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Abstract—Computer simulations are discussed in the learning environment from two major perspectives: 1) teaching students how 
to build simulations and 2) developing simulations to teach students targeted concepts. This study is approaching learning with 
simulations from a different perspective. We are interested in how students’ understandings of simulations develop through an iterative 
design challenge that requires them to create their own simulations. We investigated what first-year engineering students develop as 
simulations in an open-ended learning environment. In this study. The resulting framework consisted of four levels. Level 1 involves 
only basic interactions. Level 2 consists of a basic input to output system, referred to as a black-box model. Level 3 is an animation of a 
simulation; it has the model and visualization components of a simulation, but is lacking interactivity (or user choice). Level 4 is a 
simulation; it consists of a model, visualization of the model, and interactivity. Based on this framework and the findings, this paper 
proposes a method for scaffolding student learning through an open-ended simulation development challenge. 
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I. INTRODUCTION 
Computer simulations make learning meaningful through interactive and authentic opportunities to observe, explore, and 

recreate real objects, phenomena, and processes. They are especially important for investigating phenomena and processes that 
would be impossible through other modes of inquiry due to complexity, size, time, and/or safety considerations [1].  Simulations 
are crucial for the understanding and analysis of phenomena, processes, and products, especially at small scales like the nanoscale. 
According to the National Center for Learning and Teaching in Nanoscale Science and Engineering (NCLT) and the National 
Science Teachers Associations (NSTA), the use of computer simulations in nanotechnology is one of the “big ideas” of 
nanotechnology education [2].  

Simulations are introduced in education settings to either enable users to investigate some concept or instruct students on how 
to develop their own simulations [1,3-5]. There is a lack of literature on how students progress from concept generation to a fully 
developed simulation through indirect feedback allowing active learning rather than explicit directions only facilitating passive 
learning. Further, anecdotal evidence from instructors suggests that students confuse general user-interactivity (e.g. button 
pushing at an interface), models, and simulations. To explore students’ understanding of these concepts, this study investigates 
simulations incorporated in interactive MATLAB-based graphical user interface (GUI) designs built by first-year engineering 
(FYE) student teams. This study is driven by the following research question: What is the nature of simulations developed by 
FYE student teams in their design work? 

II. LITERATURE REVIEW 
Based on this literature, simulations can be classified by the level of interactivity with and visibility of the model, the types of 

variables incorporated, and the type of visualization. Gould, Tobochnik, and Christian (2007) and Leemis and Park (2006) discuss 
these features in textbooks that instruct learners on how to build simulations and the purpose for building various types of 
simulations [3,4]. Alessi (2000) discusses similar features in a paper that targets the development of effective simulation tools for 
educational purposes [5].  

Gould, Tobochnik, and Christian (2007) explain the development of a computer simulation [3]: “The starting point of a 
computer simulation is the development of an idealized model of a physical system of interest. We then need to specify a procedure 
or algorithm for implementing the model on a computer and decide what quantities to measure” (p. 3). The interactivity of 
simulations is discussed in terms of the number of variables and degrees of freedom in a system. They also discuss four types of 
interfaces: 1) function interface, 2) simple graphics, 3) ode and ode-solver interface, and 4) visualization with 3-D motion. They 
also describe another mode for presenting a simulation – an animation or visualization of a simulation. They explain this is not 
simply a video, but a type of animation that presents a captured segment of a simulation. 



Leemis and Park (2006) describe some different aspects that can be used to characterize simulations [4]. The number of 
variable inputs indicates the level of interactivity provided by a simulation. The different types of variables involved in a simulation 
can be either discrete or continuous. The models that back simulations can be deterministic (not including random variables) or 
stochastic (including random variables). Finally, simulations can be either static or dynamic; dynamic models are time dependent. 

Alessi (2000) describes five different aspects of simulations to differentiate and categorize them [5]. First, simulations can be 
used in educational settings for using or building. Second, simulations can have a black-box or glass-box approach. The black-box 
approach simply converts the input to an output through a model that is hidden from the user. The glass-box approach enables the 
user to see the model or process as the input changes to the output. Third, simulations are either procedural or conceptual. Fourth, 
the simulations are discovery or expository. Lastly, the degree of model visibility is a way to categorize simulations; this last part 
also aligns with ideas discussed by Gould, Tobochnick, and Christian (2007) [3].  

Although these books show various types of simulations for the purpose of helping students build effective simulations, there is 
a lack of research on the kinds of simulations that students actually develop when they are first learning about simulations. Having 
students build simulations to solve open-ended problems presents a unique challenge. The pedagogical approach is not about giving 
clear directions of what to do, it is about scaffolding student learning through effective feedback. To give effective feedback, we 
need to understand the steps that students take in developing simulations from brand new to creating GUIs to developing high-
quality simulations. This study focuses on the brand new to creating GUIs to developing rudimentary simulations.  

III. SIMULATION FRAMEWORK – STUDENT WORK 
Level 1: Basic interaction. Generally GUIs at this level contain text content and clickable buttons that lead to more text or quiz-

like content, both without meaningful interaction. Every team had buttons that were used for navigation purposes to click through a 
collection of interfaces (e.g. next, back, home, exit), but these were not coded.  

Fig. 1 presents an example of a Level 1 GUI that one team incorporated in their project. This GUI shows two “Learn” buttons 
that the user can click to bring up text. Both of the buttons have already been clicked so the text is already showing in the figure 
(i.e. the white descriptive text). This particular GUI was coded as two instances of Level 1 content. The “menu”,  “back”, 
“citations”, and “quit” buttons were not coded as part of the Level 1 content because these were required basic interactions for 
navigation purposes. 

 
Fig. 1. Example of level 1: basic interaction. 

 



 

Level 2: Black-box model or basic input to output. This level requires some underlying mathematical model, but there is no 
visual representation of the nature of the model or relationship/s between the input/s and output/s. This level presents a less visible 
model that fulfills the black-box approach.  

Fig. 2 presents an example of a Level 2 GUI that one team incorporated into their project. This GUI has one input box where a 
user can input a numeric value that represents the size of gold nanoparticles in nanometers. The output is the colored block 
(currently orange). Changing the input (size) will give various outputs (colors) based on the underlying model of size dependency 
of optical properties. This model is not visible to users beyond this simple input-output interaction, so it is a black-box model. 

 
Fig. 2. Example of level 2: black-box model. 

 

Level 3: Animation of a simulation. This level requires a visual presentation of a model, but users can only play the simulation 
with default variables; there are no input variables that the user can set. This level has a higher level of model visibility than Level 2 
and fulfills the glass-box approach, but does not present user choice.  

Fig. 3 presents an example of a Level 3 GUI that one team incorporated in their project. The figure is a screenshot of the GUI 
part way through the animation, which can be seen by the “6 seconds” note at the bottom right of the graph. The user only has the 
option to click the “play” button and then watch the animation of a simulation. The animation presents the amount of energy 
absorbed by two solar panels over time, one that has nanoparticles and one that does not. There is a model and a visual 
representation of it, but there is no user choice of inputs to the model.  

 



 
Fig. 3. Example of level 3: animation of a simulation. 

 

Level 4: Simulation. At this level, the user can change input variables to explore the nature of the mathematical model behind 
the simulation. This level fulfills the glass-box approach. 

Fig. 4 presents an example of a Level 4 GUI that one team incorporated in their project. This graph shows an example of size-
dependent properties, one of the big ideas of nanotechnology. It shows that the melting point of gold changes based on its particle 
size. The two slide bars on the left are the input variables that the user can change. The user can change the temperature and the 
size of the gold particle to discover its current phase (i.e. solid or liquid). The red point (x) on the graph and the wording on the left 
“Solid” are the two outputs of this model.  

 



 
Fig. 4. Example of level 4: simulation. 

 

The relationships among these four levels are depicted in Fig. 5 in terms of the presence of interactivity, a model, and a 
simulation. Level 1 has interaction only. Level 2 contains a model and is interactive, but does not fulfill the visual representation 
requirement for true simulations. Level 3 has a model and a visual representation of the model, but is not interactive. Level 4 has all 
three components. As simulations are based on models, they cannot exist in isolation of models or user-interaction. While models 
can independently exist, they are not the focus of this study.   

 



 
Fig. 5. Framework of interactivity, model, and simulation. 

 

IV. DISCUSSION 
The initial finding from the analysis of these projects was the simple realization that first-year engineering students do not know 

what simulations are. During the semester of this project, there were minor lecture interventions throughout to attempt to get 
students on track, but no real scaffolding focused on helping students learn about simulations. Scaffolding and assessment should 
focus on three key elements on simulation: interactivity (user choice), model-based, and visualization of the model. All three of 
these components need to be present for a successful, rudimentary simulation.  

Based on these results, we believe that students progress through three fundamental levels of understanding to develop a Level 4 
simulation. First a student must understand how to implement user interaction into a GUI to reach Level 1. Second a student must 
understand the need for some model, whether it is based on empirical data or theory is not pertinent at this point. Once a student 
has included some type of model with user interaction, they have reached Level 2. The next step is to understand the need for 
visualization of the selected model to enable more meaningful exploration. Creating a simulation requires user interaction, a model, 
and a visual representation. At this point of understanding, a student should be able to develop a Level 4 simulation. 

This progression of understanding does not include a Level 3 animation of a simulation. We believe that this only occurred in 
our data set once because it is an overshot in trying to develop a simulation. An example thought process behind this idea could be 
as follows. A team has a Level 2 Black-box Model and they receive feedback that they do not yet have a simulation. They think we 
need to show (visualize) the model through moving graphs. The thought moving requires animation leads to a set animation of a 
simulation that has removed all user choice. There may not even be the thought that use choice is missing. Although it could also 
mean that they think simulations require movement and therefore animation. Students may not realize that animation of graphs is 
still possible with user choice enabled in the forefront of the movement. This level could mean a variety of misunderstandings or 
even misconceptions, but the key point is the visualization component is present and bringing them to understand the importance of 
user choice (interactivity) is appears to be a more simple concept for students. Either way if a student reaches a Level 3 animation 
of a simulation, it is important to guide them towards a Level 4 simulation by explaining the need for user choice and interaction to 
make their current project into a simulation.  

V. CONCLUSION 
 This study was followed-up with the development of a guided instructional tool [6]. This tool presents students with the 
opportunity to interact with a selection of previous student work based on these established levels of simulations that span Levels 1 
to 4. The tool inquires about the level of interactivity and presence of models and/or simulations. The final questions then present 
an opportunity for the students to reflect on the sample pieces of work and how seeing them may influence their design choices. 
This intervention will be assessed in future studies by comparing the frequency of content at the various levels from this study and 
the semester of this intervention.  
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