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The research presented in this dissertation focuses on the model generation and 

modeling processes of student teams that participate in capstone, undergraduate 

engineering physical and virtual laboratory projects.  The Heat Exchange Laboratory 

Project, the Ion Exchange Laboratory Project, and the Virtual Chemical Vapor 

Deposition (CVD) Laboratory Project provide the context for the studies.  The structure 

of models is presented within the framework of scientific modeling, where scientific 

principles are connected to the modeled phenomenon through observed details termed 

specific conditions.  Ethnographic studies of engineers provide elaboration of the 

scientific framework of models, adding engineering heuristics as viable structures for 

models and engineering objectives as viable specific conditions.  The forms of models, 

the functions of models, and process of modeling further inform this theoretical 

framework.   

This dissertation uses the theoretical framework to develop the methodology that 

is used to identify models, the form they appear in, and the function they serve through a 

fundamental unit termed a model component. Model components are identified in student 

laboratory notebooks from 29 teams from two years and in a sample audio transcript from 



 

one team.  Results show a sharp difference between the laboratory modes with respect to 

model generation.  Student teams engaging in the virtual laboratory project engage in 

significantly more model generation activity, and produce a wider variety of model 

components than they do within the physical laboratory projects.  Analysis of an audio 

recorded team shows rich opportunities for model generation, use, and revision in the 

virtual laboratory project. 

 The observed differences are explained, in part, through different affordances in 

the physical and virtual modes.  The differences also address the differences in the 

instructional design choices made in these specific laboratory projects.  The virtual mode 

affords additional time by artificially reducing the effort of data collection, but the 

instructional design of the Virtual CVD Laboratory Project provides students with a 

structure that encourages productive use of that time. The virtual laboratory project also 

allows for a scope that represents professional practice in ways that are untenable at the 

university. On the other hand, the physical mode emphasizes hands-on data collection 

skills, and the instructional design situates the bench scale experiments within the context 

of engineering problems addressed in practice.  The research presented in this dissertation 

frames the affordances of each laboratory mode and instructional design as beneficial to 

the professional formation of undergraduate engineers. 
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1. Introduction 

1.1 Overview and Research Questions 

This dissertation examines the models created and the modeling behaviors of 

senior undergraduate student teams as they complete complex design projects. While 

modeling is believed to be a critical skill in engineering design, research regarding the 

models and modeling behaviors of practicing engineers is scarce. Moreover, the context 

for modeling in school mostly focuses on sequestered “back of chapter” problems in 

engineering science courses, although there are efforts to extend to more realistic 

contexts for modeling like the development of Model Eliciting Activities.   

 Serving as a transition to practice, capstone courses are an interesting place to 

examine teams’ modeling activity. In these senior level courses, students have the 

opportunity to engage complex engineering design problems that require data collection 

and the open ended use of models.  This characteristic prompts use of a wide range of the 

content that they have learned earlier in the curriculum.   

This research discusses the development of Model Maps, chronological 

representations of the models student teams develop as they engage in engineering 

projects. Importantly, it explores the use of the Model Maps generated as analytical tools 

for relating how student teams use fundamental disciplinary knowledge and practices to 

design experiments and analyze data.  The models students produce can be complex, and 

student laboratory notebooks are reliably coded by defining a basic methodological unit, 

termed a "model component." Model components contain both identifiable foundational 

principles of the discipline and specific characteristics of the system under consideration. 
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The context for the study is a capstone senior laboratory course at a large, land-

grant university that serves around 100 students per term. Three laboratory projects are 

studied; in two projects, they collect data in a physical laboratory and in the third project 

they use a virtual laboratory. All projects situate students as engineers performing tasks in 

the workplace where they must make design recommendations. They all take the same 

amount of class time and are constrained to the resources typical of an engineering 

program in a large, public university. 

The study seeks to contribute to the extant knowledge in engineering education in 

two ways. First, it uses Model Maps to describe student models and modeling behavior 

within the constraints of a typical engineering program and from that data seeks to infer 

the affordances laboratory mode and instructional design provide for modeling. Second, 

it seeks to examine a case where a student team completes a realistic engineering project 

and identify the iterative modeling process which involves the generation, use, 

evaluation, rejection, or revision of models.  Both aspects have implications to 

instructional design and practice and to engineering education research.  To investigate 

this topic, the following research questions are proposed: 

1. What do the Model Maps reveal about the knowledge students apply as they 

engage the design projects and how do they use that knowledge to progress 

towards a design recommendation?  How are these facets influenced by whether 

the experiments are conducted in the physical or virtual mode?   

2. How does a team’s identification and use of model components unfold over the 

course of a project in a virtual laboratory setting? Which model components are 
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repeated? Does the progression of model components fit with the iterative process 

of model generation, use, and revision that is described in the literature?  

1.2 Organization of the Dissertation 

Chapter 2 of the dissertation reviews the literature surrounding scientific and 

engineering models and the process of modeling to frame the decisions made in this work 

with respect to the identification and classification of engineering models.  That body of 

literature is divided into four sections: the first develops a philosophical structure of 

science and engineering models, the second describes the form models take, the third 

describes the functions models serve, and the last describes the process of modeling.  The 

literature review also presents studies of the physical and virtual laboratory mode to 

frame the setting of this dissertation.  Previous direct comparisons of the physical and 

virtual mode are described, and the affordances of each mode are presented.  Finally, 

Chapter 2 will present the theoretical framework this dissertation uses to frame its 

methodology and its discussion.   

Chapter 3 describes the methods used in this dissertation.  First the Model Map is 

introduced and a short history of its development cycles is presented. This description is 

followed by the participants, settings, and data sources.  The heart of the methods section 

describes the reliable data coding process used to identify model components, describe 

those model components, and characterize experimental runs in the student laboratory 

notebooks and the audio transcript.  Next, the method for using these coded items to form 

the Model Map representation will be described.  Finally, the ways the Model Maps can 

be analyzed to answer the research questions is outlined. 
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Chapter 4 will present the pertinent findings of this dissertation.  Results include 

description of notebook Model Maps from two cohorts, and a transcript Model Map from 

a single team, and the interpretations that arise from the analysis of those data.  The 

implications of those results with respect to research on engineering models, modeling 

behavior, and on the undergraduate engineering curriculum are discussed in this chapter. 

Chapter 5 will present the conclusions of this dissertation.  Chapter 6 will 

summarize the references that appear in this dissertation.  Chapter 7 will contain three 

appendices.  Appendix 1 contains all of the notebook Model Maps and summary 

descriptions of each.  Appendix 2 contains the full transcript Model Map and a detailed 

summary of the models and modeling it represents.  Appendix 3 compares two separate 

coding passes of a particular student cohort, to give context for the development of the 

research methodology.   
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2. Literature Review 

This research presented in this dissertation seeks to identify and describe the 

modeling approaches teams of advanced undergraduates use and the models they develop 

in completing authentic engineering tasks.  This work is largely carried out in the 

academic environment of the classroom where a large portion of the traditional 

undergraduate engineering curriculum is devoted to developing student understanding of 

engineering science and mathematics principles.  In engineering practice, an essential 

ability is to apply that understanding to complete complex, authentic tasks that are open-

ended and ill-structured. In addressing such tasks, engineers must identify appropriate 

chemical, physical and statistical principles and the relationships among them to meet the 

demands of successful completion of the task. In this way, engineers develop and use 

models and engage in modeling. 

English and Mousoulides (2011) claim that the “heart” of engineering consists of 

both the engineering design process itself and “the creation, application, and adaptation 

of mathematical/scientific models that can be used to interpret, explain, and predict the 

behavior of complex systems” (p. 189, emphasis added). Levenspiel (2002) regards 

modeling in chemical engineering to “stand out as the primary development” of the 

discipline in the 20th century.  He goes on to state that each advancing step in chemical 

engineering “frequently starts with an idealization of the creation of a new and simplified 

model of the world round us.” (p. 4691)  However, it is hard to find a definition of a 

model or modeling specific to engineering. To that point, English and Mousoulides frame 

their definition in the context of “mathematical/scientific” models. 



6 
 

 

 
 

Thus, a good starting point in discussing engineering models is through 

understanding the similarities and differences to scientific models.  According to Schwarz 

et al. (2005), a scientific model is “a representation that abstracts and simplifies a system 

by focusing on key features to explain and predict scientific phenomena” (p. 633).  This 

definition emphasizes the primary functions of scientific models - explanation, 

prediction, and representation.  In this dissertation, I argue these same functions apply to 

engineering models. 

Harrison and Treagust (2010) describe models as “scaled and exaggerated objects; 

symbols, equations and graphs; diagrams and maps; and simulations that facilitate 

scientific communication.” (p. 1012)  While this definition of models includes a 

modeling function, scientific communication, it primarily focuses on the forms that the 

model takes.  The author’s categories can be parsed into a diagrammatic form (diagrams, 

maps, and graphs), and a symbolic form (symbols and equations).  The aspects of model 

form and model function are both critical to understanding the role of models in 

disciplinary practice and have received attention in the literature.  

The literature review will provide a framework for this study by examining these 

concepts through a philosophical representation of scientific models.  Ethnographic 

studies of engineering design efforts will be reviewed to address the similarities and 

differences to critically examine this representation of models in science and propose a 

working representation for engineering that will be used in this work.  This representation 

of engineering models will be expanded upon through in-depth discussion on model 

forms, model functions, and the process of modeling. In each case, application of these 

constructs to engineering will build on the corresponding work in the sciences.  
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Finally, this study is directed at learning in the formal undergraduate engineering 

curriculum and this context will be briefly presented.  Descriptions of traditional lecture, 

traditional laboratory projects, and more recent advancements in curriculum design will 

be included.  The current study is particularly concerned with student models and 

modeling approaches with respect to differing laboratory modes, so prior research studies 

pertaining to the physical and virtual laboratory modes will also be reviewed.   

2.1 Scientific Models 

Scientific models intend to describe the natural world, and do so by connecting 

observations and phenomena to appropriate general scientific principles.  Before 

presenting the abstract relationships between models, principles, and phenomena, it is 

useful to ground these terms in a concrete example. Borrowing from Giere (2004), the 

extension of spring is considered. The right-hand side of Figure 2.1 shows the system 

under consideration. In this case, a phenomenon is observed – the extension of the spring 

in response to attaching an object to it. To quantitatively describe the phenomenon, it is 

useful to collect data about the response of the specific system such as measuring the 

extension length of the spring and the mass of the object that was placed on it. In order to 

model this target system depicted on the right, the modeler may represent the system 

through a diagram (shown at the center of Figure 2.1), and then identify appropriate 

general scientific principles. In this canonical case, the principles of Hooke’s Law (F=kx) 

and Newton’s Second Law (F=ma, with respect to gravity) apply.  The general scientific 

principles are related and mathematically manipulated in forming the model. Importantly, 

the data are reconciled through the model to better understand the phenomenon in the 

target system.  
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Figure 2.1. A diagrammatic representation of spring and weight system (center), and photo of a 
physical spring and weight system (right).  Relevant principles are at the left side.  

Abstracting from the spring example, principles are positioned by Giere (2004) as 

templates for models but which specific conditions (details about the target phenomenon) 

to appropriately represent the phenomenon in the target system.  The combination of 

scientific principles and specific conditions, and their relationship to scientific models, 

are depicted in Figure 2.2 and described further below.   

 

Figure 2.2. A depiction of the relationship between scientific principles, phenomenon, and models.  

F = kx
F = ma

F1 = F2
kx = ma
k = ma/x

k = 28N/m
F = [36.4N/m]x

x = 0.035m
m = 0.13kg

Principles PhenomenonModel

Principle Phenomenon

Model
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The terms principle (Barton, 1992; Clement, 1989), law (Woodward, 1989), and 

theory (Hestenes, 1987; Schwarz and White, 2005) are frequently used interchangeably 

in the literature regarding scientific models and scientific modeling.  While some 

philosophers have identified nuanced differences between the terms; they are considered 

as roughly equivalent for the purposes of this dissertation.  The term “principle,” and the 

description put forth by Giere (2004) is used as a starting point.  Giere describes a 

“principle” as universal, abstract description of the natural world. 

Principles, by this description, are not useful by themselves as descriptors of real-

world objects.  Giere posits that principles require “specific conditions” to functionally 

describe or predict the behavior of real phenomena.  In an example he cites the principle 

of Hooke’s Law (F=kx) and claims there is a need to add specific conditions related to a 

particular mass on a spring in order to describe real behavior. 

In science, the primary target for models can be broadly construed as phenomena.  

Phenomena are described as “relatively stable and general features of the world” 

(Woodward 1989, p. 317), or more simply as “things happening” (Bailer-Jones, 2009).  

As described, phenomenon are frequently conceptualized as objects, processes, or both 

(Bogen and Woodward, 1998).  These objects and processes have features that can 

generally be observed, but real world phenomena can change with respect to time, 

context, and purpose (Bogen and Woodward, 1998).  These confounding factors render 

most, if not all, models of a phenomenon inaccurate to some degree (Giere, 2004).   

When constructing a model, scientists aim for high similarity between the model 

and the target phenomenon.  The core of a scientific model often draws upon an 

appropriate scientific principle, where the principle aims to be a general description of the 
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natural world (Bailer-Jones, 2009).  The principle acts as a model template by creating a 

structure that connects it to the target phenomenon through the addition appropriate 

specific conditions.  When a principle and a target phenomenon are connected in this 

way, the model becomes a useful representation tool (Giere, 2004, p. 747).  Bailer-Jones 

acknowledges that representational function of a scientific model, but also draws focus to 

the ways that a model “provides access to a phenomenon in that it interprets the available 

empirical data about the phenomenon in a certain way” (2009 p. 56, emphasis in 

original).   

2.2 Engineering Models: Incorporating Heuristics and Objectives 

We build on the relationship between principles, phenomena, and scientific 

models to develop a proposed representation of an engineering model.  Since the purpose 

of models in engineering are different than the purpose of models in science, differences 

with respect to the representation of engineering models are also expected.  In particular 

we argue that engineers utilize engineering heuristics, which are provisional reasoning, as 

a means to characterize a system; and engineering objectives, which are design 

requirements that constrain the scope of modeled phenomenon.  These aspects of the 

engineering model’s representation are developed through cases from the ethnographic 

literature which are presented next.    

Aurigemma et al. (2013) studied a graduate biology researcher designing a lab-

on-a-chip (LOC) for rapid cellular testing in a biology research laboratory.  This study 

takes place in a laboratory tasked with the design of a LOC device that is used to treat 

and measure small cell samples.  While this study took place within a science research 
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laboratory, this work informs our development of engineering models since the 

researcher is actually engaged in an engineering design process. 

To model this system (phenomenon), the graduate researcher applies data 

(specific conditions) from a physical prototype (a physical model) to a simulation 

program, which acts as an instantiation of scientific principles.  The resulting model 

output is used to make predictions which inform production of the next physical 

prototype, and starts the next design iteration. To meet the design constraints of rapid 

cellular testing, the researchers identified several competing engineering objectives: 

cellular mixing with test chemicals, evenly separated measurement times, and accurate 

measurement results.  Unlike the scientific systems, which are constrained by the 

phenomenon being studied and the measurement tools available, engineering systems are 

also constrained by engineering objectives.  With respect to Figure 2.2, engineering 

objectives provide a new constraint for specific conditions. We propose that “engineering 

objectives” should appear alongside phenomenon in that regard. 

Gainsburg’s (2006) ethnographic study of structural engineers show similar 

features of integrated model use.  These engineers were responsible for designing the key 

beams, floors, and walls in a four-story building as well as analyzing the structure’s 

ability to handle shear forces generated by wind.  The team constructed a model that 

utilized a spreadsheet to calculate the force interactions (principle-driven) based on the 

design of the building (specific conditions).  This model predicted the structure’s 

response and showed that the building could not handle the necessary shear forces 

(engineering objective), but the team was concerned about the accuracy of the model. 
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This design problem, and the modeling strategies developed, is notably different 

form the LOC because the structural engineers did not have the opportunity to build 

prototypes.  Instead, the team approached the problem through the use of two 

mathematical models that utilized different assumptions about the building’s floors.  The 

team began their analysis of lateral building forces with a model that assumed the floors 

in the buildings absorbed no forces.  The result of this assumption showed very large 

stresses on the walls of the building, and was at odds with the intuition of the engineering 

team.   

The team then considered generating a new model, one which assumed the floors 

could absorb large forces, but that also was judged to be too extreme.  The actual 

distribution of forces across floors and walls was complex, and the team lacked an 

appropriate understanding of the nature of these forces.  Their collective experience led 

the team to modify their force calculating spreadsheet (model) to incorporate a flexible 

floor assumption. They could not approach this aspect from first principles so they 

developed an intuitively chosen factor to account for additional force distribution.  This 

sort of decision making, which accounts for data, experience, and system specifications, 

is called heuristic reasoning. Vincenti (1990) argues that these type of heuristic strategies 

are critical to allow engineers to “get the job done,” and we argue that they should be 

accounted for in a framework of engineering models. 

These two studies identify features of engineering models that mirrors the 

philosophical representation identified and depicted in Figure 2.1.  Observations of 

phenomenon, such as the behavior of the LOC device or the response of the building 

structures, provide specific conditions. When scientific principles are applied to these 
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specific conditions, a functional model is created that can aid in the engineering work.  

However, we propose that the representation in Figure 2.2 is an incomplete description of 

engineering models, and that including other elements specific to engineering is useful, 

namely, engineering objectives, heuristics, and model components.  A depiction of 

engineering models, which is revised to include these elements, is shown in Figure 2.3. 

  

Figure 2.3. A depiction of the representation of an engineering model based on the structure of a 
scientific model (Figure 2.2).  Engineering objectives, heuristics, and model components 
are added. 

First, engineers seek to design, construct, and operate devices which meet 

recognized needs (Vincenti, 1990; Trevelyan, 2014).  The descriptions are often ill-

defined and require a technical translation from the engineer to yield more quantifiable 

goals (p. 9). Engineering objectives result from the articulation of a recognized need with 

consideration of constraints.  The needs required of the engineer must be transformed into 

more quantifiable requirements such as mathematically defined functions or limitations.  

Engineering objectives specify the desired aspects or responses of a target phenomenon, 

so they provide important specific conditions in engineering tasks, and are included with 

specific conditions in Figure 2.3.  

Second, principles alone may not suffice to provide a template for an engineering 

model.  Since engineers often cannot obtain a complete understanding of phenomena 

Principle
(Heuristic)

Phenomenon
(Engr. Objectives)

Model
(Component)



14 
 

 

 
 

underlying the target system, heuristic reasoning can create a template for aspects of 

models when principles are not known or are too complex to apply (Vincenti, 1990; 

Trevelyan, 2014).  Heuristic reasoning acts as a rough, provisional, plausible description 

of a system or phenomenon used for to effectively solve a problem (Polya, 1945).  

Heuristics are often employed as a means of initially describing relationships, meant to 

“cause the best change in a poorly understood situation within the available resources” 

(Wankat, 2002 p. 2).  Koen (1985) adds that heuristics, in the end, are “unjustified, 

incapable of justification, and fallible.” (p. 2) Heuristics provide principle-like 

functionality, in that they are capable of providing a structure that can be linked to 

specific conditions, but are generally unable to produce reasonably sound explanations.   

Heuristics are cited in engineering literature as legacy rules of thumb (Valerdi, 

2011) or cognitive prompts for ideation in engineering design (Daly et al., 2012).  

Engineers frequently encounter situations where a principle-based solution is not 

accessible, cannot be feasibly solved, or cannot appropriately account for constraints 

introduced via engineering objectives.  In this scenario, engineers can utilize system 

observations, experimental data, and experience to generate heuristics which can provide 

an alternative template for engineering models in addition to engineering or scientific 

principles (Vincenti, 1990).  In fact such an approach can lead to knowledge building. As 

a technology matures, heuristics are often replaced by principles as engineers and 

scientists do specific work in that context (Vincenti, 1990). Thus the use of heuristics as a 

template for engineering models is included in Figure 2.3.   

Third, we must address an issue of scale between what is modeled and the scope 

of the engineering project. Often the product or process that is being created by the 
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engineer is complex. In these cases, the engineering project typically unfolds in stages as 

problems arise and as understanding of the phenomena (system and process) develops. 

This complexity leads the engineer to segment the target system based on their 

observations or inferences (Collins and Gentner, 1987; Clement & Rea-Ramirez, 2008). 

In these cases, there may not be one model, but rather several models, each of which is 

foregrounded to help with a specific part of the engineering work.  

To operationalize this perspective, we include the following definitions in this 

work. When we discuss an engineering team’s “model (singular),” we refer to the 

cumulative understanding as embodied by their complete set of representation of the 

entire system that they are developing. Such a perspective is useful to investigate learning 

in engineering tasks on a holistic or systems level, but is methodologically fraught. 

Correspondingly we introduce the term “model component” to identify the smallest 

possible unit of modeling. As shown in Figure 2.3, such a unit by necessity comprises an 

intersection between a principle (or heuristic) and a specific condition. Finally, there is a 

middle scale, as well. The engineering team may segment the target system as problems 

unfold in the design process, and use multiple model components to inform choices about 

how to respond to that specific problem so they can move forward.  

In the discussion that follows, we look in more detail at the characteristics of 

models identified in the science studies literature, both with an eye towards 

understanding the model (singular) that results from engineering work, and the 

identification of the specific model component the engineering team has applied as they 

pursue their work. 
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2.3 The Form of Models 

Distinguishing between the forms that models can take helps guide an 

understanding of how their primary functions are carried out.  The literature most 

prominently focuses on models in the symbolic form (Hestenes, 1987; Schwarz and 

White, 2005; Carberry and McKenna, 2014), the diagrammatic form (Schwarz et al., 

2009; Harrison and Tregust, 2010; Moore et al., 2013), the linguistic form (Lesh and 

Harel, 2003; Sins et al., 2007; Chandrasekharan, 2009; Waller, LeDoux, Newstetter, 

2013), and the physical form (Ferguson, 1977; Grosslight et al., 1991; Aurigemma et al., 

1993).  Some authors distinguished other conceptual characteristics of models as forms, 

such as logical models (McKenna and Carberry, 2012) or conceptual systems (Jonassen 

et al., 2008).  These conceptual forms are more difficult to characterize and are less 

common, so the present work engages the first four forms as a starting point for framing 

the research on models in engineering. 

The symbolic form uses variables and notation that compile information and do 

not necessitate detailed descriptions (Moore et al., 2013).  This compilation is possible 

due to the shared understanding that a community holds within a discipline.  In his 

description of scientific paradigm, Kuhn (1962) describes the process of coming to this 

agreement as the “pre-paradigm period,” which is “regularly marked by frequent and 

deep debates over legitimate methods, problems, and standards of solution, though these 

serve rather to define schools than to produce agreement” (p. 48). In this work, we 

interpret this process as reaching agreement on a shared nomenclature and symbolic 

representation. Thus, attached to a particular paradigm within a discipline such as 

chemical engineering, is a shared, compact form of communication within that discipline 
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using symbols as its root language.  Schwab (1978) describes the interpretation and 

understanding of this shared structure as “a condition for flexible application of 

principles” (p. 241).  This shared form of communication becomes most apparent in the 

definition and interpretation of the symbols used in mathematical forms.   

Mathematical representations are a type of symbolic form that uses numbers, 

letters, and mathematical operators to represent properties and relationships (Giere, 

1988).  Examples of mathematical representations in chemical engineering include using 

“x” as position or using “𝜆𝜆” to represent mean free path, the distance traveled between 

atomic collisions in a gas. Note, these symbols are appropriated from physics.  The 

limitation of the Latin and Greek alphabets often forces symbols to be used for multiple 

representations, such as the additional use of “𝜆𝜆” as the wavelength of light or sound.  

When used in scientific models, mathematical symbols are used to discretely represent 

the theories of the discipline to provide insight toward understanding the natural world 

(Bailer-Jones 2009).  Mathematical symbols have also been connected to engineering 

design as being used to express quantitative observations of a system’s function, features, 

or behavior (Dym et al., 2005). 

Mathematical modeling is the process of translating a real-world problem into a 

mathematical form (equations), working on or solving the mathematical form, and 

assessing the implications on the original problem (Gainsburg, 2006).  This mathematical 

translation process is called mathematization, and it involves using mathematical 

methods to understand the real world through activities that range from quantifying 

qualitative information, to dimensionalizing space, and coordinating locations (Lesh and 

Doerr, 2003). Mathematical models have been used in a wide variety of engineering 
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contexts including: the description of heat, mass, and momentum transport (Levenspiel, 

2002); the assessment of horizontal loads in buildings (Gainsburg, 2006); and the 

understaning of biological cell signaling (Aurigemma et al., 2013), though the range of 

application for mathematical modeling in engineering is by no means limited by these 

examples. 

The diagrammatic form is another nonverbal representation an engineer can use to 

express ideas and share those ideas with others. Some have considered engineering 

diagrams to be the “alphabet of the engineer” (Ferguson, 1977, p. 197).  Diagrams can 

take the form of descriptive images, free body diagrams, flow diagrams, circuit diagrams, 

technical schematics, or graphical representations (Diefes-Dux, Hjalmarson, Zawojewski 

(2013); Harrison and Treagust (2010); McKenna and Carberry (2012), Schwarz et al. 

(2009); Smith and Starfield (1993).  Many of these diagrammatic forms serve different, 

though sometimes overlapping purposes.  Descriptive images show physical features and 

can imply function; free body diagrams, flow diagrams, and circuit diagrams show 

various properties and relationships of the system and can be used in the process of 

mathemitization; technical schematics integrate the visualization of the parts used in a 

system with their individual function; and graphical representations visualize 

mathematical relationships present in the system (Waller et al., 2013; Ferguson, 1977). 

The linguistic form is represented through the verbal or textual description of a 

target system (Eastman et al., 2001).  Any scientific paper, laboratory notebook, or 

presentation could contain linguistic models depending on the content in question.  The 

linguistic form has faced some criticism due to the flexibility of spoken and written 

language that allows for a model to be described in many different ways (for instance, 
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descriptions represented in different languages).  This linguistic flexibility makes it 

difficult for a reader to identify two passages as referring to a single model, or as two 

separate models (Frigg, 2006). In the context of this study, linguistic flexibility makes the 

linguistic forms the most difficult form to identify in student work products. 

The physical form includes any physical entity that is used to represent another 

object. Models which utilize the physical form take on visual or functional characteristics 

of the modeled object.  The scale of the resulting model is often much smaller or much 

larger than the analogous object, and are often not made of the same materials (Harrison 

& Treagust, 2010).   Smaller scale models of planets or a large scale model of DNA are 

both physical models.  In engineering, scale models can be used as prototypes to actualize 

system functionality at a scale that allows for economic iteration (Aurigemma et al., 

2013). 

This work aims to utilize the symbolic, diagrammatic, and linguistic forms as a 

starting point for characterizing the forms of models that are utilized in capstone senior 

laboratory projects.  The physical form, while prominent in some engineering work, does 

not apply in this context because student teams are not constructing physical 

representations.  Identifying these model forms in student work will progress the 

understanding of models in engineering by explicitly calling out the presence or absence 

of these forms in this study.  

2.4 The Function of Models 

Models can serve many functions when used by scientists and engineers.  A 

functioning model can predict future states of a system (Harrison & Treagust, 2000; 

McKenna & Carberry, 2012; Schwarz et al., 2005; Sins et al., 2009), explain the behavior 
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of a system and generate understanding (Buckley et al. 2010; Carberry & McKenna, 

2014; Cardella, 2010; Gainsburg, 2006; Gobert & Buckley, 2000; Harrison & Treagust, 

2000; Moore et al., 2013; Schwarz et al., 2005), and communicate these ideas to others 

(Buckley et al. 2010; Gainsburg, 2006; Harrison and Treagust, 2000; Schwarz et al., 

2005; Waller et al., 2013).  In engineering, these functions often come together to form a 

physical prototype or a simulation, a type of model that allows for rapid iteration on a 

quicker or less expensive version of the system.    

Models critically function as a representation of a particular target (Nersessian, 

1999).  “Targets” in scientific literature has varied meanings that primarily focuses on 

model targets as objects (Chandrasekharan, 2009; Hestenes, 1987; Jonassen et al., 2008; 

Buckley, 2000) and phenomena (Gainsburg, 2006; Gobert et al., 2011; Schwarz et al., 

2009; Jonassen et al., 2008; Clement, 1989).  

While models are generally accepted as the product of science (Gilbert, 1993), 

engineers, instead, strive to create a product or process for general use or for a specific 

client.  In engineering design, a full understanding of phenomenon is not always 

necessary and the pursuit of phenomenological nuances can be detrimental if there are 

considerable time, material, or monetary constraints (Vincenti, 1990).  Thus, models 

serve another important function for the engineer when they support engineering design 

decisions. 

While models cannot make design decisions themselves, they can instead be 

formulated to help assess problem spaces, investigate applicable phenomenon, or apply 

constraints in a way that furthers the engineering design process (Curl and Kadlec, 1972; 

Gainsburg, 2006; Diefes-Dux, 2013).  Models constructed with decision making in mind 
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may not seek full explanatory power, but instead seek viable functionality as assessed by 

a set of engineering objectives.   

Other model functions have been more rarely written about, but are also 

important.  Models can transfer cognitive load, which frees the user to consider more 

aspects of a complex system at once (Aurigemma et al., 2013).  Models can transform 

information into a more understandable or useful form (Gainsburg, 2006).  Transforming 

system behavior into mathematical expressions or performing a transformative operation 

such as a Fourier transform are examples of the transformation function of models.   

The functions that are described are primarily derived from model definition 

statements and discussions of participant actions within these studies.  This work 

primarily focuses on the prediction, explanation, representation, and the support of design 

decisions.  These serve as a starting point for explaining the primary model functions in 

student work in an effort to add to the gap in literature related to the explicit identification 

of engineering model functions.   

2.5 The Process of Modeling 

Modeling in science has been described as a process of generation, evaluation, 

use, and modification, (Buckley, 2010), as depicted in Figure 2.4 (from Sherrett et al., 

2013).  This process is not performed in a linear fashion.  Instead, modeling has been 

described as a “series of successive refinements” (Clement 1989, p. 347).  The process of 

modeling is presented below in a sensible order.  However, this work recognizes that the 

process of modeling does not necessarily need to occur in sequence, but can take many 

iterative and messy steps toward formulation and completion.   
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Model generation is hypothesized to be a response to the observation of a 

phenomenon (Clement, 1989).  Prior knowledge, other models, and observations (data) 

can all impact the model that is being generated.    

Model use involves performing one of the primary model functions, as it pertains 

to a target system.  These functions include prediction, explanation, and representation.  

The results of these functions can be checked against the target system via experimental 

run data and used to prompt the evaluation process (Gentner 1983; Johnson-Laird, 1983).  

Notably, the “use” step can involve a single model, or any number of aggregated models 

if the target system is complex.   

The process of model evaluation involves validating the results of model use with 

respect to observations of the target system (Smith and Starfield 1992).  The similarities 

and differences between the two sets of information can prompt a number of modeling 

choices as a result.  It should be noted that engineers and scientists are likely to evaluate 

models based on different criteria.  Scientists, who are primarily concerned with 

accurately describing the natural world, will likely evaluate a model based on its 

predictive or explanatory power.  Engineers, on the other hand, are primarily concerned 

with the design of useful products.  They are more likely to evaluate a model based on a 

set of engineering objectives related to their design problem.   

When a model is reinforced, the results of model use or of system observation 

coincides with the model’s behavior.  This leads to more confident use of the model in its 

present form, though a reinforced model can be evaluated again in response to using the 

model again or in response to new observations or experimental data.  
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If the results from model use do not coincide with the target system’s behavior, 

then the model can be modified.  Model modification is the process of making 

adjustments to the model to account for new empirical findings, which were likely found 

through an experimental run, or through system observation.  Model modification may 

also be a response to new theoretical ideas (Schwarz and White, 2005).   

If the observations yielded from model component use do not coincide with the 

target system’s behavior, then the model can be rejected.  The act of rejecting a model 

generally ends all consideration for modification, evaluation, or use.  New models, 

observations, or theoretical ideas may prompt the user to reconsider a rejected model.   

 

Figure 2.4. Iterative model development process.  Adapted from Buckley 2010. 

This modeling process is primarily described by philosophers of science, but we 

argue that this cycle also applies to engineering.  While some of these steps have been 
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described by engineering researchers (Barton, 1992; Smith and Starfield, 1993), the 

articulate details provided by the philosophy of science provides further insight into a 

starting description of the iterative process of modeling in engineering.   

2.6 Models and Modeling in the Undergraduate Engineering Curriculum 

Bringing the process of modeling to the school curriculum has been a challenge.  

In the 1950s and 60s, engineering science was introduced in large scale to undergraduate 

engineering curricula as a means to apply first principles to engineering tasks (Carberry 

and McKenna, 2014; Sheppard et al., 2008). However, this material largely resides in 

lecture courses that focus on the analysis of simplified engineering problems through 

procedural demonstration and repetition (Mason, Shuman, and Cook, 2013).  Since these 

simplified problems are segmented and sequestered to specific engineering courses (e.g., 

in chemical engineering: material and energy balances, transport phenomena, 

thermodynamics, reaction engineering, etc.), it is hard for students to apply this 

knowledge in broader engineering contexts.  While teaching engineering science in this 

manner can develop procedural fluency in students by focusing on a key structural 

element of models, engineering and scientific principles, this format is limited in the 

degree that it asks students to conceptualize and make choices about the specific 

conditions to which the principles are applied. Thus, learning tends to focus on 

engineering analysis rather than modeling in the broader sense as it has been discussed in 

this dissertation. 

In contrast, laboratory projects have been used in the engineering curriculum to 

introduce students to problems of the practice.  Such laboratory projects generally focus 

on observation, data collection, and data analysis (Fiesel and Rosa, 2005).  These skills 
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bring focus to the process of identifying and gathering data and elucidating phenomena; 

processes which engage students in closer examination of the specific conditions related 

to the laboratory system.  Traditional laboratory projects often involve a scope that is 

constrained to a degree that de-emphasizes the process of determining an appropriate 

principle-based structure (Campbell et al., 2002).  Additionally time constraints in the 

traditional laboratory limit iteration on principle-based reasoning.  So engineering 

laboratory projects allow students to engage in observing and collecting data from real 

engineering systems, but are limited in the degree that they ask students to reconcile 

those measurements with foundational principles. 

There have been pedagogical designs that seek a better balance between engaging 

students in applying principles together with interpreting specific conditions. For 

example, Model-Eliciting Activities (MEAs, Lesh et al., 2000) have been introduced to 

engineering courses across levels and disciplines (Hamilton et al., 2008; Zawojewski et 

al., 2008).  MEAs have a number of interesting traits that were specifically assembled to 

engage students in modeling.  These traits include project descriptions grounded in a 

plausible reality, multiple solutions, and access to self-assessment via engineering 

objectives that are built into the problem (Hamilton et al., 2008).  These traits facilitate 

modeling because the open ended nature and the availability of multiple solutions 

compels unique approaches, while the presence of engineering objectives allows for 

students to check and iterate upon their work in a way that resembles realistic engineering 

modelling.   

This work’s context resides within the capstone laboratory environment, which 

engages two Physical Laboratory Projects and one Virtual Laboratory Project that depart 
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from the traditional laboratory structure to varying degrees.  The range of affordances 

each laboratory mode provides has been explored in science and engineering research 

before, but this work seeks to understand the effect those affordances may have on the 

development rich, disciplinary modeling experiences for engineering students.  This 

focus is important because the capstone laboratory environment yields the opportunity to 

engage students in realistic engineering problems.  Grounding those laboratory projects 

with modeling opportunities could produce a more realistic work-like experience.      

2.7 The Physical Mode and its Affordances 

Physical laboratories, also known as traditional laboratories, are common way to 

embed engineering design tasks within the curriculum.  Feisel and Rosa (2005) describe 

engineering as a hands-on profession that emphasizes the manipulation of “materials, 

energy, and information, thereby creating benefit for humankind” (p. 121).  These hands-

on skills were originally passed down through the apprenticeship system where 

apprentices worked on real systems under the tutelage of more experienced engineers.  

That focus on practice was reflected in the curricular experiences in the first engineering 

schools.  As years passed, the focus of the engineering curriculum became more principle 

based, but the engineering laboratory provided hands-on experience with engineering 

equipment, observation of phenomenon, and accurate data collection.  The long history of 

traditional laboratories has yielded many opportunities for their study.  Literature 

involving the study traditional laboratories have been reviewed.  Examples of the studied 

physical environments and some of the commonly cited affordances of the physical mode 

are discussed in this section. 
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Hawkins and Phelps (2013) observed a physical laboratory based on 

electrochemistry.  Chemistry students were required to physically construct a zinc/copper 

sulfate Daniell cell, write applicable reaction equations, perform salt bridge experiments, 

experiment with different metals, and later perform electroplating.  These tasks allow 

students to explore a variety of concepts within electrochemistry.  In the case of the metal 

variation experiments, their experiments were iterative and design-like, as they were 

tasked with finding the experimental setup that yielded the highest voltage cell. 

In another example, a chemical engineering unit operations laboratory course at 

Texas Tech University provides an example of a senior engineering laboratory project.  

This course includes laboratory projects that work with a pilot scale double-pipe heat 

exchanger, packed column ammonia absorber, and a cooling tower.  Emphasis is placed 

on gaining familiarity with each piece of equipment, its operation, and their applicable 

safety considerations. (Weisner & Lan, 2004) 

Studies of the physical mode show that students gain hands-on experience 

observing and measuring phenomenon as they physically manipulate equipment (Chiu et 

al. 2005).  Hands-on engagement is key in learning measurement techniques, laboratory 

safety, and experience gauging tactile feedback (Feisel and Rosa, 2005; Abdulwahed & 

Nagy, 2011).  In these hands-on experiences, unanticipated results are more common and 

require students to carefully assess the complexities of real systems (de Jong, Linn, and 

Zacharia, 2013).  Troubleshooting can unexpectedly become a necessary part of the 

laboratory experience, forcing students to engage more deeply with the equipment at 

hand (Finkelstein et al. 2005). 
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Limited experimentation time and long trials forces students to “consider costs 

and reflect carefully on their ideas before engaging in experimentation.” (Zacharia and de 

Jong, 2014).  Physical laboratories also provide students with experiences that connect 

the knowledge they gain from the classroom to a practical application (Balamuralithara 

and Woods, 2007).   

2.8 The Virtual Mode and its Affordances 

As technology is integrated into classroom instruction, the virtual mode has been 

receiving more attention as an alternative mode to engage students and to provide some 

of the learning outcomes of the physical laboratory.  The virtual mode includes 

simulations, remote laboratories, and virtual laboratories.  Simulations use models which 

allow its user to apply foundational principles, and include programs such as COMSOL, 

MATLAB, and ChemCAD (Dahm et al., 2002).  Remote laboratories, much like physical 

laboratories, allow students to observe and abstract phenomenon through the remote 

operation of real equipment (Ma and Nickerson, 2006).  Virtual laboratories, also termed 

“simulation laboratories,” or “simulation environments,” are the focus of this research 

and are discussed in depth below.   

Simulations and virtual laboratories are distinguished in this work as follows. The 

term virtual laboratory is used to contrast the students’ orientation in the learning activity 

with the more common use of simulation in the post-secondary engineering classroom 

(Dahm et al., 2002). Typically engineering students are orientated to the use of process 

simulation as a tool for analysis of complicated systems and processes as an extension of 

the analytical methods they learn in engineering science courses. In this vein, simulations 

provide a critical tool for practice and just about every engineering program inevitably 
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uses commercial simulations, e.g., ASPEN, HYSIS, or SUPREM, where students are 

asked to predict performance of an artifact or process unit (Lewin et al., 2004). In 

contrast, in a virtual laboratory, like a physical laboratory, students are oriented to 

meaningfully interact with phenomena through simulated experiment. We acknowledge 

that others use the term simulation broadly to also include such a student orientation 

(Honey and Hilton, 2011). In summary, this work refers to engineering simulations as 

tools students and practicing engineers use to apply principles to analysis whereas we use 

virtual laboratory to emphasize facilitated student exploration of the phenomena 

associated with a target system or process. 

The virtual mode can be used as an alternative mode to deliver the corresponding 

physical laboratory by simulating a similar set of activities (Ma & Nickerson, 2006; 

Chesler et al., 2011; Honey & Hilton 2011).  This type of virtual laboratory can be 

termed an analogous virtual laboratory (Nefcy, Harding & Koretsky, 2011).  Texas Tech 

University has developed an analogous virtual laboratory based on a double-pipe heat 

exchanger (Wiesner & Lan, 2004). The LabVIEW based user interface creates a realistic 

replica of the interface on the corresponding physical experiment they use in the unit 

operations laboratory. Students collect temperature measurements and compare heat 

transfer in co-current and counter-current flow geometries.   

Kolloffel and Jong (2013) investigated another analogous virtual laboratory that 

focused on electric circuits as modeled in SimQuest (de Jong et al., 1998; Swaak & de 

Jong, 2001; van Joolingen & de Jong, 2003).  In this analogous virtual laboratory, 

photographic images of the equipment used in the physical mode were used to present 

circuit configurations.  Students were asked to make predictions regarding the outcome of 
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certain circuit configurations before using the virtual equipment to make observations or 

take measurements regarding that particular configuration.   

In contrast to analogous virtual laboratories, the virtual mode affords experiences 

which have no direct analog to the university instruction laboratory.  These are termed 

non-analogous virtual laboratories.  The Ontology Thinking Cap (Day, 2006), for 

example, has been developed to provide medical students experience with designing 

clinical trials of an anticancer drug.  Specifically, the students design a Phase II trial for 

study of the efficacy of the drug Pittamycin in the treatment of Metastatic Breast Cancer.  

Students are able to experience an iterative design process and use the results of previous 

runs to modify their experimental design strategy.  The developers have also added a 

Trial Design Wizard to the simulation to help scaffold the experimental design process by 

identifying important design parameters that need to be specified (Hmelo et al., 1998).  

The scaffolding includes four windows which provide novice users with the typical 

framework for the Phase II design process.  

In another example, Shaffer and co-workers have developed the epistemic game 

Nephrotex which tasks students with designing a kidney dialyzer based on iterative 

experimentation (Chesler et al., 2011).  This project has been delivered to first-year 

engineering students and is also scaffolded, involving ten 45-minute course periods and 

five homework assignments.  This cornerstone project is designed for students as they 

start their studies in engineering and the student teams treat the process as a “black box” 

and are directed towards statistical experimental design, completing two iterative cycles.  

In the first cycle they look at one of the input parameters, and in the second cycle they 

look at all four input parameters.  
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In their investigation of physical and virtual manipulatives, Zacharaia and de Jong 

(2014) investigated a non-analogous simulation laboratory called “The Virtual Labs 

Electricity.”  In this virtual laboratory, students experimented with the effects of circuit 

configuration on the brightness of one or more lightbulbs.  The simulation informed 

students when pieces of equipment were attached to one another, was capable of 

measuring any point on the circuit, and allowed for the visualization of electron flow 

within the circuit they built.   

Recent interest in analogous and non-analogous virtual laboratories has increased 

the number of studies in the field.  These studies have been conducted to investigate the 

cost effectiveness of the mode, and the impact on student learning.  Their findings have 

helped identify some of the affordances of this laboratory mode.   

Experiments performed in the virtual mode are more cost-effective because they 

do not require operators, materials, and cannot break (except in the case of a computer 

failure) (Quellmalz and Pellegrino, 2009; Balamuralithara and Woods, 2007; Feisel and 

Rosa, 2005).  While designing a virtual laboratory environment may be expensive, 

frequent use of it will be cost effective due to the reduction of most other costs.   

The virtual mode allows for the unique visualization and manipulation of 

phenomenon in ways that are not possible in reality.  Light, sound, electromagnetic 

fields, chemical reactions, and energy can all be visualized and manipulated in the virtual 

mode (Feisel and Rosa, 2005; Chiu et al., 2015).  The virtual mode similarly allows 

output of related data (light intensity, energy changes, etc) to be displayed in real time 

(Levy, 2013), if the design calls for that feature. 
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Laboratory experience which are normally too large, dangerous, or expensive can 

instead be represented and made available to students in the virtual mode.  This 

affordance allows instructors to expose students to complex problems not readily 

available in the physical mode (Campbell et al., 2002; Gravier et al., 2008).  

The virtual mode can scale the time at which phenomenon or experiments 

progress, which frequently is used to greatly reduce these times to allow for more 

experimentation within a set laboratory time.  The portability of a virtual laboratory, 

often via any computer with internet access, allows students to access experimental 

equipment at any time of the day (Potkonjak et al., 2016).  This allows data feedback to 

students to be prompt, reducing the focus on the real time experimentation and 

observation process (Zacharia and de Jong, 2014). 

Virtual equipment cannot harm a student operator, so they are allowed the 

freedom of running experiments that are complex or dangerous.  The virtual laboratory 

can display an error when students have entered unrealistic parameters, generated 

impossible results, or simply exceeded some programmed boundary (Campbell et al., 

2002). 

2.9 Comparison of Analogous Physical and Virtual Laboratories 

Analogous virtual laboratories have been studied in an effort to compare and 

assess the learning that occurs in physical and virtual modes.  Weisner & Lan (2004) 

investigated analogous unit operations laboratories in a senior chemical engineering 

course for the purpose of assessing the issue of high equipment cost, safety concerns, and 

limited human resources.  They found that “the use of some virtual experimentation does 
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not adversely affect student learning in both specific unit operations and generic 

engineering skill sets” (p. 203). 

Analogous virtual laboratories have been systematically studied to assess learning 

in the virtual mode and compared it to learning in the physical mode. In this manner, 

research shows equivalent and often greater learning gains in the virtual mode (Wiesner 

& Lan, 2004; Campbell et al., 2002; Finkelstein et al., 2005; Lindsay & Good, 2005; 

Zacharia, 2007; Heradio et al., 2016). 

In their investigation of studies that discuss the effectiveness of physical and 

virtual laboratories, Olympiou and Zacharia (2012) observed inconsistencies in the 

affordances allowed by the physical and virtual laboratories that were compared.  Ma and 

Nickerson (2006) also note in their review of physical, simulated, and remote 

laboratories, that the “different technologies suggest different uses,” such as the 

visualization of temperature.  They add, “This may produce the most effective learning, 

but it makes comparison difficult.” (p. 5).  

Investigations of student learning is straight-forward when comparing analogous 

virtual laboratories to physical laboratories.  Characterization of non-analogous virtual 

laboratories is complex due to their lack of a comparable reference laboratory.  This type 

of research benefits from a viewpoint that instead characterizes each laboratory mode 

through the affordances provided to the participating students.  Affordances and 

constraints for the physical and virtual laboratory were identified in relevant research 

literature through direct identification of those affordances and constraints or through the 

interpretation of the researched laboratory mode. For the purposes of this review, the 



34 
 

 

 
 

affordances ascribed to the virtual mode primarily refer to non-analogous simulation 

laboratories. 

The comparisons that have been performed across the literature on laboratory 

modes in engineering education have nearly all used pre-post testing to assess student 

knowledge.  This work intends to approach the investigation of laboratory mode from a 

new perspective that is focused instead on the models and modeling processes exhibited 

by students.  

2.10 Theoretical Framework 

In this work, a representation of models in engineering is proposed.  In the 

representation, engineering models utilize scientific principles and engineering heuristics 

as a template. Specific conditions, often operationalized through the engineering 

objectives, are used to connect the template to the target system and form the model.  To 

more accurately represent the engineering design process, which can involve complex 

systems, processes, and phenomena, models are reduced to a set of basic methodological 

units called a “model components.” Each model component contains a principle/heuristic 

and a specific condition. Engineering teams use single model components or sets of 

model components as they go about their design work. By identifying the model 

components we can learn about the models teams are using and how they use those 

models to progress in the design. 

Model components can be represented in a variety of forms.  The symbolic form 

uses variables and notation, often in mathematical contexts, to compile information 

without the need for detailed descriptions.  The diagrammatic form uses nonverbal 
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communication, in the form of pictures or graphs, to convey ideas.  The linguistic form 

utilizes verbal or textual means to describe a target system. 

Model components can also serve a number of functions.  Model components can 

predict future states of a target system, explain behaviors of a target system, or 

communicate any of these aspects to collaborators, supervisors, clients, and others.  

Model components always function as a representation of the target system, regardless of 

the form it takes.  In the context of engineering design, model components are used to 

support design decisions made by the engineer.  

Model components are formed through the process of modeling.  This process 

starts with the generation of a new model component or set of model components.  The 

model component(s) is then used to fulfill a useful modeling function.  Through the 

process of evaluation, the team assesses the appropriateness or accuracy of results 

produced through model component use.  This evaluation can lead to reinforcement, 

modification, or rejection of the model component(s). 
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3. Methodology 

This dissertation reports on the development and use of chronological 

diagrammatic representations of student teams’ modeling processes, termed Model Maps. 

There are two types of Model Maps.  First, Model Maps constructed primarily from 

teams’ laboratory notebooks for the physical and virtual laboratory projects are called 

Notebook Model Maps.  Second, Model Maps constructed primarily from recorded 

discussions among team members as they engaged in the Virtual CVD Laboratory Project 

are termed Transcript Model Maps.  This section describes the historical development of 

a protocol which is used to create each type of Model Map. It then details the context 

surrounding the students and laboratory projects studied in this dissertation.  Lastly it 

describes the analysis approach that uses information from the Model Maps to address 

the research questions. 

The fundamental approach to constructing Model Maps builds on the theoretical 

framework discussed previously. The core unit of analysis is a model component, which 

forms the basic block of the teams’ models. In both Notebook and Transcript Model 

Maps, a model component is identified through the intersection of first principles (or 

heuristics) and the specific conditions that represent the phenomena and related 

engineering objectives. Codes for principles and specific conditions were determined 

through an emergent coding process. Models are identified by the types of model 

components a team includes and by how the team relates the components to one another 

and uses them through time. 

Research question 1 is addressed through analysis of the Notebook Model Maps. 

These Model Maps are used to identify and measure differences in the teams’ model 
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components between two physical laboratory projects (Heat Exchange and Ion Exchange) 

and a virtual laboratory project (Chemical Vapor Deposition).  Research question 2 is 

addressed through analysis of a Transcript Model Map.  This part of the dissertation 

provides a case study of how the modeling process of one team progresses through the 

virtual laboratory project.  Analysis is based on what model components are identified 

and how those model components change with time.   

3.1 Historic Development of Model Maps 

The Model Map protocol was developed through two distinct Development 

Cycles.  The two cycles are described below to show the scope of this work and to give 

context to the final protocol that is presented in this dissertation.   

Development Cycle 1 of the Notebook Model Map protocol was developed 

through inductive model component identification and member checking with content 

experts (Seniow, 2010).  The purpose of this protocol was to identify model components 

in student work in the Virtual CVD (Nefcy et al., 2011) and Virtual BioReactor (Seniow 

et al., 2010) Laboratory Projects, and to validate the student laboratory notebooks as 

representative work products (Nefcy et al., 2012).   

Student notebooks were analyzed by an undergraduate researcher for the Virtual 

BioReactor Laboratory Project (Seniow, 2010) and the dissertation author for the Virtual 

CVD Laboratory Project. Information from memoranda, final reports, final presentations, 

and experimental run data was used for triangulation and to confirm, explain, or expand 

upon the notebook content.  Initial drafts of the Model Maps generated by the researchers 

were discussed with two content experts (faculty developers of each virtual laboratory 

project), where each Model Map was analyzed with respect the data sources and modified 
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until consensus was reached.  On occasion, additional meetings were need to continue 

revisions.  This protocol produced 23 Model Maps based on the CVD Virtual Laboratory 

Project and 16 Model Maps based on the Virtual BioReactor Laboratory Project.  

Development Cycle 1.5 involved incremental changes that were made to the 

Model Map protocol (for example, including statistically-based model components).  The 

scope of the protocol’s use was also extended to include the Heat Exchange Laboratory 

Project and the Ion Exchange Laboratory Project from the same analyzed year.  The 

development of Model Maps for the physical laboratory projects followed the same 

member checking and triangulation processes as described in Development Cycle 1.  The 

dissertation author produced Model Maps based on the content of the laboratory 

notebooks, used final reports as triangulation sources, and finally held member checking 

meetings with a content expert (the faculty developer of the physical laboratory projects).  

The results of this extension of the protocol was used to perform preliminary 

comparisons of the physical and virtual modes (Nefcy et al., 2011).  Through these 

additions, a total of 69 Model Maps (23 teams x 3 projects) were developed across the 

CVD Virtual Laboratory Project, the Heat Exchange Laboratory Project, and the Ion 

Exchange Laboratory Project. 

The first Transcript Model Map protocol was developed in Cycle 1.5 and applied 

to two teams for which transcribed audio recordings were available. The Notebook 

Model Map counter parts were compared to the Transcript Model Maps as an additional 

triangulation source for the laboratory notebook.  We concluded that the student 

notebooks appropriately represented the student teams’ solution processes (Nefcy et al., 
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2012).  In these Transcript Model Maps, we also noted a tendency for teams to frequently 

iterate on model components (Nefcy et al., 2013).     

Development Cycle 1 produced promising preliminary results and validated the 

student laboratory notebook as a representative work product; however, there were 

concerns about reliability.  With that in mind, the Development Cycle 2 focused solely on 

a single data source, either laboratory notebooks or discussion transcripts, to develop a 

more precise model component coding protocol.  This process led to closer alignment to 

the theoretical framework and developed a coding structure which produced adequate 

inter-rater reliability.  Several coding iterations between researchers were needed to 

refine the framework and the code categories. The model component coding protocol that 

was produced forms the methodological and analytical focus of this dissertation. 

3.2 Participants and Setting 

Forty-five teams of mostly three students (some teams in pairs) from four years 

participated in the study.  All teams were composed of students in the first term of the 

senior Chemical, Biological, and Environmental Engineering capstone laboratory 

sequence at Oregon State University.  These teams participated in the Heat Exchange and 

Ion Exchange Laboratory Projects.  Student teams were given a choice between two 

virtual laboratories, the Virtual CVD Laboratory Project and the Virtual BioReactor 

Laboratory Project.  This work focuses on the analysis of students who chose the Virtual 

CVD Laboratory Project, as the content suits the technical strengths of the dissertation 

author.  During Year 1 and Year 2 the Virtual CVD Laboratory Project occurred after the 

Heat Exchange Laboratory Project and before the Ion Exchange Laboratory Project.  

During Year 3 and Year 4 the Virtual CVD Laboratory Project occurred last, following 
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the Ion Exchange Laboratory Project.  The laboratory order has been intentionally 

changed to investigate potential effects they may have on one another.  Student teams 

from all four years that selected the Virtual CVD Laboratory project were all made up of 

chemical engineers.  The sample of teams by years, Model Map type, and Development 

Cycle is shown in Table 3.1.  This research was approved by the Institutional Review 

Board and all participants signed informed consent forms regarding the use of their 

completed work products.   

Table 3.1. Participating Teams by Year 
Model Map Cycle Year 1 Year 2 Year 3 Year 4 Total 

Notebook 
(PL & VL) 

Development Cycle 1 14 9   23 
Development Cycle 2  9 2 20 31 

Transcript 
(VL) 

Development Cycle 1  2   2 
Development Cycle 2   1  1 

3.2.1 Heat Exchange Laboratory Project 

The Heat Exchange Laboratory Project positions student teams as engineers 

tasked with recovering energy from waste steam generated by another process.  The 

excess energy is planned to be removed with a double pipe heat exchanger that will be 

designed by the engineering team. To accomplish this task, they need to take 

measurements on a laboratory-scale unit and then use first principles to scale up to a 

design recommendation. The primary deliverables of this laboratory project are the 

design of a double pipe heat exchanger for the recovery of waste energy and an economic 

analysis detailing equipment and operation costs with respect to energy recovery cost 

savings.  

Each student team has a bench scale double pipe heat exchanger available for 

experimentation.  The bench scale apparatus is equipped with a steam source (via a 
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kitchen pressure cooker), a tap water source, a double pipe heat exchanger, four 

thermocouples which are attached at each inlet and outlet of the heat exchanger, a 

rotometer, a pressure gauge, a steam trap, all the necessary tubing (which can configure 

the water stream to be counter-current or co-current with the steam side), and safety 

glasses.   

The first week in this laboratory project is spent forming the teams, which are 

retained throughout the term, and preparing for the next weeks of the Heat Exchange 

Laboratory Project.  These preparations consist of a short introduction to the bench scale 

heat exchange equipment and a safety discussion where teams must identify safety 

equipment and the existing hazards with respect to their laboratory equipment.   

The second week in this laboratory project starts with a short review of the prior 

week's safety discussion and leads into the team's first use of the heat exchange 

equipment.  The heat exchanger startup procedure is followed in order to collect 

temperature and steam condensation data from the double pipe heat exchanger in counter-

current and the co-current pipe configurations.  The student team is then tasked with 

designing their last experimental run, which will be performed during the final data 

collection week.  Each student team is free to include or neglect system factors that they 

feel are more or less important. 

In the final week in this laboratory project, the student teams execute their 

designed experimental run.  Student teams can perform any experiments they wish as 

long as they meet safety requirements and are finished within the allotted time frame.   

The Heat Exchange Laboratory Project gives student teams hands on experience 

with the principles of heat transfer they have engaged earlier in their undergraduate 
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curriculum.  It also serves as a capstone experience that engages student teams as design 

engineers faced with a problem that can be tackled with engineering tools available to 

them.   

3.2.2 Ion Exchange Laboratory Project 

The Ion Exchange Laboratory Project positions student teams as water quality 

engineers treating a small toxic waste stream destined for a groundwater injection well.  

The team is tasked with removing strontium from the waste water stream using ion 

exchange. Their laboratory has provided each team with calcium and a calcium test kit 

with the working assumption that the behavior of calcium is similar enough to strontium 

with respect to ion exchange. They use the experimental data from calcium ion exchange 

to make a design recommendation for strontium ion exchange. The primary deliverables 

of this laboratory project are the evaluation of the calcium test kit's capability, the 

estimation of the ion exchange capacity of the ion exchange resin, the estimation of the 

regeneration capability of the ion exchange resin, and the design of an ion exchange 

column system for the continuous treatment of the toxic waste stream.   

Each student team is supplied with an ion exchange column, a pump, a rotometer, 

a mass balance, a calcium test kit, pH paper, necessary tubing, assorted glassware, safety 

glasses, and nitrile gloves.  This laboratory project also utilizes water, hydrochloric acid, 

calcium carbonate, and sodium chloride.   

The first week in this laboratory project focuses on the calibration of the calcium 

test kit.  Calibration starts with the preparation of 7 to 8 liters of a calcium solution with a 

known concentration.  The calcium test kit works by adding drops of a test solution into 

the calcium solution.  Subsequently, drops of an indicator solution to the calcium solution 
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until a color change is observed.  This test is performed on several dilutions of the 

calcium solution to create a standard curve that will be used for the remainder of the 

laboratory project. 

Following the generation of a standard curve, each student team estimates the 

time it will take to saturate the ion exchange resin when removing calcium form the 

calcium solution.  Estimation can be achieved through a calcium material balance, which 

produces a breakthrough curve that estimates the resin saturation time.  Each student 

team uses the breakthrough curve to create an experimental measurement plan, where a 

maximum of 15 measurements are allowed, which will be implemented in week 2 when 

they perform ion exchange. 

The second week in this laboratory project focuses on removing calcium from the 

calcium solution through ion exchange.  The measurement plan each student team created 

in week 1 is intended to find the breakthrough time (where the ion exchange resin 

becomes saturated) in real time.  Most of the laboratory time is spent preparing the 

laboratory equipment, performing ion exchange, measuring the calcium concentration of 

the output water, and tearing down the laboratory equipment.  With their remaining time, 

the data collected is used to calculate the exchange capacity of the ion exchange resin. 

The final week of this laboratory project is spent regenerating the ion exchange 

resin by passing a salt (NaCl) solution through it.  Each student team must prepare the 

salt solution, estimate the regeneration time, and plan their experimental measurements 

(this week they are allotted 12 measurements).  When the planning is complete, the ion 

exchange equipment is prepared, the salt solution is passed through the ion exchange 

column and the ion exchange resin, the experimental measurements are taken at their 
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planned times, and the ion exchange equipment is torn down.  With their remaining time, 

the regeneration efficiency can be calculated from the data that was collected.   

The Ion Exchange Laboratory Project gives student teams hands on experience 

with the principles of mass transfer and material balance, which they have engaged 

earlier in their undergraduate curriculum, to tackle a problem most of them have not 

faced before.  It also serves as a capstone experience that engages student teams as design 

engineers faced with a problem that can be tackled with engineering tools available to 

them.   

3.2.3 Virtual Chemical Vapor Deposition Laboratory Project 

The Virtual CVD Laboratory Project positions student teams as process engineers 

tasked with the development of a process recipe that consists of optimized input 

parameters for the chemical vapor deposition of silicon nitride – one step in the 

manufacture of a computer chip. This project is necessary because the team's parent 

company is transitioning to larger, 300 millimeter diameter silicon wafers.  The team’s 

use new 300 mm reactors, measurement tools, and feed gasses to make runs and converge 

on a recommended process “recipe.”  Detailed experimental plans and budgets are 

required for each student team to gain access to the fabrication laboratory.  The primary 

deliverables of this laboratory are a written design strategy memorandum, which includes 

the team's budget and experimental plans; an intermediate update memorandum, which 

details their project progress; final oral and written reports; and a production recipe that 

optimally balances silicon nitride film thickness (1000 Angstroms), film uniformity, and 

reactant utilization. 
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Pending positive outcome of their design strategy meeting, each student team is 

provided access to a virtual laboratory that contains chemical vapor deposition (CVD) 

furnaces and ellipsometers.  Each CVD furnace has gas input streams for dichlorosilane 

and ammonia, a corresponding exit stream, five temperature zones controlled with five 

thermocouples, and a 200 wafer capacity wafer boat.  Each CVD furnace also has a 

control panel which allows operators to control input gas flow rate for dichlorosilane and 

ammonia, all five temperature zones, furnace pressure, and reaction time.  The virtual 

laboratory also houses four ellipsometers, which are used to measure the thickness of 

resulting silicon nitride films.  

Students are presented with introductory lectures during the two weeks that 

precede the Virtual CVD Laboratory Project.  Student teams are introduced to transistors 

that make up computer chips, a rough introduction to the production processes, and an 

introduction to the chemical vapor deposition of silicon nitride.  These lectures are also 

used to introduce student teams to the virtual equipment they are using.  The input 

variables, experimental run procedure, measurement procedure, and general navigation of 

the virtual environment are all covered.   

A week-by-week timeline of the expected deliverables are also discussed with the 

student teams, given the presence of mandatory weekly meetings and a final presentation.  

The design budget is emphasized here, as each team must present a sensible 

experimentation plan and budget before gaining access to the virtual laboratory.   

The first week of this laboratory project focuses on the preparation of the team's 

experimental plan and experimental budget.  Each team charged for experimental runs 

and for experimental measurements.  With those costs, the introductory lecture, their 
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prior knowledge, and resources available in the technical literature, student teams 

formulate their experimental plan and experimental budget as they see fit.  Their planning 

efforts culminate in a written design memorandum, which should clearly outline their 

first experimental run, subsequent plan, budget, and reasoning. 

Student teams must then meet with their “supervisor” in a 30 minute design 

strategy meeting.  Within this meeting, their experimental plan and their experimental 

budget are examined and discussed.  If the team's plan and budget are approved, they are 

given a password that yields access to the virtual laboratory and their associated account.  

Some teams may have their experimental plan rejected, which will force the team to 

revise their strategy and attend a second (or third) meeting to gain access to the virtual 

laboratory.   

The second week of this laboratory project focuses on the execution of the student 

team's experimental plan.  Student teams execute experimental runs and experimental 

measurements in a way that follows their plan.  Deviation from the plan, or a 

reformulation of their plan occurs frequently but must be carefully considered, as the 

team must stay within their established budget.  The work that is completed in Week 2 is 

summarized in an update memorandum and is subsequently presented at an update 

meeting with their supervisor.  If it is necessary, teams can renegotiate their budget here, 

but they must provide sufficient reasoning for the decision they have made and for the 

experiments they have yet to run.   

The last week of this laboratory project focuses on completing the experiments 

and measurements necessary for optimizing the virtual chemical vapor deposition 

reactors.  When their work is complete each student team must submit a process recipe, 
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consisting of all nine input parameters, which will be released to high volume 

manufacturing.  In tandem with this work, each team must write a final report and give a 

final presentation detailing their final process recipe and the process they used to arrive at 

their conclusion. The presentation is critiqued by their peers, the supervisor, and other 

course instructors. 

The Virtual Chemical Vapor Deposition Laboratory Project gives student teams 

hands on experience with a wide array of principles they have engaged earlier in their 

undergraduate curriculum to tackle a problem most of them have not faced before.  It also 

serves as a capstone experience that engages student teams as design engineers faced 

with a problem that can be tackled with engineering tools available to them.   

3.2.4 Key Differences in Instructional Design between Laboratory Modes 

 All three laboratory projects situate student teams as working engineers with a 

chemical engineering design problem to solve.  With that overarching similarity in mind, 

there are key differences in the design of these two laboratory modes.  The scope of the 

physical laboratory projects is constrained to processes that can be physically performed 

by student teams within the appropriate laboratory time frame.  In contrast, the virtual 

laboratory sidesteps the operation time constraint by artificially making the operation 

time negligible within the virtual environment.   

 The physical laboratories are designed around directed activities during each 

laboratory project to effectively use the limited laboratory time available to student 

teams.  The virtual laboratory structures the extra laboratory time it has available by 

formalizing some of the steps of the design process.  Student teams are required to 

develop a design memoranda and a design budget to present to their instructor for 
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approval.  This structural feature of the Virtual CVD Laboratory Project leaves control 

over design decision with the student teams, frame the experience realistically via 

meetings they may hold in a future engineering position, and provides opportunities for 

instructor feedback on the teams’ progress.  

3.3 Data Sources 

Model component coding protocols were developed through two distinct 

Development Cycles as described above.  Data sources played different roles in the two 

Development Cycles, and are presented in Table 3.2.  Development Cycle 1 analyzed 

laboratory notebooks alongside other work products, such as the memoranda reports and 

the final reports, for triangulation.  Development Cycle 2 utilized laboratory notebooks 

and discussion transcripts to produce the coding protocol and the analysis presented in 

this dissertation. 

Table 3.2. Data Sources by Laboratory of Origin 

Model Map Cycle Laboratory 
Notebooks 

Other 
Work 

Products 

Experimental 
Run Data 

Transcribed 
Audio Files 

Notebook 

Development 
Cycle 1 PL & VL PL & VL VL  

Development 
Cycle 2 PL & VL  VL  

Transcript 

Development 
Cycle 1 VL VL VL VL 

Development 
Cycle 2   VL VL 

 

Consenting teams provided their laboratory notebook.  The note taking process is 

emphasized in the student’s introductory lecture, and is framed as a part of engineering 

practice.  The content that fills student laboratory notebooks is not spelled out by the 

instructor, but generally includes relevant input variables, measurement data, researched 
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information, data analysis, and design strategy notes.  The laboratory notebooks are 

evaluated and are worth a small portion of the student team’s project grade. 

Student team’s laboratory notebooks have been checked against their other work 

products (listed below) and audio transcripts during Model Map Development Cycle 1 

and 1.5.  The work done in these development cycles showed that the student laboratory 

notebooks are considered reasonable representations of their work throughout the three 

Laboratory Projects.  In this dissertation, student notebook data from Year 2, Year 3, and 

Year 4 are used to develop Notebook Model Maps, which are analyzed to answer 

research question 1.   

Consenting teams also allow all other work products to be collected.  These work 

products include all final reports, which are written individually in the physical 

laboratory projects and as a team in the virtual laboratory project; all memoranda, which 

are used in the two Virtual CVD instructor consultation meetings; and final presentations, 

which are given at the end of the Virtual CVD Laboratory Project.  In the virtual 

laboratory project, experimental run data is automatically saved when students run the 

virtual equipment.  This experimental run data includes all nine input variables, the time 

of the experiment, measurement data, and the time when measurements were taken.  

Student work products and experimental run data were also used in Development Cycle 1 

and 1.5 for source triangulation and as validation of the student notebook data.  These 

data sources were not used to develop the Notebook Model Maps presented in this 

dissertation.  

Separate student teams were approached for audio recording.  Teams were formed 

at the start of the course and remained the same for all three laboratory projects.  Teams 
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that opted out of that first part of this research were not considered for audio recording.  

The remaining teams were sorted with respect to the alignment of researcher and team 

schedules.  Finally, we considered a team’s perceived willingness to participate both in 

informing the researcher of all team meetings as well as verbalizing thoughts during 

meetings.  The informal assessment of perceived willingness to participate was necessary 

because the time window for obtaining consent, the time between first virtual laboratory 

lecture and first team meeting, was small. 

Even with these constraints, teams across classroom performance levels were 

approached for laboratory discussion recording.  The team reported in this dissertation is 

from Year 2.  We chose this team since each member had lower than average 

performance through their studies, but the team was highly engaged and performed well 

on the Virtual CVD Laboratory Project.  This analysis decision allows for a conservative 

look at the model components produced by a student team in the VCVD Laboratory 

Project.  In this dissertation, transcript data from this Year 2 team is used to develop a 

Transcript Model Map, which is analyzed to answer research question 2.   

3.4 Data Coding Process 

The coding process for analyzing team notebooks and team audio transcripts 

starts with discretization, the process of creating consistent code-ready segments from the 

raw notebook or transcript data.  Discretization processes are detailed for symbolic, 

linguistic, and diagrammatic notebook segments; as well as spoken turns in the audio 

transcript.  These segments are then coded to identify model components and 

experimental runs.  Each code category is coded in a separate pass so that the subcodes 

that each category contains can be carefully considered.  The connections that may be 
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present between the model components and experimental runs are assessed last, as the 

aforementioned coded items are required to identify these connections.   

3.4.1 Discretization 

In qualitative research, “turns” are spoken lines which are divided for the purpose 

of analysis.  The purpose here is similar: the student team’s notebooks are discretized in a 

consistent fashion to facilitate coding.  For the purposes of this work, code-ready 

fragments of student artifacts are called “segments.”  The process for parsing linguistic, 

diagrammatic, symbolic, and miscellaneous notes into coding segments is described 

below. 

Linguistic segments, see in Figure 3.1, are expressed in written words.  Parsing 

notebook text into segments primarily involves separating sentences.  When full 

sentences are not written, the list below identifies a parsing hierarchy for separating 

words into segments.  If a word is part of a title or axis title for a graph or table, it is not 

coded as a linguistic segment; it is part of a diagrammatic segment.   

• Full Sentences – Whenever full sentences are present, they are each parsed as an 

individual segment. 

• Fragments – Statements which have an identifiable topic, but lack full sentence 

structure, are each parsed as individual segment. 

• Lines/Lists – Words, list items, or short phrases separated by a line are each 

parsed as an individual segment. 

• Stray Words – When all of the above options do not fit, stray words are parsed as 

individual segments. 



52 
 

 

 
 

 

Figure 3.1. Linguistic segments in a team notebook 

Symbolic segments, seen in Figure 3.2, utilize mathematical symbols and 

operations.  These symbols represent compiled information that is understood through 

students’ prior undergraduate experiences with the discipline. 

  Though mathematical operation doesn’t have a parsing structure as clear as a 

sentence, mathematical operations are often written in lines.  With the identification of 

mathematical lines in mind, the list below outlines a parsing hierarchy for separating 

symbols into segments: 

• Mathematical Lines – Mathematical lines, an equation or symbol being set equal 

to a resultant equation, number, or symbol; are each parsed as individual 

segments. 

• Stand-Alone Equations – An equation stated without any neighboring operations 

is parsed as an individual segment. 
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• Variable Quantification – A symbol set to a value, often to be used in a 

neighboring equation or as an input variable, is parsed as an individual segment.  

 

Figure 3.2. Symbolic segments in a team notebook 

Diagrammatic segments, seen in Figure 3.3, make use of pictures, tables, or 

graphs to convey or record information.  Each image is coded as an individual segment.  

Any title words, axis title words, legend words, or words contained within the 

table/graph/picture, are all grouped with the image to make a single segment.  If the 

student team make extra comments, often with an arrow pointing to some part of the 

diagram, that comment is counted as a linguistic segment separate from the diagram 

itself.   

 

Figure 3.3. A Diagrammatic segment in a team notebook 
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Miscellaneous segments are pieces of information not related to modeling 

activities, but are coded consistently for the purposes of inter-rater reliability.  An 

example of this type of turn is presented in Figure 3.4.  In particular, grouping notes that 

will not be coded with respect to any modeling effort reduces the chances that appropriate 

inter-rater reliability will be reached solely due to high agreement on non-modeling 

related codes.  The list of miscellaneous segments is below: 

• Title and Dates – Some student teams choose to add a title and date to each note 

taking session.  The title and date are grouped and parsed as an individual 

segment. 

• Student Signatures – Some student teams choose to sign their notebooks at 

various intervals.  Their signatures are grouped and parsed as an individual 

segment. 

• Crossed out Work – Student teams will often write a note or series of notes that 

are subsequently crossed out.  Work is often crossed out because of a correction 

or because the student team deems that prior work to be incorrect or not useful.  

These lines are still coded because it represents an intermediate iteration on a 

model or models that team considered.   

 

Figure 3.4. A title segment in a team notebook 

Discretization of the audio transcript utilizes the spoken turn as the unit of 

analysis.  A spoken turn is as an unbroken string of words spoken by one person (Miles 
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and Huberman, 1994).  Turns may be multiple sentences or statements long.  The spoken 

turn is over when a substantial pause is taken or when another person starts speaking.   

The discretization protocol for the laboratory notebooks was discussed between 

two researchers, and agreement was reached.  A short agreement check on a fraction of a 

student notebook yielded perfect results, so the remaining laboratory notebooks were 

discretized by a single researcher.  

3.4.2 Identification of Model Components 

Model components are identified through the intersection of smaller coding units 

termed model elements.  There are two groups of model element codes: structure 

elements, principles or qualitative statements which aptly provide the model component’s 

structure; and specific condition elements, pieces of information which connect the 

structure element to the model component’s target.   

Model component coding occurs in three steps.  First, discretized segments of 

laboratory notebooks (or turns of the audio transcript) are coded for structure elements.  

Second, the same segments are coded for specific condition elements.  Finally, instances 

of overlap between these two codes are identified as model components and named 

appropriately.  This section will describe the details regarding the coding of structure 

elements and specific condition elements while bearing in mind that these coding  

practices are used to identify model elements in both the laboratory notebooks and 

the audio transcripts.   

Structure elements are the backbone of the model component.  These elements 

generally contain the primary relationship that an engineer uses to describe, predict, or  
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aid in the design of a target system.  

Structure elements are separated into two 

categories, principle and qualitative.   

Principles are defined in this work as 

a generalized, abstract description of the 

material world.  The engineering curriculum 

teaches these principles within a structure 

that is useful for categorizing the principles 

that are present in the team’s laboratory 

notebooks and audio transcripts.  The 

principle codes are sorted into major 

categories which each contain sub-codes, 

which are displayed in Table 3.3. 

Principles are identified in laboratory 

notebook segments and audio turns by using 

names, symbolic expressions, or qualitative 

statements as identifying features.  Principle 

names can be expressed in writing or speech, 

such as writing “ideal gas law.”  

Characteristic expressions can also be used in 

writing, such as the expression “PV = nRT” 

used to express the ideal gas law.  Qualitative 

expressions can also describe principles, though this identifying feature is scrutinized at 

Table 3.3 - Principle Codes and Sub-Codes 
Chemistry Stoichiometric Balance 
Ideal Gas 
Law 

Ideal Gas Law 
Concentration 

Heat 
Transfer 

Conduction 
Convection 
General 
Insulation 

Mass 
Transfer 

Diffusion 
Diffusion Limited 
Knudsen Diffusion 
Mean Free Path 

Material 
Balance 

Depletion 
Flow Rate 
General 
Pressure 
Utilization 
Wafers 
Zones 
Breakthrough Time 
Resin Capacity 
Regeneration Efficiency 

Reaction 
Kinetics 

Activation Energy 
Arrhenius Expression 
Arrhenius Graph 
Batch Reactor 
First Order 
Higher Order 
Plug Flow Reactor 
Rate Constant 
Reaction Limited 
Reaction Rate 

Statistics 

ANOVA 
DOE 
Ellipsometer Variation 
Inter-Ellipsometer 
Variation 
Inter-Reactor Variation 
Process Variation 
Sum of Squares Error 
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the highest detail to distinguish a poorly worded principle statement from a qualitative 

statement that aims to identify a simpler relationship.   

Qualitative statements reflect the flexible nature of engineering modeling.  

Engineers may utilize heuristic methods, frequently expressed with qualitative 

statements, to target an approximate solution which can be assessed through experimental 

results.  The qualitative nature of the engineering heuristic presents a challenge.  

Qualitative statements, such as “temperature is related to thickness” may represent 

heuristic reasoning (where that statement may be derived from an observation), or it may 

represent a qualitative distillation of a principle relationship (in this case, that statement 

may be derived from knowledge of the reaction kinetics and Arrhenius principles).  This 

ambiguity makes the identification of engineering heuristics difficult, and out of the 

scope of this dissertation.  

Due to the flexibility of linguistic descriptions, where many statements could 

describe the same idea, the number of qualitative structure elements are uncountable and 

makes a complete categorization of these statements untenable. Instead, qualitative 

structure elements are generally identified in laboratory notebook segments and audio 

turns as non-principle relationships that form a connection between two specific 

condition elements (described in the next paragraph).  An example for the Heat Exchange 

Laboratory Project might be a qualitative statement that reads “as pressure increases, 

temperature increases.”  This statement connects two input variables, pressure and 

temperature, to form a positive relationship.  The formation of these relationships can be 

based on observation, measurement data, intuition, or foundational understanding.   
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Specific condition elements are pieces of information based on the qualities of the 

target engineering system.  These pieces of information are used to connect the structure 

elements to that target system.  A summary of the specific condition elements, and their 

relevant laboratory-specific sub-codes, can be found in Table 3.4.   

Input variables are the system properties that student teams can control when 

performing an experiment.  In a student team’s work, input variables can be coded when 

they are being identified, the input variables for an experiment are recorded, or when 

input variables are connected to a principle or qualitative statement through modeling. 

Coded input variables are words or symbols which also indicate a relationship to their 

parent system.  The principle of ideal gas provides a useful example.  In its most common 

form, the ideal gas law is stated as: 

 

PV = nRT        (1) 

 

In the VCVD Laboratory Project, “P” and “T” might stand for system pressure 

and system temperature, respectively, but the formulation shown in Equation 1 makes no 

indication to the specific system so it would not be coded as an input variable.  

Alternatively, the formulation  

 

PDCSV = nDCSRTZone1 
      (2) 

 

indicates three relationships to the parent system where “TZone1” is a zone-specific 

temperature, and “PDCS” and  “nDCS” refer to the limiting feed gas. Equation 2, as shown 
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above, would be coded as an ideal gas model component, with P, n, and T representing 

specific conditions.   

In the VCVD Laboratory Project input variables include temperature (five zones), 

flow rate (DCS & NH3), reaction time, pressure, and measurement locations.  Input 

variables in the Heat Exchange Laboratory Project include flow rate and flow direction.  

In the Ion Exchange Laboratory Project the input variables include flow rate and 

measurement time. 

Engineering objectives are the stated goals of the design task.  Engineering 

objectives behave as specific conditions because they externally modify working range of 

a phenomenon. Engineering objectives are coded in student team’s work when those 

objectives are being defined, being used to evaluate model components, and being used 

to evaluate competing objectives.  Coded engineering objectives are phrases which 

describe the objectives, represent the objectives symbolically, or depict the objectives 

diagrammatically.   

Engineering objectives in the Virtual CVD Laboratory Project these include film 

thickness, film uniformity, reactant utilization, reaction time, and design budget.  In the 

Heat Exchange Laboratory Project engineering objectives includes safety evaluation, 

optimized energy recovery, and cost savings assessment.  In the Ion Exchange Laboratory 

Project engineering objectives includes measurement kit evaluation, exchange resin 

characterization, and an ion exchange system design. 

 

 

 



60 
 

 

 
 

Table 3.4. Specific Condition Codes 
 Heat Exchange Ion Exchange Virtual CVD 

Input 
Variable 

Flow Rate 
Flow Direction 
Measurement Frequency 

Flow Rate 
Measurement Frequency 

Temperature 
Flow Rate 
Pressure 
Reaction Time 
Measurement Location 

Engineering 
Objective 

Safety 
Energy Recovery 
Cost Savings 
Scale Up System Design 

Safety 
Test Kit Calibration 
Exchange Resin 
Characterization 
Scale Up System Design 

Film Thickness 
Film Uniformity 
Reactant Utilization 
Short Reaction Time 
Design Budget 

Physical 
System 

Pressure Cooker 
Water/Steam Lines 
Heat Exchanger 
Thermocouples 
ETC 

Calcium Test Kit 
Ion Exchanger 
Rotometer 
Ion Exchange Resin 
ETC 

Reactor Parts 
Wafers 
Control Panel 
Reactant/Product Properties 
ETC 

Data 
Water/Steam Temperature 
Water/Steam Flow Rate 
Pressure 

Calcium Concentration 
Flow Rate 
Measurement Time 

Thickness Measurements 
Measurement Locations 
Total Expenses 

 

Physical system references encompass the parts that make up the laboratory 

system.  Physical system codes may appear in student team’s work as system diagrams or 

descriptions of individual parts.  Those descriptions may be linguistic descriptions, 

numerical values obtained from laboratory resources, or diagrams which represent the 

team’s observation of the laboratory system.   

Physical system references for the Virtual CVD Laboratory Project include, but 

are not limited to, references to the reactor walls, the intended flow direction in the 

reactor, the wafer boat, the control panel, the location of the temperature zones, or the 

chemical properties of the reactants or products.  In the Heat Exchange Laboratory 

Project physical system references include, but are not limited to, references to the 

pressure cooker, the water/steam lines, the heat exchanger, the thermocouples, or the 

steam trap.  In the Ion Exchange Laboratory Project physical system references include, 
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but are not limited to, the calcium test kit, the ion exchange unit, connecting pipes, or the 

ion exchange resin. 

Data is a specific condition which refers to any numerical value achieved through 

the experimental measurements executed by student teams.  Data may be coded in 

student team’s work as tables or lists of values, graphs, or experimental observations. 

In the Virtual CVD Laboratory Project “data” includes thickness measurements, 

measurement locations, run numbers, and current total spending.  In the Heat Exchange 

Laboratory Project “data” includes condensate volume, measurement time, temperature, 

pressure, and steam flow rate.  In the Ion Exchange Laboratory Project “data” includes 

calcium concentration, flow rate, and measurement time.   

3.4.3 Identification and Characterization of Experimental Runs in Notebook Data 

Student teams execute experimental runs as part of each laboratory project.  The 

location of each experimental run is identified within laboratory notebook segments 

dedicated to listing each input variable for a particular experimental run.  Identified 

experimental runs are relatively uninteresting in isolation, so we developed a system to 

categorize and label experimental runs with respect to influential model components.   

An experimental run category is generally applied in two steps.  First, a model 

component recommends input variable changes.  Second, those changes clearly direct the 

next experimental run.  The experimental run categories are distinguished through 

distinctly different types of model component engagement, which are all described 

below. 

Principle model directed runs are defined as experiments where the values for the 

input variable are determined through a set of principle-based model components.  
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Principle model directed runs are identified through the following criteria.  First, the 

principle-based model component must be used as intended to determine an input 

variable. For instance, a rate expression can be arranged to calculate input temperatures.  

Second, there must be evidence of that determined input variable in the next experimental 

run.  In the prior rate expression example, temperature zone predictions may be an 

outcome of the rate related model.  If the team determines that the first temperature zone 

must be 678 °C, identifying this value for the first temperature zone in their next run is 

evidence of a principle model directed run.   

Empirical model directed runs are defined as experiments where the values for the 

input variable are numerically quantified through means that do not involve principle-

based model components.  The model components which direct these runs may be data-

driven trends (a linear estimation between an input variable and an engineering 

objective), or principle-like estimations (relating part of the Arrhenius expression directly 

to growth rate) used to determine input variables.  Similar to principle model directed 

runs, the model component must be used to determine an input variable before the 

corresponding experimental run.   

Qualitatively directed runs are the result of model components that contain 

qualitative structure elements.  When a qualitative relationship is described (e.g. 

temperature increases, thickness increases), that relationship can be used to guide future 

runs.  An experimental run is considered qualitatively directed when a future run’s input 

variables correspond to a qualitative model component that appears just before it.  In the 

example above, one should observe a change in temperature between the runs that occur 

before and after the temperature-related model component.  The observed input variable 
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change must also make sense with respect to that model component.  If a team identifies 

the above temperature relationship, but reduces the temperature of a low-thickness 

temperature zone (essentially the reverse of the stated relationship), the model component 

is not considered to be related to this run.  When a qualitative and a principle based 

model component both appear to determine an input variable before a run, the principle 

based model component (resulting in a principle model directed run) takes priority 

because it is more exact.   

Statistically directed runs are utilized to characterize measurement variation or 

system variation.  These types of variation can be characterized in both the physical 

laboratories and the virtual laboratory.  Runs which are dedicated duplicates, or have 

intentional measurement strategies to facilitate this analysis are marked as statistically 

directed.  As is the case with parameter defining runs, the intent to guide a run must be 

stated before that run occurs to be considered statistically directed.  While utilizing past 

data is a legitimate way to characterize a system, this run marker is meant to indicate 

specific, planned intent for this run.  Design of experiments is a unique exception where a 

single model component can guide multiple runs at once.   

Parameter defining runs are specifically constructed to provide unknown 

parametric values for a model component.  For instance, the Arrhenius equation requires 

the activation energy to be appropriately utilized in the Virtual CVD Laboratory Project.  

Student teams can obtain that value through the careful use of future experimental runs.  

To be clear, an experimental run is counted as parameter defining if and only if the intent 

to define a parameter with an experimental run is expressed before that run(s).  This order 

of events provides a distinction between the use of past data to find a model parameter, 
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which can be just as legitimate, and experimental runs which are formulated for the 

express purpose of finding a model parameter.   

If an experimental run cannot be connected to a model component through the 

other categories above, it is labeled as unrelated to modeling.   

3.4.4 Experimental Run Coding Details 

Experimental runs carry a number of coding details that must also be addressed.  

To start, experimental run numbers in the Virtual CVD Laboratory Project are displayed 

in a way that describes their efforts to characterize multiple reactors (2 reactors in the 

Year 2, 4 in Year 3 and Year 4).  To clearly identify these runs a number and letter are 

presented above each experimental run marker to indicate the run and reactor that is 

present.  Runs are marked with numbers (1, 2, 3) and reactors are marked with letters (A, 

B, C).  When student teams perform experiments in the physical laboratories, discrete 

“experimental runs” are not generally recorded in their notebooks.  Through the 

identification of data tables and other related data recording methods, the placement of a 

particular laboratory session’s efforts can be pinpointed and placed chronologically 

amongst model components.  These laboratory run markers are identified and labeled to 

reflect the laboratory session they occur in (Lab 1, Lab 2, and Lab 3). 

Experimental runs are identified in transcript data through verbal evidence which 

reflect the team’s experimental efforts.  Verbal evidence for experimental runs can 

include, but is not limited to, turns which confirm input variables (both reactor input 

variables and measurement location variables), turns which refer to the process of typing 

input variables, and turns which explicitly state the team’s initiation of an experimental 

run.  Experimental run characteristics (i.e. principle model directed run) are assessed 
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through a qualitative review of model components with respect to experimental runs.  

Clear numerical results can indicate a link between a model component and an 

experimental run (i.e. finding a flow rate of 100 sccm and later finding that number in an 

experimental run turn).  In the absence of clear numerical results, qualitative statements 

are considered (i.e. a qualitative model component relates temperature to thickness, and 

the team raises temperature as a result).   

3.4.5 Coding Reliability 

Inter-rater reliability was assessed by parsing the student team notebooks as 

described in the coding protocol, coding a student team notebook individually, and 

comparing the coded segments via Cohen’s Kappa. Seven coding iterations occurred over 

seven different student team notebooks.  The first three coding passes were assessed on 

partial scans of student notebooks, and the last four coding passes were assessed on full 

notebook scans to reach satisfactory inter-rater reliability for overall coding categories 

(principle, qualitative, specific condition, none), principle/qualitative elements (reaction 

kinetics, heat transfer, statistical, etc.), and specific condition elements (input variables, 

engineering objectives, etc.).  These results are presented in Table 3.5. 

Table 3.5. Inter-rater Reliability for Model Element Coding (Cohen’s Kappa) 
Overall Categories 0.76 

Principle/Qualitative Elements 0.8 
Specific Condition Elements 0.8 

Experimental Runs 0.83 

3.4.6 Coding Strategy Limitations 

As a concept, “modeling” is very broad.  In the effort to validly and reliably code 

student team artifacts, a more specified notion of modeling had to be formed for this 

work.  Focusing on the intersection of principles and specific conditions left some student 
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team’s notes, which could be considered model components by more broad definitions, 

left out.   

All process flow diagrams do not fit this definition of a model component.  While 

it is a representation of a system that is likely used to explain or communicate 

information about the student team’s project, it does not generally convey a principle or 

qualitative structure.   

Principle statements that occur in one segment are often not coded as model 

components, as the student teams do not engage that principle thoroughly enough to 

connect it to a specific condition.  This multiple segment requirement focuses the analysis 

toward modelling ideas that are more deeply engaged by the student teams in their 

progress toward optimal input variables.   

3.4.7 Data Coding Protocol 

Student team’s notebooks are discretized using the process outlined above and 

coded thematically using the process outlined below.  Thematic coding requires the coder 

to look at individual segments alongside the general context surrounding that segment to 

identify the beginning and end of a theme.  Some codes may manifest as pages of work 

dedicated to a particular modeling effort (for example, a material balance), while some 

codes may be a line in length (a reference to the wafers in the reactor, a specific 

condition).   

A. Discretize the Data.  Create data segments to prepare for model element coding.  

An example of segment discretization is presented in Figure 3.5. 

i. Linguistic segments consist of sentences, fragments, lists items, and stray 

words. 
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ii. Symbolic segments consist of mathematical “lines”, stand-alone 

equations, and variable definitions. 

iii. Diagrammatic segments consist of image or graphs and any text/symbols 

that are directly related (titles, axis labels, etc). 

 

Figure 3.5. Discretization of symbolic lines 

B. Parse Principle and Qualitative Segments.  Read the student team’s notebook and 

circle/bracket/mark thematic segments that relate to a principle or qualitative 

statement.  Refer to the principle sub-codes above.  An example of principle and 

qualitative segment parsing is presented in Figure 3.6. 

i. Mark these identified principles with the appropriate principle sub-code 

name.  (Example: Coding a discussion regarding reaction kinetics as 

“Reaction Kinetics”) 

ii. If a more specific name is necessary, list it alongside the principle sub-

code name.  (Example: A “Reaction Kinetics” sub-code may, more 

specifically, be referring to “the Arrhenius Principle”) 
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iii. Qualitative statement names refer to the relationship described.  Often 

these names take the form of an expression such as “Temperature 

increases, reaction rate increases.” 

 

Figure 3.6. Identification of principle or qualitative segments. In the figure, the blue segments are 

related to the ideal gas principle.  

C. Parse Specific Condition Segments. Read the student team’s notebook and 

circle/bracket/mark thematic segments that relate to specific conditions.    Refer to 

the specific condition sub-codes above.  An example of specific condition parsing 

is presented in Figure 3.7. 

i. Mark these identified specific condition statements with the appropriate 

specific condition sub-code name.  (Example: A table with results from an 

experiment would be coded “Data”) 

ii. If a more specific name is necessary, list it alongside the specific condition 

sub-code name. (Example: An “Input Variable” found in a student team’s 

work may more specifically be coded as “Temperature”) 
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Figure 3.7. Identification of specific condition segments. In the figure, red segments refer to specific 

conditions.  The first segment is a chemical property, the second references the physical 

system (wafer size), and the third refers to a calculated input variable.  

D. Check for Intersecting Codes.  When a specific condition element code and a 

structural element code intersect, these intersecting codes becomes a model 

component.  A group of segments coded uniformly are considered a thematic unit.  

If that unit is a structural element and a particular segment within that unit is a 

specific condition element, that entire thematic unit is considered a model 

component.  An example of code intersection, which builds on the prior figures, is 

presented in Figure 3.8.   
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Figure 3.8. Identification of intersecting codes.  In the figure, purple segments are coded as both 

principle and specific condition.  This model component would be named “ideal gas law.” 

E. Name the Model Component. 

i. If the model component is based on a named principle, use the name of the 

principle. 

ii. If the model component is based on a qualitative statement, describe that 

qualitative relationship.  Example: Temperature increases, growth rate 

decreases.  Temperature is the specific condition, and the relationship is 

coded as a qualitative statement. 
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 3.5 Model Maps 

Model Maps are graphical 

representations of student team modeling 

throughout their progress in any 

Laboratory Project.  In Model Maps, 

model components are ordered 

chronologically alongside experimental 

runs and memoranda meetings.  The 

graphical elements of a Model Map and 

their meaning with respect to student 

models and student modeling are 

described below and displayed in Figure 

3.9.  

 

 

Figure 3.9. Model Map key 

Model component forms are expressed through the shape that surrounds the model 

component.  Symbolic model components, which are primarily made up of mathematical 

numbers, letters, and operators, are placed inside of squares.  Linguistic model 

components, which are verbal or linguistic descriptions, are placed inside of circles.  

Diagrammatic model components, which utilize descriptive images or graphs, are placed 

inside of hexagons. 

Symbolic
Model Component

Linguistic/Textual
Model Component

Diagrammatic
Model Component

Principle Model Directed

Empirical Model Directed

Statistically Directed

Qualitatively Directed

Not Related to Modeling

Parameter Defining

Model Components

Experimental Runs
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A model component foot note is a number or letter that appears just below it to 

indicate a relationship to an experimental run.  In the Physical Laboratory Project Model 

Maps, this will take the form of laboratory numbers such as “lab 1,” “lab 2,” or “lab 3.”  

Model component footnotes in the Virtual CVD Laboratory Project describe 

experimental run numbers, which refer to individual furnaces in number/letter 

combinations such as “1A” for the first run on furnace A, or “5C” for the fifth run on 

furnace C.  The letters “D” or “U” can also appear as a model component footnote to 

indicate the influence of the design memoranda meeting (D) or the update memoranda 

meeting (U).   

Evidence from a team’s memoranda meeting appears in student teams’ notebooks.  

This evidence is often labeled clearly (“Meeting with Coach”) and can contain a series of 

statements that either end at the end of a page or with a line break drawn by the student 

team.  The phrase “Design Meeting” and “Update Meeting” are used in the Model Map 

alongside an arrow connecting it to the project timeline to indicate when these meetings 

occur. 

Experimental runs are indicated by run markers, a solid black shape, on the center 

line with a corresponding run number.  Principle model directed runs are solid black 

squares, empirically directed runs are diamonds, parameter defining runs are pentagons, 

qualitatively directed runs are circles, statistically directed runs are triangles, and 

unrelated runs are rectangles. 

Direct connections between model components can become apparent in student 

team notebooks.  When this connection is present, the model components are shown to be 

connected to each other directly in the Model Map.  An example of this type of 
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connection, the connection between the material balance and the ideal gas law, is 

displayed in Figure 3.10. The ideal gas law is frequently used to transform the result of 

the material balance into a process flow rate.  In this case, the material balance is 

connected to the project timeline, but the ideal gas law is connected directly to the 

material balance.   

 

Figure 3.10. The visual difference between connected model components (left) and separate model 
components (right). 

The model components parsed in student team notebooks using the data coding 

protocol are transformed using this Model Map generation protocol.  This protocol details 

the conversion of model components to graphical representations, ordering those model 

components, connecting those model components to runs, and placing the memoranda 

meetings.  When placing items in order, it is recommended that all the items are placed 

before the Model Map is generated.   

A. Order the Model Components Chronologically 

i. All model components are ordered chronologically when put in the Model 

Map 

ii. Connected model components are also listed by appearance, with each 

connected model component appearing after its “parent” model 

Project 
Introduction

Material Balance: 
Flow Rate Ideal Gas

Project 
Introduction

Material Balance: 
Flow Rate Ideal Gas

Connected Model Components Separate Model Components
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component. (Example: first order reaction rate calculations which contain 

a material balance.  The reaction rate model component would be listed 

first and the material balance would be listed second.) 

B. Add Experimental Runs to the Chronology 

i. All experimental runs are added to the Model Map chronology. 

C. Identify Links Between Experimental Runs and Model Components 

i. All experimental runs are categorized with respect to their relationship to 

model components. 

ii. Principle Model Directed Runs are used when a principle-based model 

component determines the value of one or more input variables for an 

experimental run through the use of fundamental principles.  The intent to 

make a change based on a symbolic model component must appear before 

the experimental run. 

iii. Empirical Model Directed Runs are used when a quantitative model 

component, which is not principle-based, determines the value of one or 

more input variables for an experimental run.  The intent to make a change 

based on a symbolic model component must appear before the 

experimental run.   

iv. Qualitatively Directed Runs are used to evaluate qualitative model 

components.  The intent to make a change based on a qualitative model 

component must appear before the experimental run. 

v. Statistically Directed Runs are used to further a team’s understanding of 

variance or statistical correlation in the Laboratory Project.  The intent to 
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make a change based on a statistical model component must appear before 

the experimental run. 

vi. Parameter Defining Runs are used to define model parameters which 

appear in the model components student teams engage (for instance, 

tailoring runs to find the activation energy in the VCVD Laboratory 

Project).  The intent to tailor runs toward finding model parameters must 

appear before the experimental run. 

vii. Unrelated Runs are experimental runs which do not appear to fit any of the 

aforementioned categories. 

D. Add Memoranda Meetings to the Chronology 

i. All memoranda meetings are added to the Model Map chronology. 

Table 3.6. Sample Chronology of Model Map Items 
Item Type Item Name Identified Link 
Diagrammatic Model Component Diffusion N/A 
Symbolic Model Component Material Balance: Zones Run 2A, Run 3A 
Meeting Design Meeting N/A 
Diagrammatic Model Component Diffusion Design Meeting 
Symbolic Model Component Ideal Gas Design Meeting 
Unrelated Run Run 1A N/A 
Qualitative Model Component Diffusion Limited at T > 765 °C N/A 
Symbolic Model Component Ideal Gas Run 2A 
Principle Model Directed Run Run 2A N/A 

 

E. Identify Links Between Memoranda Meetings and Model Components 

i. Modeling efforts which are initiated in memoranda meetings are marked 

as a model component footnote.  A “D” indicates the model component’s 

relationship to the Design Memoranda Meeting, and a “U” indicates the 

model component’s relationship to the Update Memoranda Meeting. 
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ii. A link to a memoranda meeting is most commonly identified through the 

student team’s notes regarding that meeting.  Student teams commonly 

make remarks about the topics discussed.  If those remarks match 

modeling efforts taken immediately after the meeting, the meeting and that 

model component are considered to be linked. 

F. Convert Chronology Items to Graphical Items 

i. Use the Model Map key to determine the shape each item should take.   

G. Add Project Start, Center Line, and Project End Markers 

i. Project start and end markers function as described.  The center line 

functions as the chronological progression in this project.  The center line 

starts pointing right and serpentines downward then leftward as necessary.   

H. Place Chronology Items Along Center Line 

i. Items are placed aside the center line, with arrows pointing into the center 

line to indicate its position.   

ii. Connected model components are connected to each other, and to the 

center line once.  See Figure 2.   

iii. Items alternate above the center line, below the center line, and so on.  

This positioning method is only used to effectively use space in the Model 

Map, and does not imply any properties (such as rank) to those items.  The 

alternating scheme can be adjusted to make room for connected model 

components.  

iv. Add all model component footnotes. 



77 
 

 

 
 

i. These include linked experimental run numbers and memoranda 

meeting references (D and U).   

v. The Model Map is complete. 

 

 

Figure 3.11. Sample Model Map segment.  All items correspond with items on Table 3.6. 

3.6 Analysis Methodology 

Research question 1 asks about the differences in model components engaged by 

student teams collecting data in the physical or virtual laboratory settings.  Addressing 

that question will start by tallying the model components for each team, and for each 

laboratory project, to assess potential similarities and differences across physical and 

virtual laboratory projects.  In addition to this, unique model components will be counted 

across all student teams for Year 1 and Year 3 and separated by project.   

Model component forms will also be tallied for each team, and for each laboratory 

project to further describe the model components generated in the physical and virtual 

laboratory projects.  To add to these model component details, model directed runs will 
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Diffusion

Material Balance: 
Zones

Design 
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also be tallied across each team and for each laboratory project.  The analysis of model 

directed runs will be used to infer some of the model functions utilized by student teams.  

The difference in laboratory order (Virtual CVD Laboratory Project appearing 

second in Year 2 and third in Year 4) will be considered when discussing the analyzed 

data.   

A summary of the student team solution pathway is written for each Model Map.  

These serve as a description of the information represented diagrammatically in the 

Model Map.  The student team notebooks are used as a reference to provide the team’s 

reasoning for their decisions whenever applicable.  This evidence can help explain 

features like repeated model components or sharp changes in the student team’s solution 

strategy.  Model Map summaries are intended to add depth to the existing model 

components on the map.  The points of interest for clarification include, but are not 

limited to: 

A team’s notebook can be read to understand their level of engagement with a 

model component.  For example: if a reaction kinetics related model component appears 

in the Model Map, it may have been engaged shortly and discarded.  In the other extreme 

case, a reaction kinetics model component may also be engaged with other model 

components to quantitatively predict the outcome of experimental runs.   

Model components can be connected for a number of reasons that may not always 

be completely conveyed through the Model Map alone.  The ideal gas law may be used to 

alongside a material balance to yield a calculated flow rate, but it may also be used to 

determine concentrations for a rate expression.  If all three of those model components 
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are connected, their relationship to one another could be clarified in the Model Map 

summary.   

Long term strategies may become apparent through comments made in the 

student notebook, despite the lack of an associated model component.  A student team 

may indicate the use of several experimental runs to yield rate constants.  While the 

resulting rate expression will be linked to those experimental runs via model component 

footnotes, the Model Map summary clearly and chronologically states the team’s 

strategic intent.    

Research question 2 asks about the iterative model development process of model 

component generation, use, and revision. The question will be addressed by summarizing 

the model components that appear in the transcript-based Model Map and counting the 

model components that are repeated.  Transcript Model Map will be summarized and 

used alongside the summary of repeat model components to describe the strategy 

undertaken by the audio recorded team, and identify characteristics of the modeling 

process they utilize.   
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4. Findings 

Notebook Model Maps were generated from the work products of Year 2 (n = 9) 

and Year 4 (n = 20), and a transcript Model Map was generated from the audio transcript 

of a team from Year 3.  The analysis and discussion that follows is derived from the 

aggregation and comparison of the Model Maps.  This section begins by introducing 

notebook Model Maps for a representative team in Year 2.  The team’s model 

components and solution summaries will be discussed with respect to their progress 

through the physical laboratory projects and the virtual laboratory project.   

Research question 1 addresses the model components produced and used by 

teams as they engage in each of the process design tasks.  Notebook Model Maps 

generated for Year 2 and Year 4 will have their model components counted and presented 

with respect to year, laboratory project, time, and uniqueness.  Model Map summaries 

have been reviewed and representative solution paths are presented to reveal similarities 

and differences between the laboratory modes.   

Research question 2 addresses a more in depth investigation on the modeling 

process undertaken by a team in Year 3.  The transcript Model Map for this team is 

generated, its model components are characterized, and the team’s strategy is 

summarized.  Iterated model components tallied, and central cases of model component 

iteration are described in greater detail to gain insights into the student team’s modeling 

process.   

4.1 Notebook Model Map: Representative Case 

This section introduces notebook Model Maps by exploring Team 2I as they 

progressed through each of the laboratory projects.  The physical laboratory Model Maps 
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will be summarized first, followed by the virtual laboratory Model Map.  This team was 

chosen because the two physical laboratory project Model Maps reasonably represent the 

modeling themes seen throughout the years (discussed later).  The virtual laboratory 

Model Map for Team 2I also serves as an introduction to the differences in modeling that 

will be discussed at length later.   

 

Figure 4.1. Team 2I’s Heat Exchange Laboratory Project Model Map 

Figure 4.1 shows the Model Map for Team 2I’s Heat Exchange Laboratory 

Project.  Team 2I produces four symbolic model components which primarily focus on 

heat exchange.  In the first laboratory session, Team 2I generates model components 

related to sensible heat (𝑞𝑞 = 𝑚𝑚𝑐𝑐𝑝𝑝∆𝑇𝑇), latent heat (𝑞𝑞 = 𝑚𝑚∆𝐻𝐻𝑣𝑣𝑣𝑣𝑝𝑝), and the overall heat 

transfer coefficient (𝑞𝑞 = 𝑈𝑈𝑈𝑈∆𝑇𝑇𝑙𝑙𝑙𝑙).  These three model components are generally used to 

accomplish the laboratory project’s goal: the design of a larger scale waste heat recovery 

system.  The fourth model component, produced in the second laboratory session, is the 
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team’s rotometer calibration.  The calibration is directed by the laboratory materials the 

team references.   

 

Figure 4.2. Team 2I’s Ion Exchange Laboratory Project Model Map 

Team 2I’s Ion Exchange Laboratory Project Model Map is shown in Figure 4.2.  

Seven symbolic model components and one linguistic model component were produced.  

The model components produced by this team generally follow the activities within each 

laboratory session.  In the first laboratory session, the team is tasked with the calibration 

of their calcium test kit, which was used throughout the project.  Estimations of the 

retention time and the breakthrough time (a calcium material balance with respect to 

exchange resin depletion) were required before starting the second laboratory session.  

The breakthrough time estimation principle model directs (the square run marker in 

Figure 4.2) the experimental run in laboratory 2.  This means the model component 

effected the input parameters of the next experimental run (in this case, the measurement 

structure of laboratory 2).  The engagement with the fluidization velocity and the resin 

capacity model components are optional and relatively unique to this team.  Rotometer 
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calibration is assessed at the end of the second laboratory session and the beginning of 

the third laboratory session.  Unlike the Heat Exchange Laboratory Project, the rotometer 

calibration is not directed by the laboratory instructions.  Regeneration efficiency is this 

team’s final model component and the theme of the third laboratory session. 

 

Figure 4.3. Team 2I’s Virtual CVD Laboratory Project Model Map 

Figure 4.3 shows Team 2I’s Virtual CVD Laboratory Project Model Map.  The 

team develops four symbolic model components, five linguistic model components, and 

one diagrammatic model component.  This particular Model Map does not identify model 

components before the first memoranda meeting, but the meeting itself highlights the 

effect edge positioning may have on wafer measurement.  The experimental run 1A (a 
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rectangular run marker, indicated no relationship to model components) is performed to 

explore the virtual reactor, which prompts the development of two linguistic model 

components related to temperature and pressure.  The latter model component 

qualitatively directs (circular run marker) the pressure of run 2A. 

Following run 2A, Team 2I engages two separate material balance model 

components.  The first, an overall material balance, principle model directs (square run 

marker) the input parameters of run 3A.  The second material balance is another overall 

material balance aimed at determining the reactant utilization of the prior experimental 

run, 2A.  Following these symbolic model components, a linguistic model component 

related to temperature and film thickness qualitatively directs (circular run marker) run 

4A.  This progress leads the team to their second memoranda meeting. 

After the second memoranda meeting, Team A engages the material balance twice 

more (symbolically and diagrammatically) to explore the change in reactant 

concentration across each of the reactor’s five temperature zones.  This continued 

engagement with the material balance is in-depth and expressed diversely, but does not 

ultimately result in recommended experimental run changes.  The team’s model 

component development continues with a linguistic model component which 

qualitatively directs (circular run marker) run 2B.  Finally, their project work concludes 

with and a symbolic model component representing a linear empirical relationship 

between film thickness and time.  This model component empirically directs (diamond 

run marker) run 3B.   
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Notebook Model Maps such as the ones described above have been developed for 

Year 2 and Year 4.  These Model Maps, and many features within them, are aggregated 

and described in the next section.   

4.2 Notebook Model Map Summary 

Notebook Model Maps, all visible in Appendix 1, were generated for each of the 

laboratory projects for Year 2 (N = 9) and Year 4 (N = 20), and the number of model 

components generated by each team were compiled.  Figures 4.1 and 4.2 present box 

plots which represent the number of model components produced by each team within 

each laboratory project.  Teams in Year 2, shown in Figure 4.1, produced a range of 0 to 

6 model components with an average of 3.1 in the Heat Exchange Laboratory Project, a 

range of 4 to 8 model components with an average of 6.3 in the Ion Exchange Laboratory 

Project, and a range of 9 to 22 model components with an average of 16.1 in the Virtual 

Chemical Vapor Deposition Laboratory Project.  The differences in team model 

component generation is assessed between each laboratory through the two tailed t test.  

The results show no significant difference between the Heat Exchange Laboratory Project 

and the Ion Exchange Laboratory Project (p = 0.21), a statistically significant difference 

between the Heat Exchange Laboratory Project and the Virtual CVD Laboratory Project 

(p = 2.00E-6), and a statistically significant difference between the Ion Exchange 

Laboratory Project and the Virtual CVD Laboratory Project (p = 2.91E-6).  
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Figure 4.4. Team model components by laboratory for Year 2. 

Teams in Year 4, show in Figure 4.5, produced a range of 0 to 9 model 

components with an average of 3.8 in the Heat Exchange Laboratory Project, a range of 2 

to 7 model components with an average of 4.4 in the Ion Exchange Laboratory Project, 

and a range of 5 to 36 model components with an average of 15.7 in the Virtual Chemical 

Vapor Deposition Project.  The results show a significant difference between the Heat 

Exchange Laboratory Project and the Ion Exchange Laboratory Project (p = 8.26E-3), a 

statistically significant difference between the Heat Exchange Laboratory Project and the 

Virtual CVD Laboratory Project (p = 1.29E-4), and a statistically significant difference 

between the Ion Exchange Laboratory Project and the Virtual CVD Laboratory Project (p 

= 1.82E-3).  The order of the laboratory projects in Year 2 and Year 4 were changed to 

assess potential effects.   
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Figure 4.5. Team model components by laboratory for Year 4. 

The number of unique model components developed across any particular 

laboratory project were counted across each year.  Unique model components within a 

year are counted an added to a list of existing model components.  A unique model 

component is defined as a model component which features a new structure element and 

specific condition element code combination.  The resulting number of unique model 

components are shown in Figure 4.6.  Year 2 developed 15 unique model components for 

the Heat Exchange Laboratory Project, 12 unique model components for the Ion 

Exchange Laboratory Project, and 73 unique model components for the Virtual Chemical 

Vapor Deposition Project.  Year 4 developed 29 unique model components for the Heat 

Exchange Laboratory Project, 14 unique model components for the Ion Exchange 

Laboratory Project, and 116 unique model components for the Virtual Chemical Vapor 

Deposition Project.  These data show unique model components developed in the Virtual 
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Chemical Vapor Deposition Project exceeding that of either Physical Laboratory Project 

in either year by several fold.   

 

Figure 4.6. Unique model components by year 

Table 4.1 describes the number of model components generated over time (in 

weeks) for each aggregate year with respect to each Laboratory Project.  Noticeably, the 

Heat Exchange Laboratory Project ran a week of general laboratory introduction that did 

not present model related notes in the student laboratory notebooks.  The two weeks 

referenced in this table and in the Heat Exchange Laboratory Project Model Maps refer to 

the two hands on laboratory sessions.  Across both years, teams developed 1-2 model 

components during their first week in any given laboratory project.  That pace is 

generally maintained throughout the physical laboratory projects.  The model component 

development in the Virtual CVD Laboratory Project shows a different behavior.  During 

week 2, which notably occurs after their design meeting, an increased engagement with 

model component development is observed.  That increased engagement with model 

development is maintained through the final week of the virtual laboratory project.  
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The total model components generated by teams in the Ion Exchange Laboratory 

Project and the Virtual CVD Laboratory Project are compared with respect to the 

laboratory order in Year 2 and Year 4.  Using a two-tailed t-test, the number of model 

components generated in the Ion Exchange Laboratory Project changed significantly 

between the years (p = 0.004), while the number of model components generated in the 

Virtual CVD Laboratory Project did not change significantly between the years (p = 

0.92).  The difference in model component generation also did not change significantly 

for the Heat Exchange Laboratory Project (p = 0.45). 

Table 4.1. Model Components by Week 
 Year 2 (N = 9) Year 4 (N = 20) 
 HX VCVD IX HX IX VCVD 
Week 1 Mean (StDev) 1.3 (1.1) 1.4 (1.4) 2.6 (1.0) 1.4 (1.0) 2.2 (1.1) 1.8 (1.3) 
Week 2 Mean (StDev) 1.7 (1.0) 6.4 (1.7) 2.6 (1.7) 2.5 (1.7) 1.5 (0.9) 8.2 (3.9) 
Week 3 Mean (StDev) 0.0 (0.0) 8.4 (2.9) 1.2 (0.7) 0.0 (0.0) 0.7 (0.7) 5.9 (4.7) 
Total Mean (StDev) 3.1 (1.8) 16.1 (5.3) 6.3 (1.7) 3.8 (2.2) 4.4 (1.5) 15.7 (7.9) 

Model component forms observed across each year are summarized in Table 4.2.  

Model component development in the physical laboratory projects generally tend toward 

symbolic model components.  In the virtual laboratory project, symbolic model 

components and linguistic model components are equally prevalent.  The order of 

laboratory projects shows a difference with respect to symbolic model component 

development in the Ion Exchange Laboratory Project.  In Year 3, where the Ion Exchange 

Laboratory Project is second and the Virtual CVD Laboratory Project is third, student 

teams developed a mean of 3.6 model components (StDev = 1.4).  In Year 2, where the 

Virtual CVD Laboratory Project is second and the Ion Exchange Laboratory Project is 

third, student teams developed a mean of 5.7 model components (StDev = 1.1).   
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Table 4.2. Model Component Form 

 Year 2 (N = 9) Year 4 (N = 20) 
 HX VCVD IX HX IX VCVD 
Symbolic Mean (StDev) 2.3 (1.9) 7.0 (2.1) 5.7 (1.1) 2.5 (1.2) 3.6 (1.4) 7.0 (5.0) 
Linguistic Mean (StDev) 0.6 (1.3) 8.0 (4.3) 0.1 (0.3) 1.1 (1.5) 0.2 (0.5) 7.1 (4.9) 
Diagrammatic Mean (StDev) 0.1 (0.3) 1.0 (0.7) 0.6 (0.7) 0.2 (0.5) 0.6 (0.9) 1.8 (1.8) 

Model Components can direct the input parameters of experimental runs.  In this 

analysis, five types of directed experimental runs are considered.  Experimental runs with 

input variables characterized through a principle-based model component are considered 

“principle model directed.”  Experimental runs with input variables characterized through 

empirical relationships (which are characteristically symbolic and not principle-based) 

are considered “empirically directed.”  Experimental runs with input variables 

characterized through a statistics-based model component are considered “statistically 

directed.”  Experimental runs with input variables set for the purpose of finding specific 

model parameters are considered “parameter defining.”  Finally, experimental runs with 

input variables characterized through a qualitative relationship (characteristically 

linguistic and not principle-based) are considered “qualitatively directed.”  Experimental 

runs which do not fit any of these categories are considered “not related” to modeling. 

The experimental runs performed across the three laboratory projects have been 

coded with respect to the model component relationships described above.  To compare 

the physical laboratory projects and the virtual laboratory project, the codes “Principle 

Model Directed,” “Qualitatively Directed,” “Statistically Directed,” and “Qualitatively 

Directed,” have been grouped together as “Directed Experimental Runs.”  That group of 

directed experimental runs is compared to the total experimental runs performed by 

student teams in the physical and virtual laboratory projects in Table 4.3.   
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Each year had one student team that produced one qualitative directed run during 

the Heat Exchange Laboratory Project.  The Ion Exchange Laboratory Project directs the 

development of the breakthrough time estimation model component, which is a principle 

model directed model component that informs the student teams’ measurement times 

during their laboratory 2 activities; and the regeneration time estimation model 

component, which is a principle model directed model component that informs the 

student teams’ measurement times during their laboratory 3 activities.   

Table 4.3. Directed Experimental Runs 
 Year 2 (N = 9) Year 4 (N = 20) 

 Directed Total Directed Total 
Heat Exchange Mean (StDev) 0.2 (0.4) 2.0 (0) 0.1 (0.2) 2.0 (0) 
Ion Exchange Mean (StDev) 1.2 (0.7) 3.0 (0) 1.0 (0.7) 3.0 (0) 
Virtual CVD Mean (StDev) 6.2 (2.4) 15.1 (3.6) 7.1 (5.3) 20.7 (7.6) 

The breakdown of directed experimental runs in the Virtual CVD Laboratory 

Project is more complicated due to the open ended nature of experimentation in that 

environment.  The five directed experimental run categories, along with “not related to 

modeling,” have been collected and are displayed in Table 4.4.   

Table 4.4. Directed Experimental Runs (Virtual CVD) 
 Year 2 Year 4 
Principle model directed Mean (StDev) 0.9 (0.6) 1.5 (1.6) 
Empirically Directed Mean (StDev) 1.6 (1.3) 1.1 (1.7) 
Qualitatively Directed Mean (StDev) 2.7 (1.2) 2.8 (2.9) 
Statistically Directed Mean (StDev) 1.1 (2.0) 1.4 (4.5) 
Parameter Defining Mean (StDev) 0.0 (0.0) 0.4 (1.1) 
Not Related Mean (StDev) 8.9 (3.2) 13.7 (5.6) 

4.3 Representative Strategies 

Summary paragraphs for each notebook Model Map in Year 2 and Year 4 were 

written and used to find thematic tendencies across the student teams’ solution strategies.  

These representative strategies, along with a Model Map of a team that utilizes that 

strategy, are described below for the three laboratory projects.  
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4.3.1 Heat Exchange Laboratory Project 

The Heat Exchange Laboratory Project focuses on the principles of heat exchange 

as a means of recovering energy from waste steam.  The focused instructional design of 

the project restricts the range of strategies utilized by student teams, though teams are 

tasked with designing their laboratory 2 activities.  Nonetheless, two representative 

strategies emerged from the summarization of student laboratory notebooks.   

 

Figure 4.7. Heat Exchange Laboratory Project team driven by principle-based strategy 

Figure 4.7 shows the principle-based strategy that is most frequently used (5 of 

9 in Year 2, 9 of 20 in Year 4), or partially used (2 of 9 in Year 2, 9 of 20 in Year 4), to 

guide student teams through the Heat Exchange Laboratory Project.  This student team 

utilizes principle-based symbolic expressions for sensible heat flow, latent heat flow, and 

an expression used to assess the overall heat transfer coefficient.  When used 

appropriately to analyze data, the overall heat transfer coefficient (U) can be used for 

rough scale-up design, which is one of the major deliverables of this laboratory project.  

In addition to these core principles, the team uses their data to compare the two available 
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heat exchanger flow directions.  Lastly, while many teams do this earlier in their project 

effort, this team calibrates their rotameter during laboratory 2.  

 

Figure 4.8. Heat Exchange Laboratory Project team driven by qualitative-based strategy 

The qualitative strategy for the Heat Exchange Laboratory Project, as shown in 

Figure 4.8, primarily relies on qualitative model components to assess the Heat 

Exchanger with respect to scale-up design.  This modeling strategy is rare, since it 

focuses on qualitative observations instead of principle-based characterization of the 

double pipe heat exchanger.  Alternatively, this strategy may imply delayed engagement 

with relative heat exchange principles until after the final laboratory session.   

4.3.2 Ion Exchange Laboratory Project 

 The Ion Exchange Laboratory Project focuses on one representative strategy that 

focuses on the core principles of the project.  This laboratory project has designed 

planned laboratory activities for all three laboratory sessions, so student teams are not 

afforded much flexibility with respect to model component generation.  
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Figure 4.9. Ion Exchange Laboratory Project team driven by principle-based strategy 

The principle-based representative strategy for the Ion Exchange Laboratory 

Project, shown in Figure 4.9, displays most of the pertinent model components student 

teams develop to complete the Ion Exchange Laboratory Project.  These start off with the 

calibration of their calcium test kit (and later, their rotameter), as that is necessary to 

proceed successfully through the next two laboratory sessions and is required during the 

first laboratory session.  Next, a calcium material balance is used to estimate the 

breakthrough time (the time where the ion exchange resin stops removing calcium from 

the incoming input waste stream).  This material balance is roughly repeated for different 

purposes when resin capacity, resin regeneration efficiency, and the scale up design are 

estimated.  In the case of this team, the breakthrough time estimation and a diagrammatic 

representation of the breakthrough curve (both represent the same principle) are engaged, 

but some teams choose to engage one model component or the other.   

4.3.3 Virtual Chemical Vapor Deposition Laboratory Project 

Thematic solution strategies for the Virtual CVD Laboratory Project are more 

diverse and require more categories to describe the coded years.  Four representative 
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strategies have been identified with the explicit understanding that these categorizations 

do not necessarily cover the complete range of decisions that student teams can make 

with respect to modeling in this laboratory project.  These representative strategies 

instead cover prominent themes across the two years, and yields the means to describe 

strategies that fall between them.   

 

Figure 4.10. Virtual CVD Laboratory Project team driven by principle-based strategy 

Principle-based strategies, as see in Figure 4.10, rely on principle-based model 

components to drive their progress.  This team’s solution strategy is driven by reaction 

rate expressions and the material balance.  This strategic direction is reinforced by the 

two principle model directed experimental runs (e.g. square labeled runs 1A and 5A in 
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Figure 4.10), which indicate successful implementation of the team’s strategy.  This 

particular team generated one qualitative model component and, as most principle-based 

strategies do, the qualitative (or diagrammatic) model components are primarily 

developed to directly support the core principles.  

Figure 4.11. Virtual CVD Laboratory Project team driven by qualitative-based strategy 
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Qualitative-based strategies primarily move forward through the development 

of qualitative model components.  In the case of the team shown in Figure 4.11, early 

model component development is relatively focused on temperature leads temperature, 

pressure, and flow rate-based qualitative adjustments.  Principle based model 

components, such as the material balance engaged partway through this team’s project 

timeline, are considered supporting model components since they are not developed as 

the backbone of the strategy.  Qualitatively directed experimental runs (e.g. circled 

labeled runs 4A, 5A, 7A, 9A, and 10A in Figure 4.11) are generally present in a Model 

Map that focuses on qualitative-based strategy.   
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Figure 4.12. Virtual CVD Laboratory Project team driven by statistically-based strategy 

Statistically-based strategies rely on model components such as design of 

experiments and analysis of variance to drive their experimental run decisions.  Teams 

that rely strongly on a statistically-based strategy, such as the team seen in Figure 4.12, 

may use the outcome of their statistical analysis to drive their understanding of the 

system over a principle-based understanding of underlying phenomenon.  In the example 

case above, a large series of experimental runs are directed by a design of experiments set 
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up by the student team.  A follow up analysis of variance was not performed within their 

laboratory notebook, but qualitative adjustments that follow may have converged on their 

final process recipe using relationships derived from their design of experiments driven 

experimental runs.   
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Figure 4.13. Virtual CVD Laboratory Project team driven by progression-based strategy.  This 
particular team starts with a principle-based strategy, moves into a qualitative-based 
strategy to explore complex input parameters, and finishes with a principle-based strategy 
which produces predictive, interconnected, symbolic model components. 

Some strategies undergo identifiable phases as the student team works through the 

project.  These progression-based strategies make use of the strengths that each of the 

prior strategies (principle-based, qualitative-based, or statistically-based) can yield to 

optimize their progress with respect to their current understanding of their laboratory 

environment.  The team in Figure 4.13 starts with a principle-based strategy to address 

flow rate, an input variable that was deemed to be within their scope of understanding, 

via the material balance and ideal gas law focused model component engagement.   

The model components between the second design meeting and the update 

meeting all fall under a strongly qualitative-based strategy.  This team did not have a 

clear understanding of the temperature and pressure input variables, so those form the 

central theme of this qualitative exploration.   Most of the experimental runs are 

technically not related to modeling because the surrounding qualitative model 

components were yielded by observing past experimental runs.  The exception is run 8A, 

which is directed by temperature focused qualitative model component.   

Finally, this progression-based strategy concludes with intense principle-based 

symbolic model component generation and use.  These model components focus on 

reaction kinetics and uses material balance related model components to support this 

principle-based strategy.  Much of this principle-based model component generation 

results in the principle model directed run seen in run 10B.  Immediately following that 

run, the team considers using a higher order rate expression.  This additional layer of 
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complexity required the use of run 11B as a parameter defining run, which culminated in 

another principle model directed run, 12B. 

As a category “progression-based” is broad, but is identifiable through distinct, 

persisting, and relatively continuous themes.  The team presented in Figure 4.13 is one of 

the clearest examples of this strategy, but other teams may rely primarily on a principle-

based or qualitative-based strategy, used to drive the design of their final process recipe, 

with a statistically-based strategy covering the end of their project work via descriptive 

statistics.   

 

Figure 4.14. Virtual CVD Laboratory Project team driven by mixed strategy.   
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Mixed strategies fall in between the strategies listed in this section.  They are set 

apart from progression-based strategies due to a lack of clear thematic transitions 

between the types of model components they use and the way they use those model 

components.  The team in Figure 4.14 is an example of a mixed strategy, as they utilize a 

roughly equal number of qualitative, quantitative, and diagrammatic model components 

throughout their project timeline.  In this particular case, no model component type 

creates marked effects on their experimental run strategy (which is a result of low note 

taking in this team’s case, but can also result from a relative lack of direction).   

4.4 Transcript Model Map 

One team from Year 3, termed “Team 3A,” was audio recorded as they made 

progress through the Virtual CVD Laboratory Project.  The transcript of their project 

audio was used as a data source to create a Transcript Model Map.  The Transcript Model 

Map is more detailed than the Notebook Model Map, so it is difficult to display 

efficiently. The Transcript Model Map contains 314 model components, and is displayed 

in full within Appendix 2 alongside a summary of its contents.   

Team 3A, tasked with optimizing four virtual CVD furnaces, focused their model 

development efforts on three primary model categories: material balance, reaction 

kinetics, and statistical analysis.  Initially, they split their model development efforts 

between two primary focuses: material balance model components, with a focus on 

finding an appropriate flow rate; and reaction kinetics model components, with a focus on 

the Arrhenius expression.  As the team began executing experimental runs, the bulk of 

their project work focused on merging these two groups of model components together to 

improve their predictive power.   
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Near the end of Team 3A’s project work, they made a pointed shift that favored 

qualitative model components.  These model components seemed to be designed toward 

making smaller intuitive adjustments to input variables over principle-driven predictive 

adjustments. As the team reached satisfactory results on their first virtual CVD furnace, 

they explored the last three furnaces to apply their furnace A results and apply 

adjustments as needed.  At this point the team started to seriously consider the statistical 

characterization of their system.  Process variation and ellipsometer variation were 

considered, despite some initial model component iterations deeming the former to be 

negligible.   

The model components which were observed multiple times within the transcript 

Model Map were recorded and organized into Table 4.5. The resulting repeat model 

component counts reflect the summary description of the team’s solution strategy above 

(described in more detail in Appendix 2).  Reaction kinetics related model components 

were repeated in 115 different instances.  This was followed by material balance related 

model components, which were repeated in 39 different instances, and then by statistics 

related model components which were repeated in 23 different instances.  Notably, one of 

the most repeated qualitative model components is “reaction rate is constant in all zones,” 

(repeated 6 times) an idea that strongly supports the development of this team’s reaction 

rate focused solution strategy.  Another trend in the qualitative model components is the 

back and forth discussion regarding “product deposits on both sides of each wafer” 

(repeated 8 times) and “product deposits on one side of each wafer,” (repeated 4 times).  

Those two model components, once the conflict of ideas was resolved, contributed to the 

team’s material balance model components.   
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Table 4.5. Team 3A’s Repeated Model Components 
Category Model Component Repeat Instances 

Reaction Kinetics 

Activation Energy 34 
Reaction Constant 28 
Reaction rate 21 
Arrhenius Expression 16 
First Order 11 
Arrhenius Graph 3 
Plug Flow Reactor 2 

Material Balance 

Flow rate 16 
Depletion 9 
General 6 
Wafers 5 
Utilization 3 

Mass Transfer 
Diffusion 3 
Mean Free Path 2 
Knudsen Diffusion 2 

Statistics 
Ellipsometer Variation 15 
Process Variation 4 
Sum of Squared Error 4 

Ideal Gas Law Ideal gas Law 4 
Chemistry Stoichiometric Balance 3 

Qualitative 

Product Deposits on Both sides of Each Wafer 8 
Reaction Rate is Constant in All Zones 6 
Decrease Pressure, Increase Uniformity 5 
Decrease Utilization, Increase Uniformity 5 
Temperature Zones Effect Each Other 5 
Increase Temperature, Increase Thickness 4 
Decrease Temperature, Increase Uniformity 4 
Product Deposits on One Side of Each Wafer 4 
Decrease Pressure, Decrease Reaction Rate 3 
Decrease Pressure, Increase Required Reaction Time 3 
Low Thickness Indicates Temperature is Too Low 3 
Temperature and Thickness are Approximately Linear 3 
Decrease Temperature, Increase Reaction Time 2 
Increase Flow Rate, Decrease Utilization 2 
Increase Flow Rate, Increase Uniformity 2 
Increase Measurements, Increase Statistical Accuracy 2 
Increase Pressure, Increase Reaction Rate 2 
Increase Temperature, Decrease Concentration 2 
Increase Reaction Time, Decrease Required Reaction Rate 2 
Product Edge Growth on Wafer is Negligible 2 
Product Grows on Wafer Edges 2 
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4.5 Discussion 

In this section, the differences in modeling behavior between the physical and the 

virtual laboratory projects is discussed.  First, the students’ engagement with model 

components is compared to address the differences in the design of the Heat Exchange, 

Ion Exchange, and Virtual CVD Laboratory Projects.  Next, the forms of models present 

in team Model Maps are compared to discuss the varying scope of each laboratory 

project.  Experimental runs are then discussed to infer the function of student team 

generated model components.   This culminates in a detailed investigation of the 

modeling process Team 3A utilizes in the transcript Model Map.  Finally, this section 

will address implications these results have on the design of capstone laboratory courses. 

When we look at the characteristics of the model components observed in each 

year's Model Maps, we can begin to see differences between the engagement of model 

components in the physical and virtual laboratory projects.  Within both years, the 

number of model components developed in the Virtual Laboratory Project exceeds the 

number of model components developed in the Heat Exchange and Ion Exchange 

Laboratory Projects by around three fold.  This difference can be explained through the 

planned activities in each of the laboratory projects.  The physical laboratory projects 

focus on the hands on act of data collection.  In the Heat Exchange Laboratory Project, 

data collection takes the form of temperature measurements in the co-current and 

counter-current flow configurations at various tap water flow rates.  In the Ion Exchange 

Laboratory Project, data collection takes the form of calcium concentrations 

measurements that are used to calibrate the calcium test kit, determine the ion exchange 

breakthrough point, and determine the ion exchange resin's regeneration efficiency.  All 
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of these data collection activities require a large majority of the allotted laboratory time, 

drawing the team's focus on these tasks. 

  In contrast, data collection in the Virtual CVD Laboratory Project requires 

students to enter the virtual fabrication laboratory, approach the desired chemical vapor 

deposition furnace, enter their nine input parameters (two flow rates, five temperature 

zones, furnace pressure, and reaction time), and confirm those input variables.  A short 

wafer loading sequence will occur screen, the wafers will processed in the virtual 

chemical vapor deposition furnace for a vastly truncated amount of time (under a 

minute), and finally the wafers will be removed from the furnace.  The thickness of the 

resultant silicon nitride films can be measured using one of four available virtual 

ellipsometers.  The operation of these ellipsometers is similar to the operation of the 

virtual chemical vapor deposition furnace.  A student operator must approach the desired 

ellipsometer, enter their measurement locations (wafer, and position on each wafer) into 

the console in front of the ellipsometer, and then confirm those input variables.  Another 

wafer loading sequence will occur on screen, wafers from the appropriate wafer boxes 

will be pulled and measured within a truncated amount of time (also under a minute), and 

the wafers are then removed from the ellipsometer.  These data collection activities 

require a very small amount of the student team's time, generally leaving the remainder of 

their allotted laboratory time for analyzing past experimental runs and planning future 

experimental runs.  

  Analysis of unique model components generated by student teams in their 

notebook Model Maps also shows a sharp difference between the physical laboratory 

projects and the virtual laboratory project.  The number of unique model components 
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generated across each year in the virtual laboratory project exceeds the number of unique 

model components generated in the Heat Exchange and Ion Exchange Laboratory 

projects by around four fold.  The difference in the range of unique model component 

generation may lie within the different scope each laboratory project presents.  The Heat 

Exchange Laboratory Project and the Ion Exchange Laboratory Project each focus on the 

principles of heat exchange and ion exchange, respectively.  The latter also includes 

material balance principles, and both laboratory projects have an engineering design 

component.   

  The Virtual CVD Laboratory Project's technical complexity extends the range of 

applicable principles beyond the application of reaction kinetics.  Other core principles 

related to the Virtual CVD Laboratory Project include material balances (can be used to 

address flow rates), mass transfer (can be used to address film uniformity), and ideal gas 

principles.  Student teams working through the Virtual CVD Laboratory Project also 

generated more model components related to statistics principles.  This particular 

difference in model component generation is notable because all three laboratory projects 

lend themselves toward the application of statistics principles, but student team's 

application of statistics principles overwhelmingly favors the Virtual CVD Laboratory 

Project. 

  Adding to the unique model component generation analyzed above, the 

representative strategies engaged in the three laboratory projects show a notable 

difference in the ways that model components are applied toward meeting engineering 

objectives.  The Ion Exchange Laboratory Project shows one common solution strategy 

which closely follows the set of activities asked of students in all three weeks of 
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experimentation.  The Heat Exchange Laboratory Project shows two common solution 

strategies, which may be derived from the flexibility yielded to student teams when 

designing their experimental activities for the last laboratory session.  While the Virtual 

CVD Laboratory Project requires written memoranda, reports, or presentations due at 

each laboratory session, all of the other experimental activities undertaken by student 

teams are not directed by the instructors in any way.  This design allows student teams to 

choose freely between analytical statistical strategies, first principle modeling strategies, 

qualitative modeling strategies, or anything in between.   

  Model components generated by student teams in the physical laboratory projects 

generally took the symbolic form, with a minority of model components taking the 

linguistic form.  The ratio between the two falls between 2:1 and 3:1.  This focus on the 

symbolic form makes sense when the scope of principles are considered.  The sensible 

heat and latent heat principles in the Heat Exchange Laboratory Project and the material 

balance principles (breakthrough curves, resin efficiency) in the Ion Exchange 

Laboratory Project are most reasonably represented symbolically.  Diagrammatic model 

components were rare in both physical laboratory projects.   

  The forms model components took in the Virtual CVD Laboratory Project tended 

to be evenly split between the symbolic and linguistic form.  The rise of the linguistic 

model component form may be explained through the complex, open ended nature of the 

project.  The input variables present in this project represent complex interactions 

between principles such as reaction kinetics and mass transfer.  Qualitative model 

components, which most frequently take the linguistic form, are helpful starting points 

for student teams because they easily represented (speaking, writing) and can represent 
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suggested causal relationships without concern for mathematical rigor.  Gaining 

familiarity with these simple relationships can give students the experience they need to 

engage more complex, interconnected model components later in their work.   

  The experimental runs student teams ran showed interesting differences that can 

be attributed to several sources.  There are fewer directed experimental runs in the 

physical laboratories as there are in the Virtual CVD Laboratory Project.  This can be 

attributed to the limited time in the laboratory, and the hands-on nature of the 

experimental runs themselves.  Each experimental activity takes around three hours to 

perform, so teams' time on the laboratory equipment is scheduled and limited to two 

experimental activities in the Heat Exchange Laboratory Project, and three experimental 

activities in the Ion Exchange Laboratory Project.  The largest source of directed 

experimental runs, via the breakthrough time estimation in the Ion Exchange Laboratory 

Project, is a modeling activity that is directed by the year's operating procedure.   

  With this in mind, the potential function of model components in the physical 

laboratory projects becomes clearer.  The model components generated in the physical 

laboratory projects are generally meant to explain data.  In the Heat Exchange Laboratory 

Project, some of the most common model components are the sensible and latent heat 

expressions.  Temperature data is used with respect to these model components to find 

the amount of heat that is transferred from one side of the heat exchanger to the other.  

These particular model components are not predicting the future states of this system, but 

instead are explaining the results of the student team's experimental data collection.  The 

physical laboratory projects also use model components to support design decisions.  In 

the case of the Heat Exchange Laboratory Project, expressions which characterize the 
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overall heat transfer coefficient are used to help student teams design the size and surface 

area of their large-scale heat exchanger.  While that also serves the prediction function of 

models, this prediction will not ever be checked because the apparatus in question will 

not be built after the teams finish their final reports.   

  Experimental runs in the Virtual CVD Laboratory Project far less structured than 

their physical counterparts.  Student teams are permitted to use experimental runs in any 

way they wish, provided they generally adhere to their design strategy and remain under 

their design budget (both established and presented in the team's design meeting).  Table 

4.4 shows the diversity of directed experimental runs that this flexibility affords.  

Principle model directed runs may take the form of the material balance directing flow 

rate input variables, or reaction kinetic expressions directing temperature input variables.  

Empirical model directed runs may use simple quantitative relationships such as 

“thickness is linear with time,” or relationships which estimate principles such as a direct 

comparison between the Arrhenius expression and reaction rate without considering 

reactant concentration.  Qualitatively directed runs may use simple relationships, such as 

"temperature effects film thickness," or relationships not easily expressed numerically, 

such as "high temperature is diffusion limited" to direct input variables.  Statistically 

directed runs can use experimental runs to characterize process variation, or organize 

several experimental runs to perform a design of experiments.  Parameter defining runs 

can control all but one input variable to find important model parameters, such as the 

activation energy.   

These varied experimental runs can utilize model components to explain data or 

phenomenon, much like model components in the physical laboratories tend to do.  



112 
 

 

 
 

However, the experimental flexibility of the Virtual CVD Laboratory Project importantly 

lends itself to the predictive function of models.  Student teams can generate a model 

component (e.g. a material balance to predict flow rates that should yield good wafer 

thickness), use that model component's prediction to an experimental run, then evaluate 

the quality of the results.  This process emphasizes the utility of model component 

prediction and allows for experimental iteration, the backbone of the process of 

modeling.  Much like the physical laboratory projects, student teams must make design 

decisions at the end of the Virtual CVD Laboratory Project, which necessitates the use of 

models to support those design decisions.  Since this project does not work with two 

separate scales (bench scale, design scale), the design decision that is reached by student 

teams is the result of many iterative model generation, model use, and evaluation cycles 

applied to the virtual reactors.   

The transcript Model Map, generated from the audio data collected from Team 

3A, shows the student team’s progress in fine detail.  This allows for an analysis of 

process they use to generate, use, evaluate, reinforce, modify, or reject model 

components.  This team showed three strong thematic modeling tendencies throughout 

their engagement with the Virtual CVD Laboratory Project: modeling based on statistics 

principles, modeling based on material balance principles, and modeling based on 

reaction kinetics principles.   

The differences between the physical laboratory projects and the virtual 

laboratory projects, as viewed through the analysis of the generation, use, and evaluation 

of model components, demonstrate a difference in afforded experiences between the two 

laboratory modes.  Model generation occurs more frequently, is more diverse, and serves 
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a wider variety of functions in the Virtual CVD Laboratory Project.  I believe this is a 

result of affordances that are provided by the virtual environment and the instructional 

design it is built into.   

The Virtual CVD Laboratory project has a wider content scope than either of the 

two physical laboratory projects, which is afforded in part by the equipment that is 

available in the virtual mode.  A full scale chemical vapor deposition furnace is a 

complex tool, which utilizes hazardous input gasses, which would never be available to a 

cohort of senior laboratory students under usual circumstances. The virtual mode affords 

access to this piece of equipment at an extremely low operation cost (though it should be 

noted that virtual experiences have a high development cost, if accuracy and complexity 

are desired).  The amount and variety of the model components generated by student 

teams can also be attributed to the amount of time that is allotted to those activities.  Due 

to the time modified nature of the experimental runs in the Virtual CVD Laboratory 

Project, which makes the data collection process nearly instantaneous, student teams are 

afforded the remainder of their allotted laboratory time toward modeling activities.   

Prior studies of virtual laboratory environments have observed time modified 

experimentation in the virtual mode and have attributed it to a decline in purposeful 

experimentation.  In cases where student teams have free reign over their virtual 

environment, the number of experimental runs rises sharply without a corresponding 

change in the quality of results.  The Virtual CVD Laboratory Project tackles this 

problem through instructional design, rather than through the laboratory mode alone.  

Experimental runs in this project are not prone to needless rapid experimentation due to 

the inclusion of the experimental run costs, measurement costs, and the required 
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experimental design budget.  With these instructional design choices, which also serve as 

an additional way to ground this project in the practice of working engineers, student 

teams must plan their time wisely and engage in purposeful experimentation to succeed. 

The physical laboratory projects lack some of these affordances because they are 

built to afford a different kind of experience to student teams.  Laboratories in the 

physical model focus on hands on experience, which is prominent in both the Heat 

Exchange Laboratory Project and the Ion Exchange Laboratory Project.  Purposeful 

experimentation occurs in part because the experiments are directed by the student teams’ 

instructor.  However, student teams do control the configuration of the heat exchanger in 

the Heat Exchange Laboratory Project and the measurement times in Ion Exchange 

Laboratory Project.  These details must be appropriately planned before the teams can 

move forward with their experimental activities.   

Laboratories in the physical mode must also focus more on laboratory safety.  

While none of the equipment in the Virtual CVD Laboratory Project tangibly exists, 

which de-emphases the role of safety procedures, the two physical laboratory projects 

require student teams to identify potentially hazardous equipment, chemicals, and 

situations before moving forward with their experimental activities.  This serves a critical 

role in the development of any engineer that expects to work with equipment at any scale.   

When considering the development of a more model-rich undergraduate 

curriculum, this dissertation would encourage the inclusion of a virtual laboratory project 

experience.  The virtual mode affords experiences that are not accessible due to cost or 

hazard, it can modify the time needed to perform experimental activities, and it can 

reduce the need to address safety concerns.  This affordances, as they appear in the 
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Virtual CVD Laboratory Project, dramatically improve student model engagement with 

respect to model generation, model form, and model function. 

The virtual laboratory project is not intended to replace experimentation in the 

physical mode.  Physical laboratory project experiences provide affordances that cannot 

be replicated in the virtual mode.  Hands-on experimentation, physical engagement with 

safety guidelines, and the measurement and interaction with real physical phenomenon 

are all invaluable experiences to student engineers.   
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5. Conclusions 

 This dissertation presented research on the models and modeling behavior of 

student teams in capstone physical and virtual laboratory projects.  Student teams 

generated more model components developed more unique model components in the 

Virtual CVD Laboratory Project over either physical laboratory project.  When model 

component generation was examined by week, students in the Virtual CVD Laboratory 

Project increased their model component engagement week-over-week while students in 

the physical laboratory projects maintained a level production of model components 

throughout the projects.  Finally, the transcript Model Map showed rich iterative model 

development centered on strong principle based themes. 

 The affordances of the virtual mode support the data that has been presented in 

this dissertation.  The Virtual CVD Laboratory Project has a wider content scope than 

either of the physical laboratory projects, in part because the virtual mode affords full 

time access to complicated large scale equipment.  The virtual equipment also has nearly 

no operation cost and can be “broken” by students without consequence.  The virtual 

mode affords students to engage this complex system by artificially reducing data 

collection time.  The complex depth and the flexible availability afforded by the virtual 

mode both contribute to the increased model engagement, but instructional design plays a 

role that is equally important.  The Virtual CVD Laboratory Project includes 

experimental run costs, measurement costs, and a required experimental design budget as 

part of its instructional design.  These instructional design choices, along with the 

instructor meetings that facilitate the experimental design budget, encourage students to 

plan their time wisely and engage in purposeful experimentation to succeed. 
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 These findings support the development of capstone courses which integrate 

laboratory experiences in both the physical and the virtual mode.  The virtual mode 

affords instructors a space that can expose students to complex, open ended experiences 

that can be grounded in engineering practice through instructional design.  The physical 

mode can be designed to expose students to a different set of engineering practice 

experiences that focus on hands on experimentation, troubleshooting, and safety 

management. Integration of both of these modes can yield a capstone experience that 

covers a wider range of the engineering profession, and prepare students to utilize the 

skills they will need to perform in practice.   
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7. Appendices 

7.1 Appendix 1 – Notebook Model Maps and Summaries 

 Appendix 1 is available upon request.  Contact Dr. Milo Koretsky at 

milo.koretsky@oregonstate.edu for details. 
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7.2 Appendix 2 – Transcript Model Map 

Appendix 2 is available upon request.  Contact Dr. Milo Koretsky at 

milo.koretsky@oregonstate.edu for details.  

  

mailto:milo.koretsky@oregonstate.edu
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7.3 Appendix 3 – Comparison of Development Cycles 

During the development of the Model Map coding protocol, Year 2 was coded 

using the Development Cycle 1 protocol and the Development Cycle 2 protocol.  While 

each Development Cycle’s protocol was applied in very different ways, this overlap in 

analysis can provide some insight regarding the potential triangulation between the two 

methods.  Figure 7.70 shows a combined comparison of the model component counts 

found through the Development Cycle 1 and Development Cycle 2 protocols.   

The two Development Cycle protocols examine different student work products.  

In the Development Cycle 1 analysis, student laboratory notebooks are examined 

alongside their final reports (physical and virtual laboratory projects), their memoranda 

(VCVD), the automatically collected experimental run data (VCVD), and their final 

presentations (VCVD).  

 

Figure 7.70. Total model components per team for Year 2.  This figure compares the Development 
Cycle 1 and Development Cycle 2 protocol. 
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Figure 7.71 compares the two Development Cycles with respect to number of 

unique model components recorded across Year 2.  The model components counted in 

the two physical laboratory projects were similar across the two Development Cycles, 

despite the differences in data sources.  

 

Figure 7.71. Unique model components generated in Year 2.  This figure compares the Development 
Cycle 1 and Development Cycle 2 protocols. 
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