation Lab at Arizona State University [9]. This method is essentially a 

modification of the 6-3-5 method using graphical communication. C-Sketch can also be 

interpreted as a combination of the gallery method and the 6-3-5 method. The participants 
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of C-Sketch are given a set amount of time to generate sketches for solution addressing the 

problem statement. After allotted time passes, the designers pass the sketches to the next 

designer in a circle. The designers are again given a set amount of time to additively modify 

the sketch they received. After the set amount of time, the sketches are passed to the next 

designers again and this process is repeated until the originator of the design receives the 

sketch. The designers are not allowed to communicate between the passes, and no text is 

allowed on the sketches. Similar to the 6-3-5 method, C-Sketch also reflects sequential 

interdependence, and can also be used by any number of designers, however, similar 

limitations exist. 

2.2.4 Summary 

Research on conceptual design and ideation tools has shown that using these tools 

in a collaborative setting is beneficial for concept generation. Function Structure models 

can also be considered a conceptual design tool, and as such, the concept of a collaborative 

approach can also be extended to Function Structure modeling. Therefore, research should 

be conducted to evaluate the viability of Function Structures as a collaborative design tool. 

2.3 Intellectual Merit and Broader Impacts 

Further research on chaining of Function Structure models can be useful in a variety 

of ways. Firstly, a better understanding of model chaining, and the differences within 

chaining methods can provide justification for teaching students to use specific modeling 

approaches based on the scenario. At present, instruction on Function Structure modeling 

is biased towards forward chaining; backward chaining and nucleation are either given less 
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importance or completely ignored. Function modeling lectures from three different 

instructors were reviewed for the type of chaining methods discussed within the lecture 

[57–59]. It was found that instructors covered forward chaining predominantly, with two 

instructors implicitly showing traces of backward chaining during in-class examples. 

However, it should be noted that none of the instructors explicitly identify these modeling 

strategies.  

This may be a result of existing literature on Function Structure models that 

discusses the creation of the model using forward chaining in the examples [2]. 

Additionally, pioneering work on standardization of function vocabulary define step-by-

step instructions for creating Function Structure models, wherein forward chaining is 

implicitly used, without any use of backward chaining or nucleation [25]. This exclusive 

use of forward chaining forces students and designers to approach Function Structures from 

an input-to-output perspective, meaning that the model is constructed in the direction of 

the input flows. Alternatively, backward chaining proposes the opposite directionality, 

allowing designers to thinking about the problem from the opposite perspective, with 

desired output flows as the starting point. Similarly, nucleation allows students to use the 

knowledge of key functions, and develop the models with those as the starting point. As 

the different methods approach construction of the model in fundamentally different ways, 

the corresponding Function Structures are also expected to be different. As such, it is 

important to identify how the chaining methods differ, and whether the current reliance on 

forward chaining is advisable, or should a different chaining method be recommended for 

teaching Function Structure models.   
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2.4 Research Questions 

The overall motivation for this research is to gain insight on how functions are 

mentally generated and perceived by designers using Functions Structure modeling as a 

tool. The understanding of designer cognition gained from this work will facilitate the 

development of new and more refined functional modeling tools, better suited for how 

designers use functions. Additionally, the information about how designers and engineers 

think about functions will allow for improvements in teaching methods related to 

functional modeling, and hopefully provide the students with a more useful understanding 

of function modeling that can be used for generative design.  

The specific goal for this research is to understand the effect of chaining methods 

on the final function structure. Specifically, the following research question will be 

addressed by this research.  

How do Function Structure models generated using different chaining 

methods differ from each other? 

RQ1: How are the Function Structure models different based on increase in 
functions and flows? 

RQ2: How are the Function Structure models different based on change in 
model complexity? 

RQ3: How are the Function Structure models different based on rubric 
based evaluation of the model? 

In addition to testing the patterns observed in the pilot protocol study, a secondary 

motivation to answer these questions is to be able to recommend a modeling strategy that 

can be used for teaching Function Structure modeling. For each research question, the 

performance for each chaining method will be measured and the overall best performing 
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method will be recommended. It should be noted that in these test cases, the underlying 

assumption is that designers will receive a partially completed model, which they must 

grow to full completion. This will be further explained in the following chapter.  
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Chapter Three 
EXPERIMENT DESIGN 

In order to sufficiently address the research questions, a two-part experiment was 

designed, beginning with a controlled experiment, which was followed by a protocol study. 

The primary objective of the controlled experiment was to use replication logic to 

understand the effects of seeding function structure models with different chaining 

methods. With the knowledge gained from the controlled experiment, a subsequent 

protocol study was designed to further understand the effect of seeding function structure 

models, and identify patterns within the modeling behaviors of designers.  

3.1 Controlled Experiment 

A mixed factorial experiment with both, within subject and between subjects, 

constructs was designed to investigate the effect of partially completed seed function 

structure models on the resultant function structure models created by participants. The 

participants completed both scenarios, however, depending on the manipulation, they were 

given distinct levels of model completion and distinct types of model chaining.  

3.1.1 Variables Tested 

Three independent variables were tested in this experiment: percent completion of 

the model, chaining of the model, and the design problem that was addressed by the model. 

These variables were of interest because they were expected to provide insight on how 

student designers think about functions in mechanical engineering via function modeling. 

Three levels of model completion were provided to students. Also, three different chaining 

methods were investigated. In addition to these groups, two different problem statements 
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were used. Figure 11 shows a representation of the variables tested and the relational 

hierarchy between them.  

 

Figure 11: Relationship and Distribution of Experiment Variables 

As shown in the Figure 11, the participants received two out of eighteen possible 

model combinations. The seed models were distributed such that each participant received 

one variant for both problems. The resulting function structures generated by the students 

were evaluated for the number of functions and flows added to the model and the quality 

of these models. 

3.1.2 Design Problems 

Since the participants were to be provided two models to complete, two different 

design problems were needed. These problems had to be similar enough to not generate 
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vastly different function models, but different enough such that partially completed seed 

models generated from either problem would be differentiable. Additional aspects of the 

design problems are shown in Table 2. 

Table 2: Properties of the Design Problem 

Difficulty level 
The problems must have material and energy flowing through 
the system and should require the participants to consider 
multiple inputs and outs. 

Domain The problem should be appropriate for mechanical 
engineering students.  

Length A senior level mechanical engineering student should be able 
to address the problem within 20 minutes. 

Interest level The problems must have real work significance and consistent 
across cultures. 

Representation The problems must be represented in text format. 
 

In addition to the points presented in Table 2, the problems selected must not have 

an existing solution in the market, however, the solution should be conceivable. This 

allowed us to avoid cases where participants reverse engineer the known solution and 

create a function model that represents that product. The two problems developed are 

shown in Table 3. These problem statements were derived from existing problems that have 

previously been used in the field engineering design. 
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Table 3: Design Problems 

Problem A: Automatic Clothes Ironing Device [32] 

Design an automatic clothes-ironing machine for use in hotels. The purpose of the 
device is to press wrinkled clothes as obtained from clothes dryers and fold them 
suitably for the garment type. You are free to choose the degree of automation. At 
this stage of the project, there is no restriction on the types and quantity of resources 
consumed or emitted. However, an estimated 5 minutes per garment is desirable. 

Problem B: Automatic Recycling Sorter2 

Design an automatic recycling machine for household use. The device should sort 
plastic bottles, glass containers, aluminum cans, and tin cans. The sorted materials 
should be compressed and stored in separate containers. The amount of resources 
consumed by the device and the amount of space occupied are not limited. However, 
an estimated 15 seconds of recycling time per item is desirable. 

 

As shown in Table 3, the two problems were selected and refined to be similar. Both 

problems statements contain three inherent functional requirements. In problem A, the 

device must be able to sort, iron, and fold clothes.  Whereas, in problem B, the device must 

be able to sort, compress, and store recycling material. Similarly, both problems statements 

demand solutions that require sensory as well as actuation tasks, leading the solution 

towards an electromechanical device. Moreover, the problem statements are also written to 

be of similar lengths with problem A containing 70 words and problem B containing 61 

words.  The problem statements are structured similarly as well, with first stating the 

purpose of the device, followed by a description of the device functions, any resource 

requirements, and finally time constraints.  Since the problem statements were intended to 

be similar, it is expected that the number of functions added by the participants should not 

be significantly different between problems, given other variables are held constant. 

                                                           
 
2https://www.asme.org/about-asme/news-media/press-releases/asme-announces-finalists-for-annual-student-design 
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3.1.3 Partial Function Structures 

For the activity, the students were provided two partially complete function 

structure models. As such, this activity parallels an idea generation method exhibiting 

sequential interdependence because participants are provided with a partially complete 

model and asked to incorporate their own ideas. These partially complete models were 

generated from the following complete models. Figure 12 shows the complete model 

developed to address problem A and Figure 13 shows the complete model for problem B. 

 

 

Figure 12: Complete Model of Clothes Ironing as Given in Experiment 
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Figure 13: Complete Model of Automatic Recycling Machine as Given in 
Experiment 

These completed function structure models were pruned as necessary to generate 

the partial models provided to the participants. The models were pruned to three different 

levels (10%, 40% and 80%), using three different methods (forward chaining, backward 

chaining, and nucleation). When pruning the model for a percent completion, the primary 

goal was to gradually increase the amount of information available in the model. As such, 

the 10% complete model only has a small amount of information, whereas the 80% 

complete model has nearly all the information that is presented in the complete models 

shown in Figure 12 and Figure 13. For chaining, the primary goal was to represent the core 

idea of the chaining method in the pruned models. Figure 14, Figure 15, and Figure 16 

show model for problem A pruned to 10%, 40%, and 80% completion for nucleation, 

forward chaining and backward chaining respectively.  
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Figure 14: Nucleation model at 10% Completeion 
 

 

Figure 15: Forward Chaining model at 40% Completion 
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Figure 16: Backward Chaining Model at 80% Completion 

As shown in Figure 14, the nucleation model starts at a nucleation point where an 

important or central function to the model lies. The forward chaining model shown in 

Figure 15 starts at the inputs of the model and functions are then chained along the direction 

of the flows. In this model, the outputs of a function are chained forward as the inputs to 

subsequent functions.  

As opposed to the forward chaining model, the backward chaining model shown in 

Figure 16 starts with the known output function “fold clothes” and chains the inputs to this 

function as outputs to previous function “press cloth”, essentially chaining the model in 

reverse. The remaining function structure model variations were generated similarly. 

3.1.4 Participants 

The participants used in this experiment were senior level undergraduate 

mechanical engineering students enrolled in ME 4010 (mechanical design course) with 

knowledge of basic mechanical engineering concepts as well as function modeling with 
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function structures. This group of students was selected because they are a reasonable 

representation of novice engineers who would be using design tools such as function 

structures for novel design [60]. 

A total of 86 participants were used in the experiment. The experiment design 

yielded each participant as a unique scenario; however, the individual elements of the study 

were replicated across participants. There were nine variations of the partially complete 

model provided to the participants for each of the design problems. Each participant was 

given two initial models to complete, one for each design problem, from a pool of eighteen 

model variations shown in Table 2. A minimum replication of seven participants is found 

for BB40. 

Table 4: Partial Function Model Variants 

Model Participants Model Participants 
AB10 11 BB10 10 
AB40 9 BB40 7 
AB80 11 BB80 9 
AF10 10 BF10 8 
AF40 8 BF40 10 
AF80 11 BF80 12 
AN10 9 BN10 10 
AN40 9 BN40 10 
AN80 8 BN80 10 

 

In Table 4, a four-character code is used to describe the model variants. The code 

is constructed as follows.  

• Digit 1 = Design problem (A or B) 

• Digit 2 = Model Chaining (F, B, or N) 

• Digit 3 and 4 = Percent Completion of the Model (10, 40, or 80) 
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For example, a model addressing design problem B, that is 40 percent complete 

with nucleation is coded as BN40. The distribution of the model to the 86 participants is 

also shown in Table 2. 

3.1.5 Execution Procedure 

The designer study was conducted during a regular class period. The students were 

informed about the activity on the day of the class and were introduced to the experiment 

as an activity to practice the material learned in the course curriculum. The students were 

awarded no extra credit for this task. Since the activity was performed as a normal in class 

activity, the students were seated on 8-person round tables. Figure 17 shows an example of 

the setup. 

 

Figure 17: Experimental Setup for the Designer Study 
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The experiment packets were distributed to the students followed by a set of 

instructions where the students were informed that this was a function modeling activity, 

and they had the remainder of the class period to complete it. The students were allowed 

to ask questions before starting the activity, however, facilitators were present in the room 

during the activity to answer any individual questions. 

3.2 Protocol Study 

Following the controlled experiment, a protocol study was conducted to further 

understand the effect of seeding function structure models with partially completed models. 

The design problems developed for the controlled experiment were also used for the 

protocol study. Additionally, the same variables were tested with, however, in this case, 

each participant completed one unseeded function structure model, and one seeded 

function structure model, where the partially completed function structure models 

developed in the controlled experiment were used as seed models. 

3.2.1 Participants 

Similar to the designer study, the participants used in the protocol study were senior 

level mechanical engineering students enrolled in ME 4010. However, the protocol study 

was conducted during a summer semester, resulting in fewer participants. The assignment 

of seed models for protocol study participants is shown in Table 5. 
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Table 5: Participant Distribution for Protocol Study 

Model Participants Model Participants Model Participants 

AB40 3 AB80 2 AF10 3 

AN10 3 BB10 3 BF40 2 

BF80 2 BN40 2 BN80 2 
 

As shown in Table 5, the total number and distribution of seed models in the 

protocol study is different compared to that in the designer study. In order to account for 

the small number of participants available for the protocol study, interesting seed models 

from the user study were identified (after a preliminary analysis of the results), and these 

were used to conduct the protocol study. 

3.2.2 Execution Procedure 

The approach used in this experiment was developed to capture the modeling 

behavior of designers while creating function structure models [32,39]. The protocol study 

was divided into three main sections: a pre-activity survey, the modeling activity, and a 

post-activity survey. The pre-activity survey is focused on capturing the participants 

understanding of function, their experience with function models, and their knowledge and 

experience regarding household electromechanical products. The post-activity survey asks 

the participant about their understanding of the given problem, their ability to perform the 

activity, and their level of satisfaction with the model generated. A rubric was provided for 

them to evaluate the function structure model based on completeness, usefulness and 

solution quality.  
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The modeling activity required participants to read and understand the problem 

statement, then create a function structure model addressing the problem statement. The 

experimental setup used is shown in Figure 18. 

 

Figure 18: Experimental Setup for Protocol Study 

The experimental setup consisted of a whiteboard, a whiteboard capture system 

(receiver, marker and eraser), a problem statement, and a video recording camera. 

3.3 Data Collection and Analysis 

Final function structure models were collected from both parts of the experiment, 

the controlled experiment and the protocol study. These were analyzed to identify the 

increase in number of functions and flows from the given model to the final model, the 

change in complexity between the given model and final model, and finally a rubric based 

evaluation of the models. 
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3.3.1 Percent Increase of Functions and Flows 

As the goal of this experiment was to evaluate the effects of different seed models, 

metrics needed to be developed to compare the final function structures developed. The 

number of functions and flows added in the final model were counted, however, depending 

on the design problem, the level of completion, and the type of chaining used, the number 

of functions and flows present in the equivalent seed models may vary. For example, a 10% 

complete seed model developed using forward chaining for problem A has different 

number of functions and flows compare to the same seed model for problem B. This 

different persists as long as at least one variables is changed. Therefore, to avoid bias from 

type of seed model used, the number of functions and flows added in the final model were 

divided by those in the given seed model, and the metric used to measure the difference in 

output was the percent increase in the number of function and flows.  

For instance, if a participant was given a seed model with 5 functions and 10 flows, 

and the final model generated contained 10 functions and 15 flows, the result is a 100% 

increase in the number of functions and a 50% increase in the number of flows.  Since the 

seed models varied in the level of completion, the percent increase of functions and flows 

was expected to be highest for 10% complete models, and lowest for 80% complete 

models. 

3.3.2 Change in Model Complexity 

In addition to the increase in functions and flows to the given model, the change in 

model complexity was also evaluated. In order to generate a complexity vector for the 

function structures, a bipartite graph is necessary. The function structures were converted 
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into bipartite graphs; which were then converted into an n x 2 matrix where n is the number 

of connections present in the function structure [61]. Figure 19 shows a function structure 

completed by a student participant, and corresponding bipartite graph generated for that 

function structure.  

As shown in Figure 19, the bipartite graph generated for the function structure 

distils the compound flow chart into a 2-coulmn graph which shows the elements present 

in the graph and the relationships between the elements. This graph can then be converted 

into a matrix and processed in MATLAB to generate complexity metrics [62–64]. 

 

Figure 19: Converting Function Structure to Bipartite Graph 

After creating bipartite graphs for all the function structures, the next step was to 

generate complexity metrics for the bipartite graphs. Complexity metrics have been used 

in the past to categorize product design, predict assembly time and market value for 



 

38 
 

products [61,64,65], and estimate assembly defects [63]. All 29 of the complexity metrics 

present in the complexity vector are shown in Table 6. 

Table 6: 29 Complexity Metrics in the Complexity Vector 

Class Type Metric Class Type Metric Class Type Metric 
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After generating complexity vectors for each function structure, the complexity 

vectors of the student generated function structure needed to be compare to those of the 

initial function structures provided during the experiment. In order to do this comparison, 

four different pairwise distance comparison formulae were used: Euclidian distance, 

Hamming distance, cosine distance, and Chebychev distance. 

3.3.2.1 Complexity Distance Metrics 

The Euclidian distance between the complexity vectors can be obtained by 

calculating a 2-norm of the pairwise distance between each element of the vector. Equation 

1 shows how the Euclidian distance is being calculated, however the MATLAB command 

pdist(X) was used to compute the distances.  
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𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 = ��(𝑥𝑥𝑖𝑖 − 𝑦𝑦𝑖𝑖)2 (1) 

In Equation 1, 𝑥𝑥𝑖𝑖 is the 𝑖𝑖𝑡𝑡ℎ element of the vector 𝑥𝑥 (final model complexity vector) 

and 𝑦𝑦𝑖𝑖 is the 𝑖𝑖𝑡𝑡ℎ element of the vector 𝑦𝑦 (initial model complexity vector).   

The Hamming distance between the complexity vectors examines the percentage 

of values between two vectors that differ. In other words, the Hamming distance between 

two vectors reflects the number of substitutions that need to be made in order to equate 

both vectors. Equation 2 shows how the Hamming distances are being calculated, however 

the MATLAB command pdist(X, ‘hamming’) was used to compute the distances.  

𝐷𝐷ℎ𝑎𝑎𝑎𝑎 =
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 (𝑥𝑥𝑖𝑖 ≠ 𝑦𝑦𝑖𝑖)

𝑛𝑛
 (2) 

In Equation 2, 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 are the 𝑖𝑖𝑡𝑡ℎ elements of the final and initial complexity 

vectors respectively, and 𝑛𝑛 is the number of elements in either vector. It should be noted 

that this calculation requires both vectors to be of the same length. Additionally, the 

Hamming distance is always a number between 0 and 1.  

The cosine distance between the vectors examines the cosine of the included angles 

between the points in the vectors. Equation 3 shows how the distances are calculated, but 

similar to the hamming distance the MATLAB command pdist(X, ‘cosine’) was used to 

compute the actual distances.  

𝐷𝐷𝑒𝑒𝑐𝑐𝑐𝑐 = 1 −
∑ 𝑥𝑥𝑖𝑖𝑦𝑦𝑖𝑖𝑛𝑛
𝑖𝑖=1

��∑ 𝑥𝑥𝑖𝑖2𝑛𝑛
𝑖𝑖=1 � ��∑ 𝑦𝑦𝑖𝑖2𝑛𝑛

𝑖𝑖=1 �
 

(3) 
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In Equation 3, 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 are elements of initial and final complexity vectors. Similar 

to Hamming distance, cosine distance between the vectors also ranges from 0 to 1.   

The Chebychev distance between two vectors measures the maximum magnitude 

difference between the coordinates of a pair of objects. Equation 4 can be used to calculate 

Chebychev distances, however the MATLAB command pdist(X, ‘chebychev’) was used in 

this case as well.  

𝐷𝐷𝑒𝑒ℎ𝑏𝑏 = 𝑛𝑛𝑚𝑚𝑥𝑥{(𝑥𝑥𝑖𝑖 − 𝑦𝑦𝑖𝑖)} (4) 

In Equation 4, 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 are elements of final and initial complexity vectors.  

The four different distances were used to perform the same analyses to avoid any 

biases that may exist due to the distance calculation method used. The distance calculation 

was followed by a statistical analysis to determine the significance of the findings. 

3.3.3 Evaluation of Function Models 

The final function structures generated from the experiment were analyzed using 

an externally developed rubric [33,66]. In this rubric, the function structures are evaluated 

based on several aspects of the model such as blackbox models, flow conservation, product 

representation, and modeling conventions. The rubric consists of 18 questions that require 

the rater to provide a binary response of “0” or “1”, which correspond a response of “yes” 

or “no” respectively. Table 7 shows the questions that make up the rubric.  
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Table 7: Evaluation Rubric for Function Structure Models 

1 Model contains a black box? 10 
Do the function–flow pairs in the 
functional model take the general 
form of a verb/noun pair? 

2 Black box contains input and output 
flows? 11 Is the functional model free of 

nonsensical functions? 

3 Are the input and output flows in the 
black box appropriate? 12 Is the functional model free of 

nonsensical flows? 

4 Does the black box represent flow 
conservation? 13 Is the model free of instances where 

the system acts on the system? 

5 Do inputs from the black box match 
functional model inputs? 14 Is flow directionality consistent with 

the transformation in the functions? 

6 Do outputs from the black box 
match functional model outputs? 15 Are flows conserved across function 

transformations? 

7 

Does the functional transformation 
described by the black box represent 
a plausible overall system 
functionality? 

16 Are flow paths appropriate for 
product representation? 

8 
Does the black box function–flow 
pair take the general form a 
verb/noun pair? 

17 Does the functional model represent 
flow conservation? 

9 
Do the function–flow pairs in the 
functional model overall represent a 
plausible view of the product? 

18 
Are the proper energy, material, and 
signal flow arrow conventions 
followed? 

 

In the evaluation rubric, the first eight questions are targeted towards the black-box 

model, while the remaining questions are regarding the expanded Function Structure 

model. The final score of the model is a sum of the responses to all eighteen questions. It 

should be noted that this rubric does not measure the solution quality, rather it measures 

the quality or completeness of the Function Structure model itself. As such, a poorly 

articulated function structure may still receive a full score on the rubric if the function 

structure meets the rubric requirements. Therefore, the function structures developed for 



 

42 
 

different seed models were not expected to have a significant difference in the assessment 

scores. Similarly, the designer study and protocol study responses were also not expected 

to be significantly different. 
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Chapter Four 
RESULTS: COMPARISON OF EXPERIMENT TYPES 

The final function structure models obtained from the designer study, and the 

protocol study were analyzed for the increase in function and flows, change in model 

complexity, and model evaluation. The models collected from the two different experiment 

types were compared to identify any significant differences that exist. The comparison was 

done based on the chaining method (forward, backward, or nucleation), and level of 

completeness (10 percent, 40 percent, or 80 percent) of the given seed model. The 

motivation for this comparison was primarily the intellectual merit of understanding 

whether the models generated in a protocol study were comparable to those generated in a 

designer study. However, a secondary motivation was to test if the general trends observed 

in one set of models was generalizable to the other set of Function Structure models. The 

reminder of this chapter will focus on various modes and level of comparison between 

designer study models and protocol study models.   

4.1 Increase in Functions and Flows 

The percent increase in the number of functions and flows was calculated for all 

the models generated by participants in each study. In order to identify any significant 

difference between results from the protocol study and the designer study, a two-sample t-

test was performed assuming unequal variances. For this test, the null hypothesis stated 

that there was no difference between the two means. For this t-test and all subsequent t-

tests, alpha value of 0.05 was used. Table 8 shows the result from the test comparing the 

percent increase in the number of functions. 
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Table 8: Comparison of Increase in Function 

  Protocol Designer 
Mean 0.902 0.77473 
Variance 0.671 0.61813 
Observations 22 169 
Hypothesized Mean Difference 0  
df 26  
t Stat 0.687  
P(T<=t) one-tail 0.249  
t Critical one-tail 1.706  
P(T<=t) two-tail 0.498  
t Critical two-tail 2.056   

 

As shown in Table 8, the test was unable to reject the null hypothesis, and therefore 

concluded that there was not enough evidence to show a significant difference (with a 95% 

confidence level) between the results from the user study and the protocol study. The t-test 

was repeated for percent increase in the number of flows with the same null hypothesis, 

and the results are shown in Table 9. 

Table 9: Comparison of Increase in Flows 

  Protocol Designer 
Mean 1.219 1.081 
Variance 0.957 0.867 
Observations 22 169 
Hypothesized Mean Difference 0  
df 26  
t Stat 0.625  
P(T<=t) one-tail 0.269  
t Critical one-tail 1.706  
P(T<=t) two-tail 0.537  
t Critical two-tail 2.056   

 

Similar to increase in functions, the test was not able to show a significant 

difference in the percent increase of flows between the protocol study and user study 

results. However, it can be noted from the tables above that the variance of the sample data 
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is high in both cases tested. This may be a result of the different levels of model completion 

provided in the seed models. In order to account for the high variance, the increase in 

functions and flows between user study and the protocol study is compared based on the 

model completion level given in the seed models. Figure 12 and Figure 13 show the 

comparison of increase in functions and increase in flows respectively. 

 

Figure 20: Comparison of Increase in Functions Based on Completion Level 

As shown in Figure 20 and Figure 21, there is a relatively small difference in the 

sample mean of 10% complete models, whereas 40% and 80% complete models show 
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higher increase in the protocol study. This is true for both functions and flows. However, 

these differences are only in the sample mean, and may not be significant. 

 

Figure 21: Comparison of Increase in Flows Based on Completion Level 

In order to identify the significance of these differences, a set of two-sample t-tests 

are done assuming unequal variances, and the results are shown in Table 10. A hypothesis 
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Table 10: t-test Results for Comparison Based on Completion Levels 

Case 
Protocol Study Designer Study 

p-value 
Mean Variance Mean Variance 

Fu
nc

tio
ns

 

10 Percent 1.556 0.720 1.478 0.915 0.807 

40 Percent 0.327 0.038 0.514 0.103 0.052 

80 Percent 0.591 0.271 0.333 0.066 0.280 

Fl
ow

s 10 Percent 2.062 0.922 1.965 0.998 0.785 

40 Percent 0.506 0.064 0.830 0.249 0.016 

80 Percent 0.787 0.254 0.459 0.103 0.175 
 

As shown in Table 10, five out of six cases for comparison between protocol study 

and user study results showed no significant difference. The significant difference between 

the increase in flows (for 40% complete models) in the two experiment methods is 

unexpected because the two experiments were conducted using the same design problems, 

and similar instruction for completion of the models. Additionally, the 10% and 80% 

complete models did not show significant differences between the protocol study and 

designer study. Moreover, the number of functions added at 40% completion level were 

not found to be different between the two experiments. Therefore, this difference in 

increase in flows at 40% completion level suggests a more targeted study should be 

conducted to reaffirm the significance of the difference.  

Further investigation of the differences between protocol study results and the user 

study results was done by reviewing the percent increase in functions and flows for three 

different chaining methods. The results for functions and flows are shown in Figure 6 and 

Figure 7 respectively. 
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Figure 22: Comparison of Increase in Function Based on Chaining Methods 

 

Figure 23: Comparison of Increase in Flows Based on Chaining Methods 
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Comparison of mean increase in functions shows that nucleation and forward 

chaining show a higher sample mean for protocol study, whereas backward chaining has a 

higher sample mean in the designer study. These trends are also observed for increase in 

flows, however, the forward chaining models show a higher difference for flows compared 

to functions. Conversely, in the case of nucleation models, a higher difference was found 

in the increase in functions compare to flows. However, similar to the comparison based 

on completion level, the differences in means do not necessarily show a statistically 

significant difference between the two studies. Therefore, a set of two-sample t-tests was 

conducted, assuming unequal variances, to determine the significance of the observed 

differences. Table 11 shows the mean, variance, and p-values for each case tested. 

Table 11: t-test Results for Chaning Based Comparison 

Case 
Protocol Study Designer Study p-

value Mean Variance Mean Variance 

Fu
nc

tio
ns

 Backward 0.676 0.287 0.888 0.832 0.362 

Forward 0.640 0.295 0.552 0.232 0.695 

Nucleation 1.421 1.255 0.894 0.749 0.269 

Fl
ow

s 

Backward 1.219 0.957 1.081 0.867 0.537 

Forward 0.918 0.585 1.110 1.320 0.548 

Nucleation 1.279 1.167 0.960 0.582 0.471 
 

As shown in Table 11, none of the cases tested showed a significant difference 

between the user study and the protocol study. The lowest p-value was seen in the case of 

functions using nucleation, suggesting that the difference in mean for that case is more 

significant than other cases, while still being insignificant for 95% confidence level.  
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Following the comparisons based on completion level and model chaining, it can 

be concluded that Function Structure models generated in the protocol study were 

comparable to those in the designer study. 

4.2 Change in Model Complexity 

Next, the function structure models collected from the two experiments were 

compared based on the change in graph complexity. As discussed previously (chapter 3), 

the Function Structure models collected from both studies were converted to bipartite 

graphs, which were then used to calculate complexity vectors. Subsequently, the distance 

between the complexity vector of the given seed model and the final model were calculated 

using the four different distance metrics. Figure 24 shows a comparison between mean 

complexity distances for both studies.  

 

Figure 24: Comparison of Change in Model Complexity Between Experiment Types 
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It should be noted that the values shown in Figure 24 have been scaled from their 

original values show them on a single graph. The cosine distances were scaled up by a 

factor of 2000, whereas the hamming distances were scaled up by a factor of 500. However, 

the subsequent analysis has been performed with the original values.  

As shown in Figure 24, cosine distance and Hamming distance showed negligible 

mean differences between designer study and protocol study, whereas Euclidean distance 

and Chebychev distance showed larger differences. However, none of the distances are 

greater than 20%, and therefore it is not clear if any of the differences are significant. In 

order to identify any statistically significant differences, a two-sample t-test was performed 

assuming unequal variances. The means from both populations were assumed to be equal. 

Table 12 shows the t-test results for Cosine distance and Euclidian distance.  

Table 12: t-test Comparison With Cosine and Euclidian Distances 

  Cosine Euclidian 
  Designer Protocol Designer Protocol 
Mean 0.160 0.148 527.449 458.572 
Variance 0.020 0.025 424766 278291 
Observations 169 22 169 22 
Hypothesized Mean Difference 0  0  
df 26  30  
t Stat 0.339  0.559  
P(T<=t) one-tail 0.369  0.290  
t Critical one-tail 1.706  1.697  
P(T<=t) two-tail 0.737  0.580  
t Critical two-tail 2.056   2.042   

 

As shown in Table 12, the t-tests were unable to reject the null hypothesis for Cosine 

distance as well as Euclidian distance. Similarly, Table 13 shows that the t-tests comparing 

protocol study and designer study based on Hamming distance and Chebychev distance 

also resulted in failure to reject the null hypothesis.  
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Table 13: t-test Comparison With Hamming and Chebychev Distances 

  Hamming Chebychev 
  Designer Protocol Designer Protocol 
Mean 0.848 0.887 405.874 344.409 
Variance 0.020 0.007 257137 165014 
Observations 169 22 169 22 
Hypothesized Mean Difference 0  0  
df 38  30  
t Stat -1.823  0.646  
P(T<=t) one-tail 0.038  0.261  
t Critical one-tail 1.686  1.697  
P(T<=t) two-tail 0.076  0.523  
t Critical two-tail 2.024   2.042   

 

As shown in Table 12 and Table 13, high variance was found in all the data sets 

compared, except the Hamming distance set. This is expected because the data set contains 

seed models with different levels of completion and chaining. In order to account for this, 

the data set was filtered based on chaining and completion, and the subsets were compared 

again to identify any significant differences that exist between protocol study and designer 

study models. Table 14 shows the results of t-tests comparing protocol study and designer 

study models. 
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Table 14: t-tests for Complexity Distances Based on Completion Level 

Case 
Protocol Study Designer Study 

p-value 
Mean Variance Mean Variance 

C
he

by
ch

ev
 

10 Percent 231.7 64500 197.6 39600 0.710 

40 Percent 261.9 20300 394.2 126100 0.084 

80 Percent 609.8 448500 614.2 507900 0.988 

C
os

in
e 10 Percent 0.271 0.033 0.281 0.022 0.880 

40 Percent 0.090 0.002 0.122 0.008 0.158 

80 Percent 0.032 0.002 0.081 0.009 0.034 

E
uc

lid
ia

n 10 Percent 304.0 96900 263.2 61800 0.717 

40 Percent 332.7 32200 509.4 204300 0.069 

80 Percent 837.3 737900 794.8 848200 0.912 

H
am

m
in

g 10 Percent 0.900 0.009 0.896 0.006 0.895 

40 Percent 0.867 0.008 0.838 0.021 0.474 

80 Percent 0.891 0.007 0.812 0.030 0.086 
 

As shown in Table 14, a significant difference was found between models from 

protocol study and designer study models when comparing the 80% complete seeded 

models using cosine distance. The corresponding p-value for this case was found to be 

0.034, which satisfies the 95% confidence level requirement. Moreover, suggestive 

differences were found in 40% case for Chebychev distance, and 80% case for Hamming 

distance; both cases had p-values smaller than 0.1.  

In addition to completion levels, models from the two studies were also compared 

based on the chaining method of the given seed model. Table 15 shows the t-test results for 
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comparisons between designer study and protocol study using four different distance 

metrics, separated by chaining methods.    

Table 15: T-tests Results for Complexity Distances Based on Chaining Method 

Case 
Protocol Study Designer Study 

p-value 
Mean Variance Mean Variance 

C
he

by
ch

ev
 

Backward 175.3 18800 202.2 34300 0.630 

Forward 540.4 410300 584.9 425500 0.867 

Nucleation 341.7 62400 425.2 237400 0.483 

C
os

in
e Backward 0.115 0.018 0.113 0.014 0.968 

Forward 0.214 0.038 0.188 0.021 0.744 

Nucleation 0.120 0.021 0.179 0.023 0.346 

E
uc

lid
ia

n Backward 234.9 29400 271.3 55900 0.605 

Forward 693.7 671600 750.2 704800 0.868 

Nucleation 479.0 136500 554.3 397500 0.656 

H
am

m
in

g Backward 0.922 0.006 0.852 0.036 0.066 

Forward 0.857 0.007 0.831 0.016 0.473 

Nucleation 0.877 0.010 0.863 0.008 0.742 
 

According to Table 15, no significant differences were found in any of the twelve 

test cases. A suggestive difference was found in the case of Hamming distance, when 

comparing backward chaining models. Overall, from the 24 different tests conducted, one 

showed significant differences, and four showed suggestive differences. However, as 

majority of the cases showed no significant differences between the designer study and 

protocol study, it was concluded that models from the two studies were similar with respect 

to change in model complexity.  
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4.3 Model Evaluation 

The function structure models collected from the user study as well as those 

developed in a protocol study were analyzed using a grading rubric developed to assess the 

quality of function structure models [33,66]. A two-sample t-test assuming unequal 

variances was conducted to test the hypothesis that the mean difference between quality of 

models was zero. The results are shown in Table 16. 

Table 16: Comparison of Model Evaluation Between Experiment Methods 

  Protocol Designer 
Mean 15.5 14.929 
Variance 6.833 6.138 
Observations 22 169 
Hypothesized Mean Difference 0  
df 26  
t Stat 0.970  
P(T<=t) one-tail 0.171  
t Critical one-tail 1.706  
P(T<=t) two-tail 0.341  
t Critical two-tail 2.056   

 

The t-test was unable to show a significant difference between the two means. 

However, due to high variances in the data, the scores were filtered based on completion 

level and chaining methods. The differences were examined, and the results are shown in 

Figure 25.  
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Figure 25: Comparison of Model Evalution Scores 

As shown in Figure 25, varying levels of differences were found between the 

protocol study and designer study models. In order to identify any significant differences, 

a set of two sample t-tests were performed with no difference in hypothesized means, and 

a 95% confidence level. Results are shown in Table 17.  

Table 17: t-test Results for Model Evaluation Scores 

Case 
Protocol Study Designer Study 

p-value 
Mean Variance Mean Variance 

10 Percent 14.7 10.5 14.1 4.4 0.607 
40 Percent 14.7 2.9 14.3 8.1 0.622 
80 Percent 17.7 0.7 16.3 3.2 0.006 
Backward 14.5 9.4 14.6 6.2 0.963 
Forward 16.1 5.5 15.5 5.6 0.519 
Nucleation 16.0 5.3 14.7 6.4 0.207 
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As shown in Table 17, 80% complete seed models were found to be significantly 

different between protocol study and designer study. However, it should be noted that the 

variance for function structure models generated from 80% complete seed models is 

significantly smaller compared to the remaining cases, likely resulting in the significance 

of difference from the designer study counterpart. Moreover, the remaining 5 out of 6 cases 

showed no significant differences between the studies. As a result, Function Structure 

models collected from the designer study and the protocol study in this research were 

considered to be comparable with respect to model evaluation. 
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Chapter Five 
RESULTS: COMPARISON OF CHAINING METHODS 

Following the comparison of models generated in two different experiments, the 

data collected from the experiments was also used to investigate similarities and differences 

between the chaining methods using the increase in functions and flows, change in model 

complexity, and evaluation scores of the final model. It should be noted that analysis from 

this point forward uses a combined data set containing models from both experiments.   

5.1 Increase in Functions and Flows 

The percent increase in the number of functions and flows was compared for the 

combined data set of the protocol study and the user study. Figure 26 shows the mean 

percent increase in the number of function based on the given seed model. It should be 

noted that the results for both design problems are consolidated as these results have been 

shown to have no significant difference [67]. 

The comparison of means shows that the average increase in function is different 

based on the level of completion of the given seed model. This result is expected as the 

potential for increase in functions is inversely related to the level of completion, meaning 

the closer the seed model is to full completion, the fewer additions are expected to the 

model. This is supported by 10% complete models showing a significantly larger increase 

compared to that of 40% models and 80% models. Notably, the difference between 40% 

models and 80% models seems negligible.  
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Figure 26: Increase in Functions By Model Type 

With respect to chaining, at higher completion levels (40% and 80%), nucleation 

seed models showed a higher increase in functions compared to backward chaining models 

and forward chaining models. Incidentally, the latter two seem to be not significantly 

different at higher completion levels. However, at 10% complete level, the average increase 

in the forward chaining models (F10) is significantly lower compared to backward chaining 

and nucleation models at that level (B10 and N10 respectively). Overall, the analysis of 

increase in functions shows that, on average, nucleation yields more functions at higher 

completion levels; at 10% completion nucleation is comparable to backward chaining, and 

better than forward chaining.  
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Following the analysis of functions, the flows added to the models were analyzed. 

Figure 27 shows the mean increase in flows for each seed model type.  

 

Figure 27: Increase in Flows by Model Type 

Similar to functions, flows show a significantly higher percent increase in 10% 

complete models, when compared to the 40% complete and 80% complete models (shown 

in Figure 27). However, unlike functions, the 40% models and 80% models show a 

nonnegligible difference. Additionally, at the higher completion levels (40% and 80%), the 

difference between the three chaining methods is highlighted more in flows compared to 

functions. However, nucleation still yields the largest increase in these cases. At the 10% 

completion level, nucleation and forward chaining yielded similar increase in flows, with 

224%

179%

187%

51%

73%

111%

33%

53%

61%

0% 50% 100% 150% 200% 250% 300% 350%

B10

F10

N10

B40

F40

N40

B80

F80

N80

Percent Increase

Se
ed

 M
od

el
 T

yp
e



 

61 
 

both being lower compared to backward chaining. Although, it should be noted that these 

differences between chaining methods are less drastic compared to those in functions.   

The comparison of mean increase in function and flows suggests that in general, 

using a nucleation seed generated more functions and flows, if not the most. In order to 

determine statistical significance in these differences, a set of t-tests was conducted using 

an assumption of unequal variances. A mean difference of zero was used as the null 

hypothesis, and the results are summarized Table 18, where zeros indicate failure to reject 

the null hypothesis, and ones indicates successful rejection of null hypothesis.  

Table 18: t-Test Results for Model Based Comparison 
 Functions Flows 
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80

 

B10 0 1 1 1 1 1 0 1 1 0 1 1 0 1 1 0 1 1 

B40 1 0 1 1 0 0 1 0 0 1 0 1 1 0 0 1 1 0 

B80 1 1 0 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 

F10 1 1 1 0 1 1 1 1 1 0 1 1 0 1 1 0 1 1 

F40 1 0 1 1 0 0 1 0 0 1 0 1 1 0 0 1 1 0 

F80 1 0 0 1 0 0 1 1 1 1 0 1 1 0 0 1 1 0 

N10 0 1 1 1 1 1 0 1 1 0 1 1 0 1 1 0 1 1 

N40 1 0 1 1 0 1 1 0 0 1 1 1 1 1 1 1 0 1 

N80 1 0 1 1 0 1 1 0 0 1 0 1 1 0 0 1 1 0 
 

The increase in function and flows for 10% complete models are significantly 

different from those for 40% and 80% complete models, which was anticipated from the 

comparison of means shown in Figure 26 and Figure 27. Additionally, for functions at 80% 

completion level, nucleation models (N80) were found to have a significantly larger 
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increase than backward chaining (B80) and forward chaining models (F80).  However, at 

40% completion level, no significant differences were found between the chaining 

methods; and at 10% completion levels, nucleation (N10) was found to be similar to 

backward chaining (B10). Interestingly, F10 was found to be significantly different from 

all other models.  

As for flows, nucleation at 80% complete (N80) was found to yield significantly 

higher increases compared to backward chaining (B80), but similar to forward chaining 

(F80). In the case of 40% completion level, nucleation (N40) was found to have 

significantly higher increases than forward (F40) and backward chaining (B40). At 10% 

completion, no significantly differences were found between the chaining methods with 

respect to increase in flows. Overall, nucleation was shown to have similar or 

significantly higher increases in function and flows. 

5.2 Change in Model Complexity 

After comparing chaining methods based on increase in functions and flows, a 

follow up analysis was done comparing the chaining methods using the change in model 

complexity. First, the two design problems were compared based on change in model 

complexity.  

5.2.1 Comparison of Design Problems 

Change in model complexity from the two different design problems was compared 

to investigate any differences that exist between the design problems with respect to change 

in complexity between the given model and the final model. This test was conducted to 
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ensure that the two design problems yield similar change in complexity. As previously 

mentioned, the design problems were proven to be similar based on increase in functions 

and flows, however, that conclusion is not applicable in the context of model complexity. 

The complete set of results obtained for each problem was compared using a two-

sample t-test with a null hypothesis assuming no difference in mean distances. Each of the 

distance metric was tested, and the results are shown in Table 19.  

Table 19: Comparison of Design Problems Based on Change in Model Complexity 

Case 
Problem A Problem B p-

value Mean Variance Mean Variance 
Cosine 0.178 0.022 0.140 0.019 0.073 

Euclidian 401.3 126600 636.3 660300 0.011 
Hamming 0.871 0.008 0.835 0.029 0.073 
Chebychev 310.3 80600 486.2 396500 0.014 

 

 The two problems were found to be different with more than 95% confidence level 

for Euclidian and Chebychev distances. Additionally, the Cosine and Hamming distance 

also showed a suggestive different with more than 90% confidence level. This result was 

unexpected as the design problem were created to be similar. However, the seed models of 

problem B, especially the 40% complete and 80% complete model, had more functions and 

flows compared to those for problem A, resulting in a higher potential for change in 

complexity. In order to further understand the difference between the design problems 

(with respect to change in model complexity), the complete set of models was divided into 

groups based on the chaining methods, and levels of completion. The two design problems 

were compared again to investigate the source of difference in complexity distances. Table 

20 shows the t-test results for comparison based on level of completion.  
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Table 20: Comparison of Problems Based on Level of Completion of Seed Model 

Case Problem A Problem B p-value Mean Variance Mean Variance 

Chebychev 
10 Percent 205.6 32600 199.0 54000 0.901 
40 Percent 310.5 60800 445.3 162500 0.120 
80 Percent 421.5 131500 794.5 782100 0.031 

Cosine 
10 Percent 0.289 0.028 0.270 0.019 0.619 
40 Percent 0.150 0.008 0.088 0.004 0.003 
80 Percent 0.086 0.007 0.068 0.010 0.425 

Euclidian 
10 Percent 269.4 48600 268.5 85500 0.989 
40 Percent 397.9 96900 577.4 263900 0.104 
80 Percent 545.0 206300 1037.2 1311900 0.027 

Hamming 
10 Percent 0.892 0.007 0.901 0.006 0.669 
40 Percent 0.869 0.008 0.815 0.029 0.129 
80 Percent 0.849 0.008 0.791 0.046 0.163 

 

Models generated from 80% complete seed models were found to have significant 

differences between the two problems, using Chebychev and Euclidian distances. This 

aligns with the expectations stated previously. Moreover, the 40% complete models were 

found to have a difference between the two problems using cosine distance, whereas those 

using Euclidian distance and Chebychev distance had p-values just above 0.1, suggesting 

that the difference between them is small. Additionally, Hamming distance found no 

significantly differences between the two problems. Next, Table 21 shows t-test results for 

comparison based on chaining methods.  
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Table 21: Comparison of Problems Based on Chaining Method of Seed Model 

Case Problem A Problem B p-value Mean Variance Mean Variance 

Chebychev 
Backward 174.8 11400 226.0 55300 0.279 
Forward 423.3 96300 732.3 693500 0.053 

Nucleation 345.7 113500 476.4 304500 0.267 

Cosine 
Backward 0.098 0.010 0.132 0.019 0.269 
Forward 0.227 0.029 0.156 0.013 0.055 

Nucleation 0.218 0.017 0.132 0.026 0.025 

Euclidian 
Backward 232.3 17300 305.7 90700 0.225 
Forward 541.2 150500 941.0 1155100 0.052 

Nucleation 446.6 180800 632.1 520400 0.224 

Hamming 
Backward 0.906 0.006 0.809 0.058 0.044 
Forward 0.827 0.006 0.840 0.025 0.658 

Nucleation 0.878 0.009 0.853 0.007 0.289 
 

As shown in Table 21, the two design problems were found to be significantly 

different in the case of Cosine distance using Nucleation, and Hamming distance using 

Backward chaining. Additionally, a suggestive difference was found between problems in 

Chebychev distance with forward chaining, Cosine distance with forward chaining, and 

Euclidian distance with forward chaining. It should be noted that these three cases of 

forward chaining were close of 95% confidence level, suggesting that the forward chaining 

seed models are likely to result in different complexity distances between the two problems. 

Ultimately, only 5 out of 24 comparisons showed significant differences, and as a result, 

the following comparison of chaining methods was done using the combined set of problem 

A and problem B. 

5.2.2 Comparison of Complexity Distances Based on Seed Models 

Following the comparison of the design problems, the changes in model 

complexity, or complexity distances, were analyzed based on the different seed models 
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provided to the participants. Figure 28 shows the mean complexity distances for each 

chaining method, and each level of completion.  

5.2.2.1 Cosine Distance 

 

Figure 28: Cosine Distance Based on Chaining Method and Level of Completion 

As expected, the complexity distances for 10% complete models were larger than 

those in higher levels of completeness (40% and 80%). Additionally, forward chaining and 

nucleation models show similar mean complexity distance, whereas, backward chaining 

had a smaller complexity distance in comparison. In order to identify any statistical 

significance, a set of t-tests were performed to do a pairwise comparison of the different 

model types using cosine distance to measure change in complexity. Results are shown in 

Table 22. Instances where the two-sample t-test was able to show significant difference are 

marked as “1” and cases where the null hypothesis could not be rejected are marked as “1.” 
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It should be noted that the table is diagonally symmetric so the lower triangle has been 

omitted. This is also the case for Table 23, Table 24, Table 25, and Table 27.   

Table 22: Pairwise Comparison of Seed Models based on Cosine Distance 

  B10 B40 B80 F10 F40 F80 N10 N40 N80 
B10 X 1 1 1 1 1 0 1 1 
B40  X 1 1 1 0 1 1 0 
B80   X 1 1 1 1 1 0 
F10    X 1 1 0 1 1 
F40     X 1 1 0 0 
F80      X 1 0 0 
N10       X 1 1 
N40        X 0 
N80         X 

 

From Table 22, we can observe that the B10 and N10 were found to be similar, and 

F10 and N10 were found to be similar, however no direct similarity was found between 

B10 and F10. As for the 40% complete models, B40 was found to be similar to F80 and 

N80; F40 was found to be similar to N40, and N80; finally, N40 was found to be similar to 

F40, F80, and N80. In comparison to the 10% complete models, the 40% complete models 

were shown to have similarities with 80% complete models. In case of the 80 percent 

complete models, B80 was found similar to N80; F80 was found similar to B40, N40, and 

N80; and finally, N80 was found similar to B40, B80, F40, F80, and N40. Overall, the 

backward chaining models tend to be different from forward chaining models and 

nucleation models at lower completions levels. This can be observed in Table 21 with a 

clustering of zeros in the bottom right corner. 
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5.2.2.2 Euclidian Distance 

Similar to Cosine distance, the model variants were compared with respect to 

change in model complexity using Euclidian distance. Figure 29 shows the mean 

complexity distance for each chaining method and level of completeness.  

 

Figure 29: Euclidian Distance Based on Chaining Method and Level of Completion 

Unlike cosine distance, the complexity distances of the levels of completeness were 

opposite to what was expected; 10% complete models showed the smallest complexity 

distance, followed by 40% models, and finally 80% models with the largest complexity 

distances. For chaining methods, forward chaining seems to show the highest complexity 

distance, followed by nucleation, and finally backward chaining. In order to determine 

significance of these differences, Table 23 shows the results of a set of two-sample t-tests 

conducted to compare each model variant to all other model variants.  
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Table 23: Pairwise Comparison of Seed Models Based on Euclidian Distance 

  B10 B40 B80 F10 F40 F80 N10 N40 N80 
B10 X 0 0 0 1 1 0 1 1 
B40  X 0 0 1 1 0 1 1 
B80   X 0 1 1 0 1 1 
F10    X 1 1 0 0 1 
F40     X 1 1 0 0 
F80      X 1 1 0 
N10       X 1 1 
N40        X 0 
N80         X 

 

As shown in Table 23, the results for Euclidian distance show different trends 

compared to cosine distance. In this case, all of backward chaining models were found to 

be similar to each other, as well as F10 and N10. F40 was found to be similar to N40 and 

N80, whereas N40 was found similar to F10, F40, and N80. For the 80 percent complete 

models, F80 was only found similar to N80, however, N80 was found similar to F40, F80, 

and N40. Overall, the t-test results suggest that based on Euclidian distance, backward 

chaining, regardless of the level of completion, was within the same group as 10 percent 

complete models for forward chaining and nucleation. Additionally, forward chaining 

models at higher completion levels were found to be more disjoined, having only one or 

two similarities. Nucleation at higher levels of completion, on the other hand, shared more 

similarity with forward chaining, as well as other level of completions of nucleation.  

5.2.2.3 Hamming Distance 

Next, the seed models were compared based on Hamming distance between graph 

complexity of the given partially completed models, and final model. Figure 30 shows the 

change in complexity based on hamming distance, grouped by the chaining methods and 
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levels of completion. It should be noted that the vertical axis scale in this graph does not 

start at zero; this was done to highlight the small differences between the bars.  

 

Figure 30: Hamming Distance Based on Chaining Method and Level of Completion 

As seen in Figure 30, the Hamming distance from initial complexity vector to the 

final complexity vector does not highlight any large differences between the chaining 

methods, or levels of completion. This may, in part, be inherent to the Hamming distance 

metric as it compares vectors based on the percentage of values that are different. As 

functions and flows are added to the initial Function Structure model, most (if not all) 

elements of the complexity vector are expected to change regardless of the type of chaining 

method used or level of completion used. This results in the Hamming distance between 

vectors being closer in magnitude between the chaining methods, or levels of completion. 

However, small differences can still be identified, such as the descending order of distance 
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from 10% complete models or 80% complete models. Additionally, backward chaining and 

nucleation were found to be similar in this case, with forward chaining showing smaller 

distances compared to the other two chaining methods.  

With small differences in mean distance, it was necessary to conduct a set of t-test 

comparing each pair of seed models, and the results are shown in Table 24. Similar to 

previous t-tests, the null hypothesis assumed a mean difference of zero, and a 95% 

confidence level was required to show significant differences.  

Table 24: Pairwise Comparison of Seed Models Based on Hamming Distance 

  B10 B40 B80 F10 F40 F80 N10 N40 N80 
B10 X 1 1 1 1 1 0 1 1 
B40  X 0 0 0 0 0 0 0 
B80   X 0 0 0 0 0 0 
F10    X 0 1 0 0 0 
F40     X 0 0 0 0 
F80      X 1 0 0 
N10       X 0 0 
N40        X 0 
N80         X 

 

Model based comparison of Hamming distance showed that besides B10, all 

models were found to be part of the same group, with a few exceptions. B10 was only 

found similar to N10, while F10 and N10 were found similar to all models except F80. 

Tests comparing the remaining models failed to reject the null hypotheses. Therefore, when 

using the Hamming distance metric, all nucleation models were found to be similar to each 

other, and higher levels of completion of forward chaining and backward chaining were all 

found to be similar to one another, as well as nucleation (with the aforementioned exception 

of F80 and N10). In this case, hamming distance provides little insight about the differences 
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that may exist between the chaining methods, however, it shows that starting a model with 

backward chaining or nucleation may increase the model complexity more so than forward 

chaining.  

5.2.2.4 Chebychev Distance 

Lastly, the seed models were compared based on Chebychev distance, and the 

results are shown in Figure 31.  

 

Figure 31: Chebychev Distance Based on Chaining Method and Level of Completion 

The patterns for Chebychev distance are similar to those in Euclidian distance; with 

increase distance from 10% complete models to 80% complete models, and forward 

chaining showing the highest distance. Similar to previous distance metrics, a set of t-tests 

was conducted to investigate significance of differences between the different model types. 

The results of pairwise t-tests are shown in Table 25.  
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Table 25: Pairwise Comparison of Seed Models Based on Chebychev Distance 

  B10 B40 B80 F10 F40 F80 N10 N40 N80 
B10 X 0 0 0 1 1 0 1 1 
B40  X 0 0 1 1 0 1 1 
B80   X 0 1 1 0 1 1 
F10    X 1 1 0 0 1 
F40     X 1 1 0 0 
F80      X 1 1 0 
N10       X 1 1 
N40        X 0 
N80         X 

 

Comparing Table 23 and Table 25, the t-tests results are identical, suggesting that 

comparison of chaining methods based on Euclidian distance and Chebychev distance are 

equivalent. Backward chaining is found to be different from forward chaining and 

nucleation at higher completion levels, with forward chaining and nucleation being similar 

to each other in all cases (10%, 40% and 80% completion levels).  

The comparison of change in model complexity shows that in for 3 out of 4 distance 

metrics, the level of completion in the initial model has an impact on the change in model 

complexity. Additionally, backward chaining models were found to be significantly 

different from forward chaining and nucleation models. Finally, forward chaining and 

nucleation models were found to generate larger changes in model complexity 

compared to backward chaining.  
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5.3 Model Evaluation 

In addition to the comparison of increased of function and flows in seed model, and 

the change in model complexity, the final model was also evaluated for quality of the model 

itself. The average evaluation scores for each seed model type are shown in Figure 32. 

 

Figure 32: Evaluation Scores by Model Type 

The evaluations of finals models were not expected to yield significant differences 

between the model types because of the nature of the scoring rubric. However, the mean 

scores for 10% complete models are lower than those of 80% complete models. In order to 

identify any significant differences between the nine groups, a single factor ANOVA was 

performed. Results for the ANOVA are shown in Table 26. 
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Table 26: Single Factor ANOVA Comparing Model Types Based on Model 
Evaluation Scores 

Source of 
Variation SS df MS F P-value F crit 

Between 
Groups 291.72 8 36.465 7.463 1.37E-08 1.990 

Within 
Groups 889.27 182 4.886    

Total 1180.99 190     
 

The ANOVA results indicate that the different model types tested are not all from 

the same probability distribution function (small P-value, and F-crit < F). Therefore, further 

analysis in the form of a set of two-sample t-tests was conducted to identify the model 

types that resulted in significantly different evaluation scores for the final models. An 

assumption of unequal variances was used, and a null hypothesis of zero mean difference 

was tested. Results for the complete set of t-tests are shown in Table 27, where the values 

are p-values associated with each of the t-tests.  

Table 27: t-tests Comparing Models Types based on Evaluation Score 

 B10 F10 N10 B40 F40 N40 B80 F80 N80 

B10 X 0.285 0.728 0.146 0.042 0.606 0.026 0.000 0.010 

F10  X 0.450 0.578 0.002 0.616 0.001 0.000 0.001 

N10   X 0.232 0.016 0.841 0.008 0.000 0.004 

B40    X 0.002 0.335 0.001 0.000 0.001 

F40     X 0.016 0.947 0.061 0.498 

N40      X 0.010 0.000 0.004 

B80       X 0.019 0.407 

F80        X 0.300 

N80         X 
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The shaded cells in Table 27 highlight test cases where the null hypothesis was 

successfully rejected with a 95% confidence level. Comparison of model evaluation based 

on percent completion shows that a significant difference exists between 10% complete 

seed models and other seed models with the exception of backward chaining and nucleation 

models at 40% completion. This is suggested in the comparison of means shown in Figure 

32. This is reiterated when reviewing the 40 percent complete models; forward chaining 

model (F40) was found to be significantly different from the 10 percent complete models, 

whereas the t-tests failed to prove the same for backward chaining and nucleation models. 

Conversely, backward chaining and nucleation are significantly different from 80 percent 

complete models; however, forward chaining model is similar to the 80 percent complete 

models. Finally, Table 27 shows that the 80% complete models for all chaining types are 

significantly different from the remaining models with the exception of forward chaining 

model at 40%. In general, a significant difference in model quality was observed between 

the 10% and 80% models. This suggests that the model elements added by the participants 

contributed to lower scores.  

Subsequently, comparing the model evaluation based on the chaining method 

shows that at 10% and 80% completion levels, the chaining method used does not 

significantly impact the evaluation score. This suggests that when majority of the functions 

and flows are added by students, or when a small percentage are added by students, the 

model scores are not impacted by the chaining method used. Conversely, at 40% 

completion level, forward chaining models tend to score significantly higher than 

backward chaining and nucleation. This is expected because forward chaining is 
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generally used when teaching function modeling, and student participants should be most 

comfortable using forward chaining. Ultimately, analysis of model evaluation shows that 

the chaining method used is generally not a significant factor in the final score of the model, 

instead the participants experience using function modeling plays a larger role. 

In order to investigate whether the presence of any seed model had an impact, the 

scores from the seeded experiment were compared to those from the non-seeded 

experiment. Table 28 shows the summary of model evaluation scores.  

Table 28: Change in Model Evaluation Scores After Seeding 

 Unseeded 
Score 

Seeded 
Score 

Score 
Change 

Score Change 
w/o Blackbox 

Mean 7.24 15.52 8.29 0.90 
Standard 
Deviation 2.24 2.61 3.19 2.39 

Minimum 2 9 1 -3 

Maximum 10 18 15 7 
 

The presence of the seed model improved the evaluation scores by 8.29 points on 

average. However, it should be noted that this improvement, in part, is due to the black-

box model which was given to them in the seeded experiments. Eight out of the 18 

questions in the rubric are directly related to the black-box model, which majority of the 

students did not draw in the unseeded experiments. Additionally, six out of 22 participants 

showed a negative change in the score when using a seed model, eleven participants 

showed a positive change, and five participants showed no change. Interestingly, the 

participants that showed no change between seeded and unseeded models were those with 

above average scores in both cases.  
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In addition to the change in scores after introducing a seeding model, the scores for 

three lowest scoring rubric questions were examined to identify whether a pattern related 

to chaining methods could be identified. Figure 33 shows the distribution of participant 

scores, based on chaining method, where “zeros” and “ones” refer to the scores allotted for 

each rubric question.  

 

Figure 33: Score Distribution of Select Rubric Questions 

As shown in Figure 33, the rubric evaluations for Q9, Q15 and Q17 (see Table 7 in 

Section 3.3.3 for details) show that backward chaining tends to perform worse on these 

questions (more zeros compared to ones). Nucleation performs better than forward 

chaining for Q9, and worse for Q15 and Q17. This result is within expectations as Q9 refers 

to overall plausibility of the product, and Q15 and Q17 focus on flow conservation. A 
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nucleation seed model provides the most information to participants about product 

functionality, whereas forward chaining and backward chaining provide information about 

the input flows and output flows respectively. Therefore, with nucleation, participants are 

better able to maintain the overall product plausibility; whereas, with forward chaining, 

participants are better able to follow the input flows and ensure conservation across 

functions. However, it should be noted that, as previously mentioned, these questions were 

found to be the lowest scoring, suggesting these aspects of the function model are not well 

understood or materialized by the participants. A targeted study should be conducted with 

a larger participant pool to more certainly understand the effects of chaining methods or 

model plausibility and flow conversation.  
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Chapter Six 
CONCLUSIONS 

The goal of this research was to investigate the impact of chaining methods on 

Function Structure model generated by designers. This was done by prompting designers 

with a seed model generated using one of three chaining methods, up to one of three 

completion levels. A protocol study and a designer study were conducted where 

participants were asked to complete a given (partially completed) Function Structure 

models. The collected models were then analyzed based on increased in functions and 

flows, change in model complexity, and model evaluation.  

• Models from designer study and protocol study are comparable.  

A review of the Function Structures from both experiments showed that models 

collected from the designer study and protocol study are comparable. The increase in 

function and flows between designer study and protocol study were comparable. No 

significant differences were found when the experiments were compared based on the 

chaining methods. Additionally, increase in functions was found similar between designer 

study and protocol study when compared based on level of completion; increase in flows 

was also found similar expect 40% completion level, where designer study showed a higher 

increase. 

The complete set of models obtained from the two studies showed no statistical 

differences based on complexity distances (using cosine, Euclidian, hamming, and 

Chebychev distances). When comparing by chaining method, no significant differences 
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were found, however, comparison by level of completion showed that 80% complete 

models showed a significant difference in cosine distance.  Finally, statistical analysis 

showed no significant differences in the evaluation score of models between the two 

experiment types when compared by chaining method. However, significant differences 

were found when comparing 80% complete models. Overall, the analysis suggests that 

trends observed in the protocol study can be ascribed to the designer study.  

• Nucleation showed comparable or higher increase in functions and flows 

compared to forward chaining and backward chaining.  

Function Structure models were compared based on the type of seed model in order 

to identify similarities and differences between the three chaining methods. Analysis of 

increase in functions and flows showed that, in general, nucleation yields similar or 

significantly higher increases in function and flows. At lower completion levels, nucleation 

had comparable increase in function and flows, compared to backward chaining and 

forward chaining; however, at higher levels of completion, nucleation was found to have 

significantly higher increase in functions and flows. 

•  Nucleation showed comparable change in model complexity compared to 

forward chaining and backward chaining.  

Moreover, a review of change in model complexity using cosine distance, Euclidian 

distance, and Chebychev distance shows that nucleation and forward chaining showed 

similar change in model complexity, which was significantly higher than backward 
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chaining. When using hamming distance, backward chaining and nucleation showed 

significantly higher change in model complexity compared to forward chaining. Therefore, 

in all cases, nucleation was shown to have a similar or higher increase in model complexity. 

• Seed models generally improve scores; however, the effects of chaining methods 

need to be further studied. 

Finally, comparison of model evaluation scores showed that at 40% completion 

level, forward chaining scored significantly higher than other chaining methods, however, 

at 10% and 80% completion level, the chaining method has no significant impact on the 

model scores. Additionally, the comparison between seeded and unseeded models showed 

that existence of the seed model improves the evaluation scores in general. Moreover, 

analysis of individual rubric questions suggests that nucleation assists designers in ensuring 

that the Function Structure model represents a plausible product, whereas forward chaining 

and backward chaining are more useful for maintaining flow conservation.  

In summary, the observations and conclusions from this research suggest that 

construction of Function Structure models using nucleation may be more effective when 

compared to the traditional method, forward chaining. Nucleation was showed to generate 

more functions and flows, as well as more complex model topologies.   
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Chapter Seven 
FUTURE WORK: POTENTIAL NEXT STEPS 

As identified in Chapter 2, work performed in this research is a narrow slice of the 

larger research topic. Expectedly, various new research avenues were identified as a result 

of this research. New research questions can be identified in the areas explored in this 

thesis, specifically with respect to textual analysis of the final models, with respect to 

change in model complexity, and with respect to alternative model evaluation methods. 

Additionally, the videos collected from the protocol study can also be analyzed to gain a 

deeper understanding about modeling activities, specifically pause patterns.  

7.1 Analysis of Function and Flow Labels 

The Function Structure models collected in the experiments contained functions 

(blocks), function labels (block text), flows (edges), and flow labels (edge text). Analysis 

of increase in functions and flows presented in chapter 5 only refers to the blocks and edges. 

As such, this analysis was focused on topological changes in the models. However, that is 

only one part of the information contained in the Function Structure models. The collected 

models can be analyzed based on the function and flow labels to understand the increase 

in function and flows from a different perspective. The following research questions can 

be investigated.  

• How similar are the function labels between different chaining methods? 

• How similar are the flow labels between different chaining methods? 
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• Can the Functional Basis Vocabulary be used to compare the chaining 

methods? 

• How different are the chaining methods with respect to the number of distinct 

function labels and flow labels?  

7.2 Analysis of Change in Model Complexity 

As previously mentioned, the complexity vector generated for each Function 

Structure model consists of 29 different complexity metrics. The analysis of model 

complexity discussed in this thesis use vector distance metrics to calculate distances 

between the complexity vectors to investigate change in model complexity. However, this 

does not account for the nature of the complexity vectors, more specifically the scale of 

individual complexity metrics within the complexity vector. Certain complexity metrics 

are expected to have values in the scale of 1000, whereas some complexity metrics are 

expected to have values significantly smaller than 1. As a result, distance metrics 

comparing entire complexity vectors are susceptible to the effects of enormous differences 

between the values of constituent metrics. Therefore, the complexity data can be analyzed 

differently by comparing the change in each individual complexity metric instead of the 

change in entire vector. The following research questions can be investigated in that regard.  

• How do individual complexity metrics change from given model to final 

model?  

• How does the change in individual complexity metrics differ between the 

three levels of completion?   
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• How are the individual complexity metrics different between the chaining 

methods? 

• How does the change in individual complexity metrics differ between the 

chaining methods? 

Additionally, it can also be investigated whether the complexity vectors are 

additive; does the sum of given complexity and added complexity add to the final 

complexity of the model? This is a relevant discussion because the basis of comparing the 

chaining methods in this research has been the change in model complexity. Although this 

a plausible comparison metric for model complexity, the underlying behavior of model 

complexity is not understood from a mathematical operations perspective. For example, 

let's assume two bipartite graphs exist: A and B. Complexity vectors for each graph can be 

calculated separately. Next, a third bipartite graph, C, is defined as the union of A and B. 

In this scenario, does the complexity vector of C equal to the sum of complexity vectors 

for A and B?  

7.3 Evaluation of Function Structure models 

The models in this research were evaluated using an externally developed rubric, 

intended for scoring student generated Function Structure models [33,66]. The 

comparisons between level of completions, and those between chaining methods, used only 

the final score for each model. These models can be further analyzed by comparing the 

performance of the models on each question of the rubric. Additionally, alternative model 

evaluation methods can also be used to compare the models. 
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7.4 Evaluation of the Modeling Activity 

In addition to three aspects investigated in this research, the modeling activity can 

be analyzed to identify any patterns that may exist. The video coding (shown in Section 

2.1.2) of the designers’ modeling activity can be reviewed and analyzed for pause patterns, 

element sequences, addition and deletion chunks, edit frequency, etc. The following 

research questions can be potentially investigated.  

• What patterns exist in modeling activity with respect to pause length and 

frequency? 

• What patterns exist in modeling activity with respect to the type of activity 

followed by a pause? 

• What patterns exist in modeling activity with respect to the number of 

elements added, deleted, or edited after a pause? 

• What patterns exist in modeling activity with respect to the clustering of 

elements between pauses?  

• How does presence of a seed model affect pause patterns?  

• How are pause patterns different based on the type of chaining method used 

for the seed model?   
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