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INTRODUCTION 

 The laboratory component is the quintessential piece of engineering education 

that grounds conceptual understanding with concrete examples (Feisel & Rosa, 2005). 

Laboratory experiments, demonstrations, and projects give students the opportunity to 

further explore and reinforce knowledge gained in the classroom. In a traditional 

engineering laboratory class, students are provided access to the equipment necessary to 

carry out a set of tasks related to the desired learning outcomes. In this thesis, such 

equipment is referred to as a physical lab. While the hands-on experience in a physical 

lab affords numerous benefits, certain educational outcomes may warrant laboratories 

that are logistically difficult to explore in such a setting (de Jong, Linn, & Zacharia, 

2013). For example, a physical lab could require lab equipment that is too expensive to 

purchase or maintain, or the equipment itself could be too large to be located onsite 

(Hofstein & Lunetta, 2004; Ma & Nickerson, 2006). Other limiting factors include safety 

concerns, time required to operate experiments, limited material resources, and more 

(Pyatt & Sims, 2007). Thus, if laboratory experiences are limited to the physical lab, so 

too are the pedagogy and learning outcomes of laboratory instruction restricted.  

Due to these shortcomings, remote laboratories and virtual laboratories have 

attracted interest as alternative laboratory modes. Remote laboratories afford students, 

through the use of a computer interface, the ability to control real equipment and collect 
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real data from a remotely located laboratory experiment (Balamuralithara & Woods, 

2009). This type of laboratory experiment has advantages and disadvantages over 

physical labs, but will not be discussed in this paper. Virtual laboratories (otherwise 

known as simulated laboratories, and henceforth referred to as virtual labs) generate data 

from computer simulations of laboratory experiments or industrial processes (Koretsky, 

Kelley, & Gummer, 2011). Whether as an educational supplement to physical 

laboratories or as their replacement, virtual laboratories compensate for the physical 

limitations by bypassing them in a virtual exploratory space. 

 Creating a virtual lab requires time and demands a wide variety of skills. Ideally, 

a team consists of “technologists”, learning scientists, and domain experts (de Jong, Linn, 

& Zacharia, 2013), and, depending on complexity, may take a significant amount of time 

to develop. Virtual laboratory development has been distributed and autonomous (Hua 

Ma, 2010), implying that developers have not benefitted from prior software. The 

premise of this thesis is that a development team need not have to start anew every time. 

The goal is to propose and demonstrate a general software architecture that provides a 

standardized structure, software examples, and thorough documentation to help 

significantly reduce the effort required to create virtual labs.   

Definition of a Virtual Lab 

 Starting with the definition of virtual labs being computer simulations, Honey and 

Hilton offer the elaboration adopted in this paper: “Simulations are computational models 

of real or hypothesized situations or natural phenomena that allow users to explore the 

implications of manipulating or modifying parameters within them” (2011). These 
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simulations are also referred to as dynamic, or having an interactive component, instead 

of being a static visualization (Honey & Hilton, 2011; Koretsky, Kelley, & Gummer, 

2011). From a software perspective, another way to interpret Honey and Hilton’s 

definition is to treat virtual labs as systems that receive input and return results so that the 

user can investigate situations or phenomena. While this is a generic way to describe the 

content of a virtual lab, the methods students employ to explore phenomena are 

determined by the instructional design goals of the virtual lab. 

 The instructional design of virtual labs can be categorized by the role and context 

in which the learner is placed (Sherrett, 2012; Koretsky, Kelley, & Gummer, 2011). 

Sherrett proposes that there are two main categories of roles and contexts; students are 

either kept in a student role when performing lab activities or they are removed from that 

role and placed in another (2012). A virtual lab that puts the user in a student role would 

typically provide a traditional classroom or laboratory experience as context for the 

simulation. The other type, and focus of this thesis, is referred to as a situated laboratory 

(Sherrett, 2012; Koretsky, Kelley, & Gummer, 2011). In situated laboratories, the user is 

put in a role which differs from that of the traditional student. For example, there are 

situated laboratories in engineering education that have students perform tasks as a 

practicing engineer (Chesler, D'Angelo, Arastoopour, & Shaffer, 2011; Koretsky, Kelley, 

& Gummer, 2011). The labs in this subcategory are referred to as industrially situated 

virtual labs.  

 Differentiating virtual labs by student role and context puts emphasis on the 

nature of the laboratory task and the user’s interactions with the virtual environment. 
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These two components impact the software requirements of a virtual lab, which is why it 

is conducive to frame the virtual lab comparison in this manner. 

Software Characteristics of Virtual Labs 

 Depending on the instructional requirements, the complexity of virtual lab 

implementations can vary. According to de Jong, Linn, and Zacharia, virtual lab design 

requires “interdisciplinary teams involving domain experts, technologists, and learning 

scientists” (2013). In this thesis, domain experts are referred to as “content experts”, and 

learning scientists as “instructional developers”. The category of technologists is 

subdivided into two roles: software developers and graphic design artists. This distinction 

is important because, with the introduction of three dimensional graphical user interfaces 

and advances in display technology, software developers cannot be expected to have the 

graphic design background to readily fulfill visual aesthetic requirements of virtual labs. 

 In order for the software architecture to best accommodate present and future 

virtual labs, certain design goals must be achieved. After reviewing a number of different 

LabVIEW-based virtual laboratories, Ertugrul suggests that the following criteria should 

be considered when developing a virtual lab application (2000): 

 Modularity, allows to test individual modules easily and to develop applications 

quickly. 

 Multi-platform portability, enables designers to work on separate parts and 

compile them on one platform. 

 Compatibility with existing code, allows incorporating with previous applications, 

and also with the previous versions of the software. 



5 

 

 Compatibility with hardware, to be able to gather data from different interface 

hardware. 

 Extendable libraries, to let the designer build libraries of low-level routines to 

link them in higher level systems. 

 Advanced debugging features, to optimize product design and to determine a 

defect in the code. 

 Executables, to avoid alteration, to hide the code or to create standalone 

applications. 

 Add-on packages, which indicate the market acceptance of the product and speed 

the development. 

 Performance, to ensure that the end product meets the required performance. 

 Intuitive Graphical User Interface (GUI), enables a user to look at it and see what 

needs to be done. 

 Multimedia capabilities, for future development. 

 

While these criteria cover software design concerns, the demographics of the targeted 

audience for a virtual lab should also be considered. In order to promote the use of virtual 

lab software, the cost of operation for users, accessibility, and language support are also 

used as criteria for evaluation. 
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METHODOLOGY 

With an operational definition, classifications for comparison, development roles, 

and software criteria of virtual labs established, existing virtual labs can be compared and 

analyzed. The architecture proposed in this paper benefits from examining other virtual 

labs by incorporating their strengths and compensating for their weaknesses. First, the 

Virtual Bioreactor from Oregon State University is introduced. It is the main motivation 

for the design of the generalized software architecture because is it being redesigned, and 

the architecture must support it. Next, another virtual lab from Oregon State University 

and virtual labs from India and Sweden are analyzed and compared to the Virtual 

Bioreactor from an instructional design perspective. Since instructional design influences 

software design, certain design ideas are extracted and incorporated in the design of the 

architecture. These virtual labs are not open source, so the software architecture must be 

inferred or assumed from the functionality that the virtual labs provide. Once a software 

functionality comparison is made, other considerations relating to accessibility and 

student use are discussed. 

The generalized software architecture is then proposed, and the thesis concludes 

with a discussion of the benefits and disadvantages of the architecture with relation to the 

software criteria. The appendices document VBioR related examples and other useful 

information helpful for implementing this architecture. Appendix A contains 

documentation for Unity, the three dimensional interface development environment 

chosen for the new graphical user interface of the Virtual Bioreactor. Appendix B 

discusses the web interface for interacting with virtual lab simulations. Appendix C 

details the structure of the relational database used in the architecture. Appendix D has an 
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example Matlab script that conforms to the Matlab Server Interface. Appendix E contains 

information regarding the configuration file developers upload when adding a new virtual 

lab to the system and an example of a configuration file. 
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THE VIRTUAL BIOREACTOR 

At Oregon State University, there has been an ongoing effort to develop virtual 

labs. Within the school of Chemical, Biological and Environmental Engineering, there 

are two such labs: the Virtual Bioreactor and the Virtual Chemical Vapor Deposition 

Laboratories (abbreviated VBioR and VCVD respectively). Both are industrially situated 

virtual laboratories; they put the student in the role of a practicing engineer. They are 

both used in the same senior level course, and students choose one to complete. From an 

instructional design standpoint, the two are almost identical. Due to their similarities, and 

because the VBioR is the main model for the software architecture, that VBioR will be 

described in detail and the differences between the VCVD and the VBioR will be 

discussed. 

Instructional Design 

The design task for the VBioR focuses on optimizing a biological process where 

the goal is to maximize the production of biomass, production of mammalian proteins, or 

degradation of waste. In all three cases an instructor specifies the organism to be used and 

the substrate for the organism to consume. These processes occur in a bioreactor (a piece 

of laboratory or industrial equipment designed specifically for that purpose). The senior 

level course that incorporates the VBioR cultivates professional skills and promotes the 

synthesis of knowledge obtained in prior coursework. Students are required to go through 

design, planning, and proposal stages in teams before gaining access to the simulated 

equipment, much like an engineer would with a real bioreactor. Once an instructor 
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approves a student team to use the simulation, students must spend virtual money in order 

to run experiments and to take measurements. This adds to the authenticity of the lab by 

introducing financial constraints. By structuring the course this way, students are 

encouraged to collaborate in teams and design iteratively. 

The work flow while in the simulated bioreactor is meant to mimic that which 

would be found in industry. First, students specify the operating parameters for a trial run 

in addition to the measurements to be taken during the run. Note that the parameters and 

measurements are specified before the run occurs. The flow is structured this way 

because in a real bioreactor, the data can only be collected as the experiment is occurring. 

Once the run is complete, the requested measurements are returned to the user. 

Software Design 

Architecture 

The original VBioR had a Browser/Server architecture that hosted the 

mathematical simulation on the server, and the user interface ran in the web browser. 

This structure is shown in Figure 1, on the right side of the diagram. Originally, the three 

dimensional (3D) graphical user interface (GUI) application was a Java OpenGL applet. 

On the server side, there was a database that stored and maintained account information 

as well as trial run data for the VBioR for each student that used it. When all of the 

information required for running an experiment was put into the database, the GUI would 

initiate a simulation by signaling to the web server. The web server then would extract 

the required information to make a run from the database, format it, and send it to the 

Matlab based simulation server. Once the simulation had completed, the information 
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would be parsed, stored in the database, and returned to the 3D interface. Figure 1 shows 

the procedural flow (left side) and the original structure (right side) of the original 

VBioR.  

 

Figure 1 - Simulation flowchart and original structure of the VBioR.  

The original structure was inherently modular. Storing all of the data on the server 

functionally separates the mathematical simulation from the GUI. Doing so reduces the 

interdependencies between components of the architecture, making the system easier to 

maintain. Having a Browser/Server (B/S) architecture allows developers to easily 

leverage capabilities of standard web browsers, which implies that standardized 

programming languages for web development are used. As a consequence, any 

application that can communicate with the web server can use the simulation. This 

provides developers with the flexibility to implement the GUI in any number of ways. 

The main disadvantage was that much of the software design and code used to 

implement the VBioR was not reusable, and so the system was not easily extendable. It 

was designed in a short period of time specifically to achieve the task of simulating the 
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VBioR, and it achieved that goal. However, the VBioR has not been the only virtual lab 

developed at Oregon State, and reusing software between virtual labs would have 

facilitated their development.  

Graphical User Interface  

The simulated environment of the VBioR has two rooms. Figure 2 depicts the 

Bioreactor Suite, which contains the bioreactor and medium storage tanks. The other, 

called the Analytical Lab, houses computers and other lab equipment. In order to start an 

experiment, students walk up to the instrument terminal in the Bioreactor Suite, input run 

parameters and the measurements they wish to take, and then start the experiment. After 

the run is complete, students can then view their run data in the Analytical Lab, as well as 

download the run data in MS Excel Spreadsheet format. This data include the costs 

accrued when students initiate a run and take measurements; the total cost is dependent 

on how many measurements they take and the flat run cost. The 3D environment 

reinforces the educational objectives of teaching professional skills by emulating an 

industrial lab environment in visual appearance and the aforementioned operational flow. 

In addition to displaying the laboratory and its equipment, the visual experience is made 

more authentic by having the reactor undergo an animation as the lab is running, as well 

as overflowing if the student specifies run parameters that cause the bioreactor to 

overflow. 

The GUI had one major advantage that facilitated its remaking: the object models 

used in the 3D interface are of a standard format. This allowed for the object models of 

the original VBioR to be directly used in the creation of its new 3D interface. The main 



12 

 

issue with the GUI was also related to object models. In order to run the virtual lab, the 

user needed to download the models, which were often very large files (on the order of 

hundreds of megabytes in total). This incurred a large performance overhead when 

installing and configuring the frontend interface, which was downloaded every time the 

virtual lab was accessed. 

 

Figure 2 – The bioreactor, located in the Bioreactor Suite. 

Web Server 

There were several user interfaces to the central web server of the old VBioR. In 

addition to using the 3D interface to initiate runs, students could login to the central web 

server directly to input run data, initiate runs, and view run results. While this bypassed 

the 3D interactive experience, it still provided the opportunity to iteratively use the 

simulations when the 3D application was under maintenance. For instructors, there was a 

dedicated interface which allowed them to manage classes, students, and lab specific 
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tasks. Lastly, administrators were able to manage everything, including instructors, 

through a dedicated interface. All of these were accessed through the same web page; the 

user was dynamically redirected to the appropriate one depending on their privileges. 

In addition to the standard object models used for the GUI, an advantage of the 

original VBioR’s design is the inherent security of the B/S structure. The students’ 

experimental data were generated server-side, which protects it from being undesirably 

changed or inner workings observed in unintended ways. For instance, if a student ran an 

experiment and was not satisfied with the outcome, that student might be tempted to alter 

his or her results. When the data are generated on a server, students do not have direct 

access to it. If the data were to be kept on the client-side device, manipulating it would be 

much easier because they have direct access to their own file system.  

Mathematical Simulation 

 The mathematical computations for the VBioR are performed in Matlab by 

executing a web request from the web server. The Matlab script has several codependent 

differential equations based on first principles that are solved simultaneously. A tool like 

Matlab is well suited for this because most programming languages do not have the 

capability to efficiently solve differential equations. Matlab also had the advantage of 

being familiar to many content experts, the people responsible for defining the relations 

involved in the simulation. 

 The differential equations used in the Matlab script used to simulate the VBioR 

are protected intellectual property and are not documented in this thesis. However, the 

Matlab code used as an interface and to set up and solve the differential equations is 
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available in Appendix D. In essence, the input to the script is a one-dimensional array 

(using Matlab syntax) of all of the required parameters. This is despite the fact that there 

are two dimensional data elements used in the script; they are simply “flattened” into a 

one-dimensional array. The return values are of a similar structure to that of the input 

parameters. When executing this Matlab script, and with no other users attempting to 

concurrently access the server, it takes between 5 and 10 seconds to complete on the 

current server hardware. If multiple users access the simulation at the same time, this 

time could be significantly longer. Given the structure, it is very easy to scale with 

demand by simply adding more servers. 

Design Considerations for Students 

The B/S structure provides students with access to the virtual lab provided that 

they can connect to the internet and have a suitable web browser without need for them to 

run the simulation since it is run on the server. This aspect reduces the computational 

requirements of the client side computer. From an accessibility point of view, this is 

important because this allows students to access the virtual lab from anywhere and on 

most machines that have internet access. The tradeoff is that a server is required to host 

the virtual lab which has associated costs and an organization must maintain the server. 

Also, having a server eliminates the need to have personal access to Matlab since the 

simulation is happening on the shared server. In comparison with the alternative of 

having simulation happen on the students’ computer, this structure minimizes the 

requirements surrounding students’ access to technology. Finally, multilingual support 
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was a design feature of the original VBioR, but English is the only supported language at 

this time. 

Designed into the original VBioR was the ability to change the language of text in 

the GUI. By keeping a dictionary of strings, the software could select which language to 

display at runtime. Designing language support into the structure in this way allows for 

other languages to be easily added. 

  



16 

 

VIRTUAL LABS FROM AROUND THE WORLD - OVERVIEW 

 A number of virtual labs from around the world were observed, reviewed, and 

compared for the purpose of extracting design ideas that would help make the general 

architecture proposed in this thesis more accommodating for all types of virtual labs. The 

virtual labs chosen for review cover a broad spectrum of virtual labs and demonstrate 

functionality that is supported by the generalized architecture. 

USA, Oregon State University, the Virtual CVD 

 Much like the VBioR, the Virtual Chemical Vapor Deposition lab (VCVD) is an 

industrially situated virtual laboratory in the context of semiconductor wafer production; 

students interact with a reactor to create virtual wafers, several hundred at a time. For 

each wafer, the goal is to achieve correct and uniform thicknesses of a deposited silicon 

nitride layer. It is used in the same senior level class at Oregon State University as the 

VBioR, and students have the ability to choose between using the VBioR or the VCVD. 

They are very similar with regard to the instructional design and their role in the class 

(Koretsky, Kelley, & Gummer, 2011). 

India, Multiple Universities, the Sakshat Virtual Lab Portal 

In India, there is a collaborative effort among twelve universities to develop and 

provide virtual lab access. The main goals are to increase enrollment in higher education, 

to reduce the digital divide by making educational tools more widely accessible, and to 

unify disjointed development efforts (Ministry of Human Resource Development, 



17 

 

Government of India, 2012). The main site hosts links to all of the different virtual labs 

supported by this initiative (Sakshat, 2013). Currently, there are links to ninety-eight 

virtual labs from a number of different engineering disciplines, physical and chemical 

sciences, and much more; they are organized by subject, then by subtopic.  

Sweden, University of Gothenburg, the Virtual Marine Scientist and Ocean 

Acidification Lab 

Over the past 5 years, there has been a virtual lab development effort at the 

University of Gothenburg, Sweden. Two of the virtual labs that have been developed 

there are called the Virtual Marine Scientist (VMS) and the Ocean Acidification Lab. 

Both labs explore the concept of ocean acidification and the effects on marine life, and 

the target audience is high school or college students. Despite the similarity of content, 

the two virtual labs are designed differently but in complementary ways. One keeps the 

student in the role of a student to learn the fundamentals of ocean acidification; the other 

is more industrially situated, putting the student in the role of a researcher learning how 

the fundamentals interplay and apply in practice. 
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INSTRUCTIONAL DESIGN COMPARISON 

The Role of the Student 

The information available about the virtual labs from India is limited to content, 

how students interact with the simulations, and overarching goals for the collection of 

virtual labs. The philosophy statement on the virtual lab website states that the purpose is 

to help students learn basic and advanced concepts (Sakshat, 2013). This suggests that the 

virtual labs put users in a student role. However, without knowing how these virtual labs 

are incorporated into the classroom setting, it is difficult to determine the role of the user. 

This assumption is supported by the amount of instructional guidance present in the 

observed labs; most have a directed procedure for students to follow. Some virtual labs 

teach skills related to performing experiments or measurements. While they could be 

classified as putting the user in the role of a technician (or similar occupation), students 

are often required to learn about laboratory procedures. Other labs, like the 

Immobilization of Whole Cells lab of the Bioreactor labs, do not meet the definition of a 

virtual lab established in this paper. This type of lab has static animations, which does not 

provide interaction to students. There are also remote labs in this group of labs. 

 The Ocean Acidification Lab (Sweden) teaches students about how the increase 

of carbon dioxide concentration in the atmosphere is affecting the acidity of the ocean. 

This was part of an effort called Inquiry to Insight which was to develop virtual education 

resources to teach high school students about climate change and how it is impacting 

ocean acidification (Hodin, 2013). This is done by simulating the affect the process has 

on sea urchins, which is a well-studied organism. The lab begins by giving students 
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background information about the rise in atmospheric CO2, followed by an interactive 

activity regarding the pH of different liquids. Next, information about oceanic storage of 

CO2 is given as the context for the interactive lab. Figure 3 shows the simulated 

laboratory workbench of the Ocean Acidification Lab. The lab leads students through 

each step required to take measurements and includes simulated instruments that 

resemble what would be used if this experiment were performed in a real laboratory. 

Finally, students use the specimens that they generate in the laboratory to perform 

measurements and analyze that data. The activity of the lab puts the user in the role of a 

student that explores concepts in a laboratory; the procedure for the virtual lab is fixed, 

and there is sufficient guidance to teach the core concepts. 

The Virtual Marine Scientist lab (Sweden) puts students in the role of a PhD 

student conducting research for the purpose of learning about experimental work, 

cooperation, and problem solving skills in the context of ocean acidification (Johansson, 

2013). Like the VBioR and VCVD, students must complete a proposal and submit it to 

their instructor. While this application is only viewed by the instructor of the course, it 

provides the experience of submitting a grant proposal for research. Once students have 

access and have been granted a virtual budget, they can purchase aquaria for the purpose 

of studying different marine species. A sample picture of the aquaria is shown in Figure 

3. In order to perform the experiment, students must specify the relevant information to a 

“technician” (Johansson, 2013). While students are situated in the role of a researcher 

instead of in industry, these attributes bear similarity to the industrially situated virtual 

labs since the virtual Marine Scientist requires students to synthesize prior knowledge 

and develop design skills for the purpose of investigating a phenomenon.  



20 

 

 

Figure 3 - Pictures of the Virtual Marine Scientist (left) and Ocean Acidification Lab (right). 

 From these different virtual labs, there are three types considered: the student-

situated virtual lab, the research-situated virtual lab and industrially situated virtual labs. 

All of the virtual labs differ in terms of the content they teach, but one of the important 

differences is the level of instructor involvement in the virtual lab. With the student-

situated virtual lab, minimal instructor involvement is required. The only involvement 

required of an instructor may be to direct them to the lab and keep track of grades. The 

research-situated and industrially situated virtual labs are similar in that they both require 

a higher degree of instructor involvement. Both require instructors to be involved with 

the planning and design approval process, which encourages open ended design. Another 

important difference is that the learning objectives between these labs are also different; 

student-situated labs are generally more focused on teaching specific concepts whereas 

research-situated and industrially situated labs afford the ability to teach design and 

synthesis skills as well. Note that this distinction and level of activity is critical in the 

success of the lab. A researcher from Sweden related an instance where an instructor 

attempted to direct students to the more open ended Virtual Marine Scientist Lab without 

additional input. The instructor incorrectly assumed that their involvement in the virtual 

lab was not necessary, leaving students unable to complete the exercise. 
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Experimental Procedure 

 The interactions with the GUI of the VCVD and VBioR are logically different 

due to differences in the content of each lab. These differences provide good examples 

and contrast for the different types of interaction. Figure 4 shows this difference. VBioR 

users interact with the simulation in a synchronous manner; VCVD users can interact 

more asynchronously. 

For the VCVD, students provide the run parameters and execute the run. Then, 

they can measure the thickness of the wafer any time and any number of times after the 

CVD operation has completed. This is possible because measurements are non-

destructive and only concerned with the thickness of the wafer after the operation has 

completed. With the VBioR, measurements are specified before the experiment because 

they are taken during the bioreactor operation and cannot be taken after. For software, the 

ideal operational flow of a mathematical simulation is to input data, and then to receive 

output data (e.g., how the VBioR logically operates). Even though the experimental 

procedures for the virtual labs are logically different, the software flow can be 

implemented in the same way. 

The accommodation for this difference between logical flow like that used in the 

VCVD and that of the software is to use the GUI as a translation layer between 

experimental procedure flow and software flow. When the GUI is displaying the CVD 

reactor producing a wafer, the web server stores the parameters used to make the wafer, 

and then makes a note that the experiment has been run. When the user wants to take 

measurements, the GUI sends the web server the thickness measurement locations, which 

starts the mathematical simulation. The simulation uses all of that information to 
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determine the thickness of silicon at all of the measurement points and returns that 

information. Using the GUI as a translation layer between experimental procedure flow 

and software flow in this way allows for disparate virtual labs to be implemented in a 

similar fashion. This aspect of design affords the standardization of mathematical models 

for virtual labs; they can be described as input-output systems, which are easily modeled 

with software. Figure 5 shows this correspondence in implementation flow visually. 

 

Figure 4 - Experimental procedure and software flow charts of the VBioR and the VCVD. 
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Additional Material and Exercises 

Another difference between virtual labs is the background information and 

additional exercises that they provide. The website in India organizes many virtual labs 

and affords developers a structured approach to implementing instructional design goals. 

There is a website template which allows developers to add components other than the 

simulation to the laboratory experience. For example, Figure 5 presents a screen shot 

displaying the theory, procedure, etc. tabs for content related to the coupled harmonic 

oscillator lab. The tabs enclosed by the red rectangle are exercises and materials that 

accompany the simulation component of the virtual lab.  

 

 

Figure 5 - Virtual lab website that supports activities in addition to the simulation. 

Like the virtual labs in India, the virtual labs from Sweden include other activities 

beyond the simulation. Even though the Virtual Marine Scientist is more of a research-

situated role, there are additional activities that help give background for the exercise. It 

uses a combination of activities that are available online as well as activities with 

instructor involvement. The original website for the VBioR only had the virtual lab and 
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no additional exercises. This was because the supplementary activities and exercises are 

performed in small teams in the classroom; there was no need to have this functionality 

on the website. Additionally, the lack of supplementary materials was intentional. The 

interaction of students with the VBioR is designed to have much instructional guidance 

so that students can undertake a more open ended problem as they would in industry. 

Other virtual labs that are not yet designed may require more instructional guidance than 

the VBioR or VCVD, which is why this design characteristic is considered. 
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SOFTWARE DESIGN COMPARISON 

 The availability of information regarding the software design of the virtual labs 

from India is limited. The source code and supporting documentation are not readily 

available, so the software design is inferred from descriptions of the virtual labs. Similar 

to the VBioR, these virtual labs are described as having a visual interface that is used in a 

web browser, and utilizing high-end servers for simulation. A conference paper written 

about the virtual lab initiative supports this by stating that virtual labs “comprise of a 

user-friendly graphical front-end, working in synchronization with a backend, possibly 

consisting of a simulation-engine running on a server or actual measurement data or a 

real experiment” (Achuthan, et al., 2011). While this is a B/S architecture similar to the 

VBioR, it is difficult to tell if the system is using a database to store user information 

regarding their interactions with the simulation. While requesting users to login suggests 

the use of a database, valid login credentials may be the only information that is stored in 

that database.  

Due to differences in instructional design, despite the similarities in content, there 

are fewer software requirements for the Ocean Acidification Lab than there are for the 

Virtual Marine Scientist. The only component to the Ocean Acidification Lab is the web 

browser based application; the mathematical simulation is bundled with the GUI. It does 

not require instructor action, nor is there a need to record student’s experimental data. 

The Virtual Marine Scientist, on the other hand, requires students to send proposals to 

their instructor, and the information about their aquatic experiments is recorded (Fauville, 

2014). The VBioR has similar functional requirements, and they have similar software 
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architectures. Both virtual labs use a database to record student information, have web 

browser GUI applications, and compute the mathematical simulations on the server.  

The difference in software requirements highlights a few aspects of instructional 

design that correlate to a more complex software design. When a virtual lab only requires 

student interaction with a mathematical simulation (and the simulation is relatively 

simple), the virtual lab can be as simple as a standalone application. If instructors need to 

record data and interact with students through the virtual lab, a data storage mechanism, 

new interfaces, and access restrictions would be required for the virtual lab. Most virtual 

labs are available to students through a website, they often have backend servers for 

doing the mathematical calculations, and some of the virtual labs record student 

information in a database. Even with the student-situated virtual labs, the majority use a 

B/S architecture like the VBioR. While the student-situated virtual labs have the option of 

a database, all of the research-situated and industrially situated virtual labs have some 

sort of information storage mechanism.  
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ACCESSIBILITY CONSIDERATIONS 

 One of India’s main goals with their virtual lab project was to universalize 

education to the greatest extent possible. The Indian government recognizes that good 

instructors and resources are limited, which is why they are shared over the internet 

(Sakshat, 2013). In addition to being widely available, the virtual labs available on the 

web were designed to use software freely available for download, and to be provided at 

no cost to the user (Achuthan, et al., 2011). The VBioR is designed with similar goals in 

mind: students can achieve desired learning objectives without physical laboratory 

equipment, making the experience much more affordable and widely available, also using 

software that is freely available. 

 Supporting multiple languages is an important design feature of both of the virtual 

labs from Sweden. From the experience of an instructional designer who worked on the 

Virtual Marine Scientist, multilingual support should be a design requirement that is 

specified before development begins, not as an afterthought. This insight comes from 

needing to add support for other languages after the Virtual Marine Scientist had already 

been developed (Fauville, 2014). Multilingual capability affords students the ability to 

interact with the virtual lab in the language of their choice, which can help to reduce any 

language barriers present in education. This was done with the original VBioR 3D GUI, 

and will continue to be a design consideration for future implementations. 
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THE PROPOSED SOFTWARE ARCHITECTURE 

 Having compared examples of virtual labs and their implementations from 

Oregon State University, India, and Sweden, the following is the proposed software 

architecture/structure: 

 

Figure 6 - System level diagram of the proposed software architecture. 

Figure 6 shows the generalized software architecture. All of the blue boxes are 

components that reside on the server, whereas the red boxes are rendered in the user’s 

web browser. In short, the architecture provides a Browser/Server structure. The 
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functionality to execute a simulation resides in the Virtual Lab GUI, the Virtual Lab 

Simulation Interface, the Simulation Server Dispatcher, a specific type of server 

interface, and the corresponding server. In order to perform the simulation, the user sends 

simulation input data through the GUI to the Virtual Lab Simulation Interface, and the 

data is stored in the database. When prompted to run the simulation, the Simulation 

Server Dispatcher is passed data from the database to determine which Server Interface 

will be used. The specific Server Interface is then loaded and passed the relevant data for 

the simulation, formats that data for the particular Simulation Server, and sends it to the 

Simulation Server. The output of the simulation is parsed by the particular Server 

Interface and stored in the database. The results are then returned to the student’s GUI 

and displayed in a manner consistent with the learning objectives for the virtual lab. The 

other web interfaces allow instructors to manage students and classes, developers to test 

the integration of interfaces and simulation scripts, and administrators to gain full access 

to the system. 

Graphical User Interface and other Web Interfaces 

 The GUI can be 2D, 3D or even text-based because anything that can send the 

HTTP requests can function as a user interface with this architecture. The standardization 

of this interface affords flexibility when designing the student interface for the virtual lab. 

As exemplified in the comparison of the VCVD and VBioR, the GUI of a virtual lab is 

responsible for creating the experimental procedure flow for the user, while 

implementing it in a way that is consistent with the software flow model. For 

synchronous virtual labs like the VBioR, this requires maintaining a 1:1 correspondence 
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between using the run and measurement functions, a limitation asynchronous virtual labs 

like the VCVD do not have with this architecture.  

With the new VBioR, the chosen student interface was to use Unity to make a 3D 

GUI. Using Unity has shown promise to improve upon the old VBioR; it is 

straightforward to use, the size of the file that students need to download is much smaller 

(by a factor of about 100), it provides a mature and resource-rich development 

environment, and a Unity project can be compiled to run on several different platforms. A 

Unity Webplayer-based virtual lab requires the Unity Webplayer plugin available for 

Internet Explorer, Firefox and Chrome, and the download for the Webplayer is built into 

the default web application. This makes the setup experience easy and straightforward for 

users because the program will automatically prompt the user to download and install the 

Unity Webplayer plugin if it is not already installed. 

In addition to the student interface, there are a few main visual interfaces needed 

for basic functionality. This includes the instructor, developer and admin interfaces. The 

modular aspect of design promotes expansion and modification of any given interface so 

that the system can adapt to changing requirements. The Instructor Web Interface must 

have functionality for managing classes and students (already provided), as well as 

setting experiment parameters for the students and viewing students’ experimental data 

for evaluation purposes (developer required PHP plugins). The developer needs the 

ability to add a virtual lab’s simulation to the server and reference to the database, the 

ability to enable or disable a virtual lab’s simulation entirely for updates and 

maintenance, and the ability to test the virtual lab. Also included in the developer 

interface would be the ability to expand the web interface, e.g., to add lab specific web 
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pages. Adding additional instructional resources, like with the virtual labs of India and 

Sweden, is also included in this interface. The administrator interface will have account 

management capability and direct database access for modifications. 

Integration/Control Server 

The Integration/Control Server is being implemented as a collection of PHP files 

that reside on a web server provided by Oregon State University. Each file is intended to 

fulfill a single purpose, and multiple files can be linked together. By doing this and 

requiring the user to login for the purpose of restricting access, usage flow can be 

controlled and directed. If the individual PHP files are designed to perform one isolated 

task, the amount of temporary information stored for the PHP session is minimized. 

There is also a consistent flow model for each web page due to the nature of web 

requests: a web request is received, the request is processed, and a response (usually a 

web page) is returned. Because of this flow, there are three core functions that will appear 

in every PHP file. There is the main function to interpret input, a function to perform the 

action requested, and a function to return a response to the user. If a developer of these 

webpages finds the need to have more than one core function to perform the action 

requested, then breaking the PHP file into two separate files should be considered. There 

can be other supporting functions, but this model keeps each PHP file small, 

maintainable, and separate from other files, which should improve the modularity of the 

design. This should also result in a minimized load (both in terms of memory and CPU 

activity) on the server because each web request is handled by a PHP file that only 

performs a specific task.  
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 The Integration/Control Server stores data according to the definition of a virtual 

lab that was established earlier in this thesis. This includes identifying and setting default 

constants and independent variables as inputs and outputs to receive. The communication 

between GUI and the Virtual Lab Simulation Interface is a text-based protocol for 

simplicity. GUIs that communicate with the Integration/Control server provide their own 

visual display, which is why returning a graphic webpage is not necessary. All of the 

functionality that implements this interface can be encapsulated in a DLL that can be 

reused with other GUIs; this is being done in C# for use with the Unity 3D GUI of the 

VBioR. PHP function declarations will be provided for creating instructor and student 

plugins to extend the functionality of their respective web interfaces. 

The last part of the Integration/Control Server is the Simulation Server Dispatcher 

and specific Server Interfaces. The interfaces are responsible for pulling information out 

of the database, formatting it, and sending it to the simulation server. While the 

simulation does not need to execute on a different server to fit this architecture, the 

distinction is made to show the process of running a simulation. For example, while the 

VBioR uses Matlab for simulation, it is conceivable that another virtual lab may only 

need a simple math function, which can be coded in a PHP script, to determine results. 

The ability to choose the simulation at runtime makes the design modular and expandable 

because the method for running a simulation can vary. It also allows the simulation 

servers to be implemented in any way that meets the interface specification, for instance 

as a collection of simulation servers to decrease the time required to run the simulation or 

as a remote lab that generates data from physical lab equipment. 
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Database 

A relational database is the core of the architecture’s design; it contains the only 

persistent data storage in the entire architecture, besides uploaded files. The current 

design enables it to store and relate account information, metadata of the simulations for 

virtual labs, input and output data of the simulations, and tables linking students to 

classes and labs. Other tables for storing information may be added safely, but modifying 

existing tables could cause compatibility issues. This suggests that database design 

should be well planned and thorough, and any changes made should be done sooner 

rather than later. The current design is provided in Appendix C. This design should allow 

for addition of new labs with synchronous or asynchronous runs and measurements, 

extension of web interfaces, and even extension of interfacing with the simulation server 

beyond the current Matlab implementation. 

No structural changes should be necessary even in the case of supporting an 

epistemic game like Nephrotex (Chesler, D'Angelo, Arastoopour, & Shaffer, 2011). 

Nephrotex is a virtual internship with a bioengineering task of designing a portable 

kidney dialysis machine. The virtual internship is similar to the other situated virtual labs 

mentioned, except it has interesting features such as email and instant messaging. 

Supporting those features would likely require additional database tables, web interfaces, 

and functionality (e.g., email support if actual emails were to be used instead of their 

virtual email system). 
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DISCUSSION 

Review of Ideal Software Characteristics of Virtual Labs 

The software architecture exhibits the majority of desirable software 

characteristics mentioned in the introduction: 

 Modularity: Each component has a defined interface that can be tested 

independently of other functionality. 

 Multi-platform portability: The web interface allows applications to be developed 

for any platform that can connect to the internet. 

 Compatibility with existing code: Some existing code is reusable (like the Matlab 

script and object models of the VBioR), but other code is not because it conflicted 

with the design goals of the architecture. 

 Extendable libraries: Libraries are being developed for the Integration/Control 

Server and Unity. 

 Executables: The simulation is computed on the server, hiding all detail from the 

user except what they are meant to see in the GUI. 

 Add-on packages: Other webpages and functionality related to virtual labs can be 

easily integrated into the structure. 

 Performance: The current Matlab server can take a while to run, but the duration 

of the simulation is orders of magnitude shorter than the analogous physical 

laboratory would be. The system can easily scale by adding more servers, 

processes, or threads. 
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The greatest advantages of this architecture are its modularity and expandability. It 

allows for almost any type of simulation server to be used, and any frontend GUI that can 

initiate web requests. The web pages are designed to be modular and small for the 

purpose of being straightforward to implement and easy to learn. 

Development of Virtual Laboratories 

The following is a list of everything that needs to be developed for each lab: 

1. The frontend GUI 

2. The backend simulation (Matlab script if using the Matlab server) 

3. A configuration file for the simulation that describes inputs, outputs and some 

metadata 

4. Any supporting webpages for the virtual lab (PHP plugins) 

5. The Simulation Server Interface if the simulation cannot be run by any existing 

interfaces (PHP plugin) 

The frontend GUI can be implemented in a number of different ways; the only 

requirement is that it needs to use the interface provided to the Integration/Control 

Server. That web interface processes HTTP Get and Post requests to interact with the 

database functionality. There also needs to be a priori knowledge of what variables are 

needed as inputs and are returned as outputs.  

In order to provide this input and output information to the web server and to GUI 

designers, a configuration file must be written for every virtual lab. An example of a 

configuration file is given in Appendix E, and it contains information about the variables 

used in the VBioR. The architecture will provide a configuration file parser so that 
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simulation developers do not need to manually change the database to contain the 

information specific to the simulation that they are developing.  

The backend simulation itself is most easily developed when the Simulation 

Server Interface for the type of simulation already exists. The VBioR uses Matlab, so a 

corresponding server interface is being developed for it. When a simulation tool like 

Matlab is used, it allows for developers to create scripts that represent virtual lab 

simulations. With scripting languages, the simulation script will have certain inputs and 

outputs. In this case, all that is needed to create a new simulation is to write the script and 

a configuration file describing the inputs and outputs. The ability to access the simulation 

server, data formatting, and data handling are already managed by the specific simulation 

server interface.  

The simulation itself does not have to be implemented in a scripting language; it 

can take on any number of forms. It is even possible to consider making a Remote Lab 

with this architecture. The simulation can be anything as long as the interface to the 

“simulation” is designed to have a similar input and output structure, and the simulation 

conforms to the definition of virtual labs described earlier. Note that if a time consuming 

remote lab is included, timeouts may become an important consideration. 
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CONCLUSIONS 

 After defining virtual labs and comparing existing ones, a generalized software 

architecture is proposed that leverages similarities for the purpose of facilitating virtual 

lab development. The architecture is very similar to that of the original VBioR and the 

Virtual Marine Scientist. They both have a visual GUI that is delivered to the user’s web 

browser, they store experimental data in a centralized database, and they have a 

mathematical simulation that calculates the result of user experiments. What this 

architecture does that none of the aforementioned virtual labs have done is that it handles 

data in a generic way and allows for many different types of simulations. 

 The types of virtual lab that this architecture works best with are those in which 

the role of the instructor is active in the context of the laboratory, which is a common 

characteristic of the situated virtual labs. This includes activities like needing to approve 

proposals and enable access to the simulation or simply keeping an electronic record of 

student progress in a virtual lab. The virtual labs that are not classified as “situated” tend 

to have the student performing the only active role in the learning process, but this is not 

always the case. While virtual labs can be classified according to the role in which they 

situate students, this categorization does not have a direct software analog. It is 

influenced by the role of the instructor, and the complexity of the mathematical 

simulation. While the virtual labs without strong instructor roles may benefit from work 

done with this architecture, they will neither integrate well nor be able to reuse much 

software. 

 The architecture has a number of desirable traits that make it reusable and 

extendible for future situated virtual labs. All of the components are inherently modular 
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which allows for the structure to be easily expanded, meeting unforeseen requirements. 

The web server and database handle data in a generic way, allowing other virtual labs to 

use the structure. The interfaces provided are relatively standardized, allowing for 

different implementations of the frontend GUI as well as the backend simulation. The 

amount of work required to develop virtual labs is broken into these two parts, and allows 

developers to focus on the aspects that make their virtual labs unique instead of being 

concerned with the logistics behind the communication of the different components of the 

architecture. 

 A number of design features help improve the accessibility of virtual labs. To 

start, virtual labs using this architecture should be available at no cost to students. The 

VBioR was implemented with a technology that is free to install as a web browser plugin, 

and there are no software requirements beyond needing a web browser. Therefore, the 

virtual labs can be accessed on any computer with a web browser. Multilingual support 

can help students whose primary language is not English understand and learn from 

virtual labs. This feature that must be designed with the GUI of new virtual labs; it is not 

a component of the architecture itself. 

 Finally, the architecture implementation is still in progress. The most immediate 

future work for this project is to finish it and complete its testing by integrating the new 

VBioR. While designs like this can be logically planned out with relatively high success, 

it is very likely that it will need to be updated after testing and debugging. Once the 

architecture has been updated and accommodates the VBioR, it would be helpful to 

integrate another virtual lab to test the efficacy of the structure and possibly update it 

further. Since the instructional design of the VBioR emphasizes virtual experimentation 
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online with other activities moved offline, some of the guiding features of virtual labs 

from India and Sweden were not initially included. The web server design is flexible 

enough to accommodate this expansion, and implementing similar interfaces to those of 

India and Sweden would help test the modularity and expandability of the architecture.  
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Appendix A – Unity Reference Material 

Unity Basics 

 Unity is a development environment for 3D interactive software. It has become 

well known for the games that use it, as well as Ubuntu’s desktop. Because of its 3D 

capabilities, it is well suited for developing virtual lab GUIs. 

 To get started with Unity, either do a Google search for “download Unity” or go 

to www.unity3d.com/unity. On the Unity website, the development environment is 

available for free to download. The free version is not as full featured as the Pro version, 

but it is more than adequate for doing 3D environment development. Go through the 

install wizard process. Once it is installed, open up Unity. It has guides that pop up for 

getting started, and also provides links to online manuals, forums and tutorials. This is 

one of the best features about Unity: it is extremely well documented and supported. 

Through the training on their website and through reading documentation, a developer 

that is new to Unity may quickly learn how to develop in the environment. The rest of 

this section will go over conceptual pitfalls that impeded progress of the VBioR. 

Creating a 3D Environment 

 Unity has a duality that provides a different perspective on coding. There are two 

different methods of creating the 3D interface: through scripting, and through a concept 

called “GameObjects”. In the visual editor, GameObjects can be created and placed in 3D 

space. Their settings can be configured, and they can be given different components like 

meshes, colliders, physics related properties, etc. The other form of editing is using one 

http://www.unity3d.com/unity
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of three scripting languages: C#, Javascript and Boo. It took a long time to figure out how 

to reference the two. In the visual editor, scripts can be attached to a GameObject like any 

other component. Finding objects through scripts is done by using different function 

calls, specifically “GameObject.Find(‘myObject’);”. This function returns a reference to 

the object named ‘myObject’. The script editing tool that ships with Unity (called 

MonoDevelop) has intellisense which suggests objects and functions to use when the user 

starts typing. 

Physics Terminology and Use 

Rigidbody -  If an item has a rigid body, it is affected by the physics engine. Rigidbodies 

usually have colliders because they need to interact physically with other objects. 

Without a collider, they would fall through any objects because they could not collide 

with them.  

 

Is Kinematic - If a Rigidbody is kinematic, it is not affected physically by other objects, 

but can affect other objects physically. Kinematic rigidbodies also move. Think about the 

paddle in the classic arcade game “Pong” and how it can move, yet it isn’t affected by the 

force of the ball when a collision happens and it changes the velocity of the ball. It can be 

considered to be an “unstoppable force” that can’t be affected by any object, yet affects 

all objects that come in contact with it. 

 

Collider - If an item has a collider, then physics objects will interact with that item. The 

exception is when a collider is a trigger. With a trigger collider, objects pass through the 
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collider without physical interaction. One can programmatically detect when anything 

with a collider (usually a rigidbody) enters the trigger zone. 

 

General Rules for setting the physics properties of objects in Unity: 

Table 1 - Unity physics properties 

Resulting 
object 

Rigidbody? Kinematic? Collider? Affected 
by 
gravity? 

Impact 
affects 
other 
objects? 

Impact 
affects 
the 
object 
itself? 

“Unstoppable 
force” 

Yes Yes Yes No Yes No 

Regular 
objects 

Yes No Yes Yes Yes Yes 

Falls through 
floor 

Yes No No Yes No No 

Doesn’t do 
anything 

Yes Yes No No No No 

 

Unity Webplayer Security Issues 

 For fully detailed information about security issues and concerns with deploying a 

Unity project as a Webplayer plugin, go to the following website: 

https://docs.unity3d.com/Documentation/Manual/SecuritySandbox.html 

 The Unity Webplayer is a build option for deploying the 3D environment. The 

Webplayer is an application that allows Unity content to be played in a web browser. 

Unity has imposed a number of restrictions on access to web content in order to avoid 

https://docs.unity3d.com/Documentation/Manual/SecuritySandbox.html
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potential security threats. The one that is most pertinent to the creation of a unified virtual 

laboratory software model is the restriction of accessing data on different web domains. 

Since the virtual lab model relies on using web content, these restrictions impact the 

implementation of the model. However, the current plan is to have the web player hosted 

on the same domain as the server. This bypasses the security restrictions because it does 

not involve a potentially unfamiliar server/domain. In the case that the web player is 

eventually hosted on a domain different from that of the corresponding server, see the 

link above for how to allow access to different domains. In short, a file named 

“crossdomain.xml” must be placed in the root location of the domain in order for the 

Unity WebPlayer to allow requests to that domain.  

 This “security feature” seems like it is meant to protect the domains that are being 

accessed instead of that of the WebPlayer. The accessed domains need to have a 

crossdomain.xml present in order for Unity web requests to function correctly, which 

means that access control is left to the accessed domain. From the perspective of the 

WebPlayer designer, this appears completely erroneous and irrelevant. Regardless, this 

restriction exists, and needs to be taken into account when debugging or if this cross 

domain functionality is part of a Unity WebPlayer based design. When debugging with 

the Unity editor/environment, there is the option to either debug with these security 

settings or without. Using the security settings, some emulation of this security restriction 

can be tested; however it is limited in that the Unity environment is not a web browser. 

The compiled web player acts slightly differently than when debugging in the 

environment, and most of these differences are related to web communication.The 

debugger is usually more permissive than the actual web player. Once the web player is 
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built and placed in the same domain as the data it is trying to access, the cross domain 

restrictions are no longer of concern. 
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Appendix B – Web Server and Database Functions 

The interfaces to the web server are comprised of database function calls that 

perform operations when used in a structured manner. This software layer provides 

higher level functionality for the architecture. PHP files that provide a web page to users 

would then use this layer to expose the functionality. The current list of database 

functions and their permissions is as follows: 

Table 2 - Database functions available to the web server. 

Function Admin Developer Instructor Student 

 
    

SETTERS 
    

request account 
 

x x 
 

add account x x x 
 

accept account x x 
  

remove account x x x 
 

create lab/initiate developer lab publish 
 

x 
  

accept developer lab publish request x 
   

disable lab x x   

associate lab and user x x x 
 

create reactor 
  

x 
 

create class 
  

x 
 

remove class   x  

associate student and class 
  

x 
 

set parameter 
  

x x 

set max cost   x  

upload file 
 

x 
  

link file 
 

x 
  

remove file  x   

initiate run 
   

x 

initiate measurement  
   

x 

update account info x x x x 

 
    

GETTERS 
    

view summary info x x x x 

get account credentials x    
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get highest account credential x x x x 

get list of labs x x x x 

get list of classes x x x x 

get list of accounts x x x 
 

get list of reactors x x x x 

get reactor info x x x x 

get list of runs x x x x 

get list of available parameters x x x x 

get list of measurements x x x x 

get measurement results x x x x 

get parameter id x x x x 

get parameter value x x x x 

get parameter description x x x x 

get parameter display name x x x x 

get parameter unit x x x x 

get cost accrued x x x x 

get cost available x x x x 

get run cost x x x x 

get measurement cost x x x x 

get list of buttons 
  

x x 

 

One example of a web interface that uses the above function calls is the Virtual 

Lab Simulation Interface. The purpose of this interface is to provide web access to 

simulation server functionality. These web requests handle simulation information in the 

form of a “run”, or an interaction with the simulation server where the returned output is 

calculated based on the provided input. This interface must be able to set run parameters, 

set measurements, start a run, retrieve run data, and mark a run as a “final recipe”. They 

also need to be able to get costs accrued and get cost based permission to make a new 

run. 
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Appendix C – Database Structure 

The database is the core of the design; it defines the capabilities of the system. 

The tables of this structure create the concepts of labs, reactors, runs, measurements, 

settings, classes, and different types of accounts, and they are all related together. 

Tables 

 The “lab” table (Table 3 - "lab" table) defines the general information for a virtual 

lab. The ID of this table is used by others to specify that information is linked to a 

specific virtual lab. The account ID is that of the developer for the virtual lab, and the rest 

of the information is related to the development stage of the virtual lab (i.e. if it is still in 

testing mode or not).  

Table 3 - "lab" table 

Fields Description 

id The primary key for identifying entries in this table 

name The human readable name of the virtual lab 

description One or more sentences describing the virtual lab 

account_id The ID number of the developer account associated with the 

virtual lab 

date The timestamp of the last modification to the virtual lab 

is_live If a virtual lab is live, any instructor can use it. Otherwise, it is 

in developer mode and only select instructors can 

is_publish_requested Used for approving virtual labs 

 

The “lab_run_cost” and “lab_measurement_cost” tables (Table 4 and Table 5 

respectively) are for instructors to set costs for students when they perform actions in a 

virtual lab if the instructor wants to use a non-default value. The run cost is applied only 

once to a student’s virtual account per experimental run, whereas many measurements 
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can be taken in one run. The measurement cost is applied each time a particular variable 

is measured. 

Table 4 - "lab_run_cost" table 

Fields Description 

id The primary key for identifying entries in this table 

class_id The class with which the specific run cost is associated 

lab_id The lab with which the specific run cost is associated 

cost A numeric value representing the run cost 

Table 5 - "lab_measurement_cost" table 

Fields Description 

id The primary key for identifying entries in this table 

class_id The class with which the specific run cost is associated 

lab_id The lab with which the specific run cost is associated 

cost A numeric value representing the run cost 

 

The “variable_definition” table (Table 6) contains developer-defined variables for 

the simulation, but does not contain any user values for those variables. These values 

come from the configuration file that the developer creates and uploads. It is referenced 

when run settings and parameters are created, as well as when data is being returned from 

the simulation server and every other instance where run data is accessed or modified.  

Table 6 - "variable_definition" table 

Fields Description 

id The primary key for identifying entries in this table 

name The string representation of the variable’s name 

display_name The human readable name of the variable 

unit The units of measurement for the variable 

high The acceptable high (maximum) value of the variable 

low The acceptable low (minimum) value of the variable 

lab_id An identification number for the virtual lab with which the 

variable is used 
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script_order The order in which this variable appears in the list of input or 

output arguments 

is_output Indicates if the variable is an input to the script or an output 

from the script 

default_val The value that the variable takes when no value is specified 

is_array Indicates if the simulation script takes multiple values for this 

variable instead of just one 

is_student_settable Distinguishes between a variable that students are allowed to 

modify and instructor-set variables 

is_student_viewable Determines if the variable is visible to students when they 

request run data 

cost The cost associated with setting a variable for a virtual lab 

description One or more sentences that describes the variable 

 

 The “inter_lab_accounting” table (Table 7) gives the opportunity to link virtual 

lab simulations together by creating something in one lab so that it can be used in 

another. This table keeps track of all of these transfers between labs. All of the runs will 

have outputs, and any of those outputs can be transferred to another experimental run as 

an input. 

Table 7- "inter_lab_accounting" table 

Fields Description 

id The primary key for identifying entries in this table 

var_id ID of the variable  

amount Amount to transfer 

from_lab_id ID number of the lab from which data will be transferred 

to_lab_id ID number of the lab to which data will be transferred 

from_run_id ID number of the run from which data will be transferred 

to_run_id ID number of the run to which data will be transferred 

date Date when the transfer took place 

 

The “reactor” table (Table 8) represents a way to make the simulation behave 

differently between users. The term originally comes from the Virtual Bioreactor and the 

Virtual CVD reactor, where the simulated system is called a “reactor”. This is equivalent 

to any transformative process, whether it be separations, reactions, etc. In these virtual 
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labs, the instructor can set different operating parameters for the different reactors so that 

students do not interact with identical systems.  Each class of every virtual lab has their 

own set of reactors.  

Table 8 - "reactor" table 

Fields  Description 

id The primary key for identifying entries in this table 

lab_id The lab with which a given reactor is associated 

class_id The class with which a given reactor is associated 

reactor_number This number is unique for a given lab and class combination 

 

The “reactor_setting” table (Table 9) enables instructors to change operating 

parameters for a given reactor. For a particular reactor, each entry in the table represents 

a variable that overrides a default value. There is also the ability to alter the operation of 

the simulation for the reactor as the student uses the virtual equipment; a range of run 

numbers can be specified by the instructor to have the run parameters change as the 

student is experimenting. 

Table 9 - "reactor_setting" 

Fields Description 

id The primary key for identifying entries in this table 

reactor_id The reactor for which the setting will be applied 

var_id The variable to be set 

val The value of the variable 

low_run_number The number of the first run for which this setting should be 

applied 

high_run_number The number of the last run for which this setting should be 

applied 

 

 The “reactor_run” table (Table 10) represents students’ interactions with the 

simulation. Entries in this table are linked to a particular account and reactor (which is 
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linked to a lab and a class). The parameters, settings, and results are linked to the ID of 

this reactor_run.  

Table 10C - "reactor_run" table 

Fields Description 

id The primary key for identifying entries in this table 

account_id The ID number of the account that executed this run 

reactor_id The reactor that hosted this run 

date The timestamp when the run was executed 

s_run_number The run number relative to the reactor used to execute the run 

is_final Marks if the run is the “best” run for a student 

 

A “reactor_run_setting”  (Table 11) is a variable that is held constant for the 

simulation. This is in contrast to a “measurement_setting” (Table 12), which is an 

independent variable that is varied during the experiment to produce different outputs. A 

“measurement” (Table 13) is a collection of “measurement_settings” and links all of the 

independent variables to a single dependent variable. In order to have more than one 

dependent variable, the same set of independent variables used to create measurement 

settings must be used, only with a different dependent variable specified by the 

DV_var_id in the “measurement” table. A “run_result” (Table 14) is the resultant value 

of the measurement, and is linked to the “measurement” table.   

Table 11 - "reactor_run_setting" table 

Fields Description 

id The primary key for identifying entries in this table 

run_id The run with which the setting is associated 

var_id The variable that is being set 

val The value of the variable 

 



55 

 

Table 12 - "measurement_setting" table 

Fields  Description 

id The primary key for identifying entries in this table 

measurement_id The measurement with which the setting is associated 

IV_var_id ID number of the independent variable that is being set 

IV_var_val Value of the independent variable that is being set 

 

Table 13 - "measurement" table 

Fields  Description 

id The primary key for identifying entries in this table 

run_id The run with which the measurement is associated 

DV_var_id The dependent being measured 

date When the measurement was taken 

  

Table 14 - "run_result" table 

Fields  Description 

id The primary key for identifying entries in this table 

run_id The run with which the measurement is associated 

measurement_id The ID of the measurement that is linked to this result 

var_id The ID of the variable that the result represent 

val The value of the result 

date The date when the result was received 

 

A “student_lab” (Table 15) controls a student’s access to a particular virtual lab. 

Without an entry linking a student to a virtual lab, they will not be permitted to use it. 

Also, cost information is stored in this table to keep track of virtual expenditures.  

Table 15 - "student_lab" table 

Fields  Description 

id The primary key for identifying entries in this table 

account_id The account to be linked with a particular class and lab 

cost_accrued The total cost accrued by the student when using this lab 

max_cost The limit of virtual money that a student can spend in this lab 
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lab_id The virtual lab to which the student gains access 

class_id The class that in which the virtual lab is being used 

is_enabled Enabling/disabling student access to the particular virtual lab 

date Last update to this entry 

 

 A “student_reactor” (Table 16) is a link between a student and a specific reactor. 

The entries in this table allow students to use reactors in a given virtual lab. 

Table 16 - "student_reactor" table 

Fields  Description 

id The primary key for identifying entries in this table 

account_id The account with which a given reactor is associated 

reactor_id The reactor to which the student account is linked 

date When this association was made 

 

 A “class” (Table 17) is an organization of students and labs/reactors. It has an 

instructor and many students. A “student_class” links a student to a class so that they are 

considered to be part of a class.  

Table 17 - "class" table 

Fields  Description 

id The primary key for identifying entries in this table 

name The name of the class 

account_id The account of the instructor that manages this class 

is_deleted Allows for a non-permanent deletion of a class 

 

 The “account” table (Table 18) keeps information about students, instructors, 

developers, and administrators. The permissions that an account has are dictated by the 

Boolean flags describing the role(s) of the account. This allows for a single account to 

operate as any combination of the four roles. 
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Table 18 - "account" table 

Fields Description 

id The primary key for identifying entries in this table 

username The account name used for logging into the system 

password The password used for logging into the system  

email The email of the account holder 

institution The institution of the account holder 

firstname The first name of the account holder 

lastname The last name of the account holder 

is_admin Specifies if the account has admin privileges 

is_developer Specifies if the account has developer privileges 

is_instructor Specifies if the account has instructor privileges 

is_student Specifies if the account has student privileges 

 

Lastly, there is the “file_table” (Table 19) that contains information about the 

different PHP files on the web server. This is used to keep track of permissions and 

location of the files. The files referenced in this table can be web interface plugins, 

simulations, additional instructional material, or almost anything that a user/developer 

specifies. 

Table 19 - "file_table" table 

Fields  Description 

id The primary key for identifying entries in this table 

file_link The path to the plugin file 

title The title to display of the plugin file 

description The description of the file 

is_student Is the file accessible by students? 

is_instructor Is the file accessible by instructors? 

is_admin Is the file accessible by administrators? 

is_developer Is the file accessible by developers? 

lab_id The lab with which the plugin file is associated 

is_simulation Specifies if the file is the simulation for a virtual lab 

is_button Used for embedding a plugin in a web page 
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Appendix D – Matlab Server Interface 

The following is a sample Matlab file (developed by Dr. Bill Brooks and Dr. 

Christine Kelly) that outlines how the data is passed to Matlab. The key format 

requirement to note is that two dimensional arrays are “flattened” when they are inputs to 

Matlab. This means that instead of embedding an array into the input array list, all of the 

elements are taken out of the array and put into the input array as singular elements. 

Those elements are preceded by the number of elements removed from the array so that 

this input parser can know when to stop collecting array elements. The location of all of 

the input variables is known in both the script and the database beforehand, which is how 

the input arrays are able to be processed correctly. 

 

unified_architecture_VBR_1.m: 

 
function outputarray = unified_architecture_VBR_1(inputarray) 

 

%inputarray format -> index) variable 

 

%1)      batch time 

%2)      fed batch time 

%3)      temperature 

%4)      fed batch flow 

%5)      fed batch feed concentration 

%6)      inoculation cell density 

%7)      initial glucose concentration 

%8)      Ks 

%9)      Ki 

%10)     Topt - optimum temp - used to calculate 

umax 

%11)     umaxspec - instructor specified maximum 

specific growth rate 

%12)     qpr 

%13)     qpd  

%14)     Yxo 

%15)     kLa  

%16)     mo  

%17)     qox  

%18)     ms 

%19)     Yxs 
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%20)     kd  

%21)     processwidth  

%22)     celldensitywidth 

%23)     glucosewidth 

%24)     productwidth 

%25)     number(n) of times to measure time 

%26:25 + n)   times to measure 

%26+n)   number(o) of times to measure substrate 

%27+n:27+n+o)  measure substrate boolean 

%....    continued for product and cell measurements 

 

 

%outputarray format -> index) variable 

 

%just using n here because n,o... should all be the same 

%1:n)    glucose answers 

%n+1:2n)    product answers 

%2n+1:3n)    cell density answers 

%3n+1:4n)   overfill_errors 

 

%don't clear all here... it destroys the input array 

%clear all; 

 

global temp Yxs qpr qpd umax Yxo kLa mo Coeq qox Ks Ki Sfeed 

batchtime flow ms_a kd_a 

 

%constants 

R = 8.314;  %j/molK 

Coeq = 0.007;  %equilibrium oxygen concentration in the broth 

 

%load up fixed inputs 

Ks = inputarray(9); 

Ki = inputarray(10); 

Topt = inputarray(11); 

umaxspec = inputarray(12); 

qpr = inputarray(13); 

qpd = inputarray(14); 

Yxo = inputarray(15); 

kLa = inputarray(16); 

mo = inputarray(17); 

qox = inputarray(18); 

xmax = inputarray(19); 

Yxs =inputarray(20); 

Yps =inputarray(21); 

productwidth = inputarray(24); 

celldensitywidth = inputarray(22); 

glucosewidth = inputarray(23); 

processwidth = inputarray(21); 

 

ms_a = xmax; 

kd_a = Yps; 
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flow = inputarray(4); 

temp = inputarray(3); 

 

batchtime = inputarray(1);   %batch time, hr 

fedbatchtime = inputarray(2);  %fed-batch time, hr 

ivolume = 2000;     %initial volume, L 

tvolume = 5000;     %total or max volume, L 

innoccelldens = inputarray(6);  %inoculation cell density, g/L 

initgluc = inputarray(7);   %initial glucose or substrate 

concentration, g/L 

 

%prepares the output array 

%returns a zero if unselected - doesn't mean much as selected 

output could be 0 too ---> changed to always output values... php 

should handle whether its selected or not 

 

outputarray = zeros(inputarray(25) * 4,1); 

 

%********* calculate umax based on Topt and umax input by 

instructor and T input by student **** 

Ea = 44055;  %constant 

Ed = 292000;  %constant 

A2 = 9e47;   %constant 

 

A1 = 0.00000005*Topt^9.07; %with the specified Ea, Ed and A2 this 

is the relationship between A1 and Topt - use instructor 

specified Topt to calc A1 that will give Topt 

 

utemp = (A1*exp(-Ea/(R*(273.15 + Topt))) - A2*exp(-Ed/(R*(273.15 

+ Topt)))); %without scaling to specified umax 

A3=umaxspec/utemp;          

       %scaling to correct magnitude 

for specific growth rate 

umax = A3*(A1*exp(-Ea/(R*(273.15 + temp)))-A2*exp(-Ed/(R*(273.15 

+ temp)))); %calcs max specific growth rate at student specified 

temp 

 

%check for illegal condition in umax 

if umax<0 

 umax = 0; 

end 

 

% adds process variability to umax 

randn('seed',sum(100*clock)); 

umax =  abs(umax + processwidth * randn(1)); 

%******************************** end of umax 

calculations*********************************** 

 

%extra check for the initial substrate concentration 

if initgluc>500; 

    initgluc=500; 

end 
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%determine total time 

totaltime = batchtime+fedbatchtime; 

 

%Set initial concentrations for X,S,P,V (X=initial biomass, 

initial batch 

%substrate concen, Po and Vo inherent) 

%IntCond = [Xi, Si, 0, Vi, Coeq];  

int_conc = [innoccelldens, initgluc, 0, ivolume, Coeq];  

 

Sfeed=inputarray(5);    %substrate concentration in the 

feed 

 

%extra check for the substrate concentration 

if Sfeed>500; 

    Sfeed=500; 

end 

 

%set the options for the ode solver 

options = odeset('RelTol',1e-4,'AbsTol',1e-7);%1e-3 and 1e-6 is 

default 

 

[T,Y]=ode45('Final_Eqn',[0,totaltime],int_conc,options);  

 

%the following is for noise generation - probably don't need to 

seed again, but we're doing it anyway 

randn('seed',sum(100*clock)); 

 

%todo - check the dimensions on the measure booleans  

 

%check the inputs for flow and fed batch time to set up for 

overfill error... with 5 litre tolerance 

overflowhappened = 0; 

theoreticalvolume = ivolume + flow*fedbatchtime; 

if theoreticalvolume>(tvolume+5) 

    overflowhappened=1; 

end 

 

%go through and extract answers from ode solver result and set up 

output 

loopend = inputarray(25); 

 

%stores size information for array type outputs 

outputarray(1) = inputarray(25); 

outputarray(2 + loopend) = inputarray(25); 

outputarray(3 + 2*loopend) = inputarray(25); 

 

for loopvar = 1 : loopend 

 

  sampletime = inputarray(25 + loopvar); 

   

  if sampletime < totaltime 
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   indexarray = find(T > sampletime); 

   index = indexarray(1); 

    

  else 

   indexarray = size(T); 

   index = indexarray(1); 

    

  end 

   

  glucoseresult = (Y(index,2) + glucosewidth  * 

randn(1)); 

  outputarray(1 + loopvar) = abs(glucoseresult); 

   

  productresult = Y(index,3) + productwidth * randn(1); 

  outputarray(2 + loopend + loopvar) = 

abs(productresult); 

   

  cellresult =  Y(index,1) + celldensitywidth * 

randn(1); 

  outputarray(3 + 2*loopend + loopvar) = 

abs(cellresult); 

   

end 

 

outputarray(4 + 3*loopend) = overflowhappened; 
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Appendix E – A Matlab Server Configuration File 

 The configuration file (Table 21) is an example based on the Virtual Bioreactor. 

The purpose of the file is to define all of the variables that the simulation requires as 

inputs and those that are returned to the user as outputs. Developers will be able to upload 

a file like this to the web server so that new virtual labs can be easily incorporated into 

the database. There may need to be other files uploaded in order for new virtual labs to be 

incorporated (e.g., simulation dispatcher). The configuration file is meant to replace the 

need to write software in order to hook a new simulation into the system. 

 

The different fields for variables have the following meanings: 

 Name – The exact name as it will be stored in the database. 

 Display Name – The human readable name displayed in a virtual lab’s GUI. 

 Unit – The units of measurement for the variable. 

 High and Low Value – The acceptable numeric range for the variable. 

 Lab ID – An identification number for the virtual lab with which the variable is 

used. 

 Script Order – The order in which this variable appears in the list of input or 

output arguments. 

 Is Output? – Indicates if the variable is an input to the script or an output from the 

script. 

 Default Value – The value that the variable takes when no value is specified. 
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 Is Array? – Indicates if the simulation script takes multiple values for this variable 

instead of just one. 

 Is Student Settable? – Distinguishes between a variable that students are allowed 

to modify and instructor-set variables. 

 Is Student Viewable? - Determines if the variable is visible to students when they 

request run data. 

 Cost – The cost associated with setting a variable for a virtual lab. This allows for 

measurements to have an associated cost, as well as other run parameters and 

outputs to incur cost (like if an error occurs, students can be virtually charged). 

 Description – One or more sentences that describes the variable. 

Note that for all of the fields that have two options, a 1 indicates “yes” and 0 indicates 

“no”. For instance, if a variable shouldn’t be viewed by a student, set the “Is Student 

Viewable” field to 0. 
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Table 21 - Sample variable configuration file for a virtual lab. 

Table 20 - Sample variable configuration file for a virtual lab 



 

 

 


