
Representing Program Verification and Proofs in an Interactive 
Medium that Provides Immediate Feedback 

 
Solomon Giffen-Hunter 

Fall 2016, Haverford College 
Advisor: Dave Wonnacott 

 

 

Abstract 
This paper will seek to uncover if there is a tool that can be used to teach computer 

science students introductory proof techniques in an exploratory fashion. I will analyze whether a 
tool enhances a student’s ability to learn program verification and which parts of each tool are 
particularly effective. This interactive software should be designed such that it could take as 
input any program verification problem, and its solution and proof, and give an output of an 
interactive user interface. This interface would allow a user to grapple with the math problem 
outside of class time, giving feedback on how well the student is understanding the material. 

In order to discuss the essential problem we must also explore and develop the basic 
components. What are the integral parts of interactive learning and immediate feedback and what 
forms can this kind of tool take? What are the disadvantages of using such a tool to teach 
program verification and what are all of the exact components of program verification that will 
need to be covered? 
 

1. Introduction 

Students who enter the field of computer science are often drawn to its puzzle-like 

features (Falkner et al., 2010). Writing and testing code is both satisfying and exciting when it 

finally clicks. These same students often struggle when confronted with concepts in 

computational theory. If there were an interactive tool that gave immediate feedback, students 

would be able to learn theoretical math as a puzzle solving challenge, similar to the way they 

learn to program. A tool that supports this approach would give teachers the ability to 
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accommodate the learning styles of a much larger variety of students. This essay will analyze the 

quality of the human-computer interaction (HCI) of currently existing program verification tools. 

Interactive learning that gives immediate feedback has been shown to enhance student 

comprehension overall (Yerushalmy, 2005). Many fields of education have been implementing 

interactive learning, computer science among them. Program and algorithm visualization (PAV) 

systems have been researched heavily since 1993 (Urquiza-Fuentes and Velázquez-Iturbide, 

2009). These systems will be useful starting platforms for building a comprehensive program 

verification tool. Teaching program verification to introductory computer science students would 

help form a foundation upon which later studies in computational theory can be taught. Ideally, 

the later concepts would also be taught using a similar tool, but such a tool is not the focus of this 

research. 

 

2. Discussion of Interactive Learning and Immediate Feedback 

In this section we will discuss interactive learning and immediate feedback as educational 

practices. It will begin with a broad scope of how students learn using educational tools, then 

explore how computer science students respond to interactive tools. This will form the 

fundamental structure with which we will evaluate software tools that seek to benefit students in 

computer science. It is important to note that learning is a process of change in a student, not a 

final end state of concept competence; while we will discuss these tools as a means to teach 

concepts, their goal will be to enhance a student’s ability to learn (Ambrose et al., 2010). 
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2.1 Interactive Learning in Education 

Interactive learning is usually viewed as a branch of experiential learning, which has been 

a focus of educational theory and practice for decades. It is used as a way to enhance student 

learning by helping them internally recognize their own process of understanding and learning, 

and finding ways to improve their process (Gravells and Simpson, 2014). There are four steps 

commonly recognized in experiential and interactive learning that were initially proposed by 

David A. Kolb in 1984. 

*Concrete experience is about experiencing or immersing yourself in the task and 
is the first stage in which a person simply carries out the task assigned. This is the 
doing stage. 
 
*Observation and reflection involve stepping back from the task and reviewing 
what has been done and experienced. Your values, attitudes and beliefs can 
influence your thinking at this stage. This is the stage of thinking about what you 
have done. 
 
*Abstract conceptualization involves interpreting the events that have been 
carried out and making sense of them. This is the stage of planning how you will 
do it differently. 
 
*Active experimentation enables you to take the new learning and predict what is 
likely to happen next or what actions should be taken to refine the way the task is 
done again. This is the [redoing stage] based upon experience and reflection. 
(Gravells and Simpson, 2014) 

 
These steps are an integral part of forming interactive learning techniques, as well as testing 

those techniques for effectiveness. It is important to note that a key step in constructive 

observation and reflection, as well as active experimentation, an immediate feedback loop built 

into the curriculum. The best way to actively experiment is for that feedback to be given 
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immediately or in real time, especially for students who are struggling with the material (Shute, 

2008).  

Interacting or playing with concepts being taught in school has been shown to have 

measurable value in a student’s learning process. Using interactive environments that are 

modeled after puzzles and games has been a technique, that while effective, has received little 

attention in traditional American schools. Lloyd P. Rieber notes that designing tools and virtual 

environments for students to grapple with difficult concepts in many areas of education is a 

possibility that becomes more realistic every year with the advent of new, accessible technology 

and software (1996). Basing interactive environments on games is an effective way to create 

experiential learning spaces that can be used in many different classrooms, especially with the 

recent classroom integration of laptops and tablets (Rieber, 1996). It is important to remember 

when structuring curriculum based on interactive learning that, while perhaps more students will 

find these techniques preferable, there are still many students with different learning styles that 

need to be addressed as well (Gravells and Simpson, 2014). 

 

2.2 Interactive Learning in Computer Science 

Alternative learning methods have been a part of computer science since its birth. Much 

of the attention has been focused on visualization of concepts and algorithms, such as algorithm 

animations (Cogliati et al., 2005). Joshua J. Cogliati notes that, while much of computer science 

directly lends itself to visualization, much of that visualization happens during class, and leads 

students to be “stuck with only static reminders of the dynamic processes they watched in the 
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classroom” (2005). There is clearly much room for integrating the visual processes students are 

learning in the classroom with interactive exploratory software that can cement the concepts 

outside of the lecture. 

Even more, though visualization of computer science topics has been widely researched, 

interactive mediums for learning have had little attention, especially in regards to actual 

classroom implementation. In order for visualization tools to be utilized by students outside of 

classes, they must have some interactive component that contributes to their learning cycle, and 

be able to be used for evaluative purposes. In a survey of PAV systems, it was shown that 

software that just showed animations and involved no interaction had a positive effect on a 

student’s learning process. However, combining this visual component with active learning, 

specifying inputs or “[constructing] their own animations” has led to an even greater 

improvement in computer science classrooms (Urquiza-Fuentes and Velázquez-Iturbide, 2009). 

The exact increase in subject matter acquisition is unclear, but it has been shown that there is a 

consistent, substantial increase when applying visual and interactive programs in computer 

science classes. 

 

3. Representing Program Verification Using an Interactive Tool 

The specific topic of this paper is the study of program verification and how it can be 

implemented with an interactive tool. In order to systematically turn the concepts of program 

verification into an interactive medium, their basic properties must be revealed. The research 

conducted will mainly focus around finding ways that math problems and proof writing tools are 
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already represented in an interactive form. The next step is trying to evaluate if they are 

represented in a medium that is applicable to the problem of program verification. This tool 

should address concepts such as substitution, single static assignment, and assertion based proof 

creation. Authors such as Marvin J. Croy have engaged in this endeavor, such as attempting to 

derive the essential properties of proof writing (Croy, 2000). 

 

3.1 Components of Basic Program Verification 

The computational theory concepts that this tool should help students learn are as 

follows, 

● Proof by Substitution 
● Single Static Assignment (SSA) 
● Assertion Based Proof Creation of Imperative Code 
● Verification of Loops using Invariants and SSA 
● Development of Pure Functions (and their Proofs) that include IF statements and Loops 

 
These are the skills necessary for a student attempting to implement basic program correctness. 

In order to show that a piece of software correctly “satisfies its functional specification”, 

program verification must be used in software development (Leino, 2010). These basic 

components must be emphasized in introductory classrooms. These techniques build a 

foundation on which much of computational theory resides. In order to tackle proof writing in a 

rigorous way, these concepts have to be taught from an early stage of computer science 

education. 
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3.2 Discussion on Teaching Program Verification 

Traditionally, program verification is taught out of a textbook, which then informs simple 

program creation. In order for students to develop programs, they need to first understand the 

concepts that are explained in the textbook. Here is an example excerpt from “From Vision to 

Execution: Computer Science and the Creative Process” by Dave G. Wonnacott on loop 

verification: 

I. Prove that the loop postcondition must hold if the loop is skipped — i.e., assume 
the loop precondition is True and the loop test is initially False, and show that the 
loop postcondition must be True.  

II. Prove that the loop invariant must hold when the loop is first entered — i.e., 
assume that the loop precondition is True (and, if necessary, that the loop test is 
True too) and prove that the loop invariant must be True.  

III. Prove that the loop invariant must remain true — i.e., assume that the loop 
invariant is True and the loop test is True (so the loop body will be executed 
again), and show that it will still be True after performing the steps [taken] by the 
loop body (typically this is done by converting the loop body to SSA, assuming 
that the invariant and loop test holds with the initial subscripts on the variables, 
and showing that the loop invariant holds with the final subscripts for the 
variables).  

IV. Prove that the loop must terminate (i.e., that having progress 6 0 makes the loop 
stop, and that the progress expression gets smaller with each execution of the loop 
body).  

V. Prove that the loop postcondition must hold when the loop ends — i.e., assume 
that the loop invariant is True and the loop test is False, and show that the loop 
postcondition must hold. (Wonnacott, 2016) 

 

This procedure outlines the process by which one implements a verification technique on a 

program that contains a loop. While this is a concrete, rigorous example of loop verification, a 
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student’s ability to understand how to implement loop verification in the programs they write is 

an entirely different matter. This would typically be extrapolated in a visual medium during 

lecture, and then expected to be implemented in basic program writing, whether that is in 

precondition and postcondition comments, or in verification statements to assure a program 

follows each step correctly.  

Many students struggle with understanding the importance and implementation of 

program verification techniques. While knowledge of the significance of program verification is 

gained easily in later classes that involve more complex algorithms, implementation technique 

cannot be so easily acquired (Caso et al., 2012). While giving the example of using modern 

programming languages to automatically accept or reject loop invariants, Guido de Caso writes 

that “the hands-on experience can stimulate those students who are easily put off by more 

theoretical subjects” (2012). Interactive software is a prime medium for teaching this technique 

effectively; rather than writing comments or verification statements without understanding how 

they work, students would learn the techniques in a separate software that taught them the correct 

way to apply program verification in their own work. 

 

3.3 Metric of a Successful Tool 

In order to both gauge how successful a program verification tool is and to attempt to 

design such a tool for use in introductory curriculums, a metric of success must be identified. In 

this section I will use the previous discussion on interactive educational tools and program 

verification to build a metric for an interactive educational program verification tool. In order to 
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evaluate each of these metrics, extensive testing must be done in classroom settings. The first 

metric is that the tools contain sections that teach each of the necessary components of program 

verification. While this part of the metric is obvious, the next steps must be evaluated 

deliberately. 

The second part of the full metric is interactive input and dynamic feedback. In order to 

fully gain understanding of the subject through a tool, a student must be able to interact in some 

way with it. That interaction, in the form of some kind of input, must be followed by output, or 

feedback, that informs the student on how well they did. The feedback should also give a student 

some sense of ways to improve, instead of just producing an errant error message. It is also 

important that this feedback happens in real time, because students will be using these tools 

outside of class and must be able to test whether their knowledge and implementation is correct 

at each step of the exploratory process. 

In order for  a tool to be used effectively, it must be usable by its target audience. 

Introductory computer science courses are attended by a wide range of students who come from 

drastically different backgrounds in important areas such as graphics based technology and 

mathematical theory. Professors Jaime Urquiza-Fuentes and J. Ángel Velázquez-Iturbide, in their 

“Survey of Successful Evaluations of Program Visualization and Algorithm Animation 

Systems”, note that usability is incredibly important, and even go as far as to develop several 

ways to evaluate how user friendly a software tool is (2009). Beyond user friendly, students must 

also be able to grasp concepts without prior knowledge. 
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Whether the tool is accessible to students must be evaluated through a rigorous series of 

research tests. Software evaluation can come in many different forms, including, but not limited 

to, controlled experiments, direct observation, and user questions (Urquiza-Fuentes and 

Velázquez-Iturbide, 2009). Though there are many forms the evaluation may take, rigorous 

assessment includes tests run in at least three different (preferably of different size and typical 

student demographic) universities, each study compared to its own individual control group, and 

software used in teaching by at least one educator who did not create the tool. These are the bare 

minimum requirements to show a tool’s significant success (or failure) as a teaching aid. 

There are a series of factors that could prevent a significant increase in a student's ability 

to use the tool effectively. One of these is a correct assessment of the capability of students to 

understand program verification concepts based on prior knowledge. Without an implementation 

that accounts for all levels of prior knowledge, a tool may leave many computer science students 

in the dust, the exact opposite of its original design purpose. Extensive testing needs to be done 

to ensure that students who use the tool actually have an increase in concept competency after 

extended exposure.  

 

3.4 Implementing an Interactive Program Verification Tool 

In this section I will briefly introduce the different kinds of tools that can help teach 

program verification. There are many different avenues that one can take when developing a 

curriculum based around interactive tools. These range from simply extending programming 

languages with annotations for program verification requirements, to full blown proof assistants 
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that have their own independent software and graphic interfaces (Caso et al., 2012). There are 

also different techniques for how to create a tool, such as the “Implement-and-Verify program 

development methodology” which is the method most commonly used (Chaudhari and Damani, 

2015). I will attempt to categorize different program verification tools and methods, and explain 

their essential properties. 

The first category of tools that seek to teach students proof techniques for computer 

programs are ones that integrate with a particular programming language. These usually build off 

of a comprehensive language using libraries and an additional interface. Tools of this type 

include ProVIDE, PEST, and Dracula and come with a significantly different array of typical 

advantages and disadvantages. These tools often require intimate knowledge of a difficult 

programming language in order to use them properly and are designed for intermediate level 

computer science students. 

There are a variety of math tools that seek to teach proof technique, and other discrete 

mathematics concepts. Branches of these may be helpful in the search for a tool to teach 

computer program verification. Tools in this category are typically graphically interesting and 

interactive, but do not integrate well with programming languages that computer science students 

are using to write the programs they need to verify. Tools DEEP THOUGHT and HLM fall into 

this category (Croy, 1999; Reichelt, 2010). Typically these tools have a steep learning curve, but 

after learning them, practitioners have noticed that students enjoy their puzzle-like nature. 
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4. Analysis of Existing Tools 

The evaluation of existing tools that attempt to solve this problem is a main focus of the 

research. PAV systems are most commonly evaluated on the basis of two factors, usability and 

educational impact (Urquiza-Fuentes and Velázquez-Iturbide, 2009). There are many tools that 

work with one particular math problem or concept, but can’t be applied to others. Examples of 

this include using the game Minesweeper to prove whether any given square is safe, or is a mine 

(Cigas and Hsin, 2005). There are other tools, such as Coq, that are mainly for students who 

already understand concepts and wish to receive feedback on functions they write that use those 

concepts (Pierce, 2009). The tools evaluated here are by no means the only tools that seek to 

teach program verification techniques, they are simply the tools that I found most promising in 

that regard. I will evaluate each tool using the metric defined above, teaching program 

verification, interactive and giving immediate feedback, and being thoroughly tested on its target 

audience. 

 

4.1 Tools Designed as or Integrated with Programming Languages 

4.1.1 ProVIDE 

One of the more promising tools is ProVIDE, a piece of educational software developed 

by Timothy S. Gegg-Harrison. ProVIDE uses “component-based software construction” to help 

students learn program verification through built-in functionality, such as delineated 

precondition and postcondition statements. It uses Java as a base programming language and 
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implements a separate GUI (Graphical User Interface) that helps students learn how to create 

“contracts” for their programs to ensure correctness (Gegg-Harrison, 2005). 

 

While ProVIDE certainly covers the required areas of program verification, where it falls 

short is its interface and method of user interaction. It does not give a means for students to learn 

the kind of code they need to input to make a precondition, for example, accurately verify a 

particular program’s correctness. It is more focused on clarifying the necessary steps in a 

program proof, and should be used for students who want to practice the proof techniques they 

have successfully learned, rather than teach those techniques in the first place. At the time of the 

essay, there had only been one study conducted by Gegg-Harrison in his home university 

between two different introductory CS lectures. He reported minor success, evaluated via a 

post-semester survey, but the study is not close to rigorous enough to provide conclusive results. 
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4.1.2 PEST 

PEST was developed as a teaching aid for program verification techniques, to make it 

easier for students to grasp using automated techniques (such as built in preconditions) in their 

programs. It functions as its own simple programming language, and (as of 2012) currently lacks 

recursion or Boolean data types. It seeks to distinguish itself from other languages because its 

“annotations… are interpreted as runtime assertions”. The creators claim that this trait is unique 

in that other languages that do a similar function also often have static type definitions, which is 

redundant (Caso et al., 2012). 

 

Not only does this ability to assert preconditions seem very similar to other, more useful 

languages, PEST requires students to learn an entirely new language syntax. Though a worthy 

effort, the benefit garnered from PEST is likely very little, especially considering it was only 
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tested in an upper-level fourth year course at one university, during which Caso et al. 

acknowledge very little value in the introduction of the tool (Caso et al., 2012).  

 

4.1.3 Coq 

Using Coq, students are able to write code that automatically verifies their programs 

during execution. When writing programs students receive immediate, specific feedback on what 

aspects of their program are potentially incorrect. However, Coq is self-purportedly difficult to 

learn and teach, requiring another skillset on top of a typical introductory course load. The 

programs themselves end up being much more complicated, see the below diagram of a 

Fibonacci algorithm for example (Blazy et al., 2014). 

 

It was extensively tested in several different schools by more than one educator, making it the 

most rigorously studied program verification tool available (Pierce, 2009). It completely fails, 

however, in its accessibility to introductory students as a learning aid. 
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4.2 Non-Integrated Interactive Proof Teaching Tools 

4.2.1 DEEP THOUGHT 

DEEP THOUGHT seeks to serve as a graphical tool to help teach introductory CS 

students proof technique. It breaks proof construction down to its simplest parts and represents 

them as draggable bubbles that can connect to form larger proofs. The following is a picture of a 

proof in progress: 

 

While DEEP THOUGHT succeeds at providing an interactive, simple tool to students, it lacks 

the larger program focus needed for program verification techniques (Croy, 1999). It conveys 

simple proof fundamentals, without ever bridging the gap between these fundamentals and 

verifying an actual program written in a typical language. The program was tested in two 
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different classrooms, each with their own control group. It was only tested by its creator, Marvin 

J. Croy, in his home university, making the evaluation still underdeveloped. 

 

4.2.2 Active Learning Applets 

Active Learning Applets are a series of web-based learning models that help teach theory 

computing topics. They are primarily designed to teach grammar expressions and finite state 

automata. The applets take several different forms, all visually stimulating. 

 

These applets do not, however, directly cover the topic of proof technique and would need to be 

extended to do so. They were made to address a lack of visualization in theory of computing 

courses and the topics in them are not necessarily accessible to introductory students. 
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Additionally, there has been little to no rigorous testing on their effectiveness, making it 

incredibly difficult to assess their potential for success in classrooms (Cogliati et al., 2016). 

 

4.2.3 HLM 

HLM also does away with textual input seen in typical programming languages. It uses 

drop down menus with different proof concepts to allow students to interactively build proofs. 

This format allows for immediate feedback on the user’s construction of the proof. It 

successfully provides a means for students to learn fundamental proof techniques in an 

interactive fashion (Reichelt, 2010). 
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It fails, however, to apply those concepts to any kind of computer science program. Students are 

still required to take these concepts and figure out how to apply them to the programs they write 

in other languages. There is no record of any formal evaluation of HML, which would be needed 

to verify its ability to be applied in classrooms. 

 

5. Alternatives to Program Verification When Proving Program 

Correctness 

It is not the consensus among computer science professors and theorists that program 

verification techniques are the only way to prove program correctness (the goal of program 

verification). Most computer scientists believe that fundamentals of program reasoning are 

important to teach in introductory courses, and that using interactive learning tools is a good way 

to do so (Bergin, 2011). However, some believe that there are better ways to ensure a program or 

algorithm is correct that through formal program verification. Though this area is not researched 

heavily, there are two alternatives proposed that demand attention. 

Rather than try and make it easier for students to learn formal proof techniques through 

interactive tools, J.R. Jefferson Wadkins proposes a completely alternative strategy for verifying 

program correctness. In “Rigorous Proofs of Program Correctness Without Formal Logic” he 

acknowledges the difficulty introductory students face when learning what he refers to as “static 

reasoning” (1995). He instead discusses the use of “operational reasoning” to prove correctness, 

relying on techniques such as type declarations in C++ to verify correctness. He argues that with 

the increase in availability and use of automated correctness techniques, it works better to teach 
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students to use these built in, operational forums to ensure their programs are correct (Wadkins, 

1995). 

Directly in line with the usage of interactive tools is a technique developed by Dipak L. 

Chaudhari and Om Damani called “Calculational Style of Programming (CSoP)” (2015). The 

process they propose is a step-by-step program creation method that ensures each step is correct 

before continuing to the next. By building off the previous steps, this creates programs that are 

“correct-by-construction” (Chaudhari and Damani, 2015). They start with base program concepts 

and use transformation steps to turn the ideas into a full fledged program. When this is done 

through their interactive tool, CAPS, it provides students with a platform that ensures the 

transformation steps they are taking are each correct. In this way, students learn the steps 

necessary to build correct programs without any formal verification, instead using program 

derivation.  
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One potential downside of this approach, is the reliance on the tool to create the programs for the 

students, as they may not learn techniques that are applicable to all programs. Further research 

should be done on alternatives to program verification, as it may be that program correctness will 

evolve into the realm of operational verification, in which case tools developed would need to 

adapt to this reality. 

 

6 Conclusions and Future Work 

6.1 Results 

In my research I have found that it is not only important to ensure that a program 

verification tool operates correctly with extensive test suites, but also analyze student learning 

enhancement with rigorous classroom testing. While these tools being developed are a step in the 

right direction, there are no tools that comprehensively tackle fundamental verification and proof 

writing. Most program verification tools come in the imperative form, such as a debugger. While 

effective at finding small mistakes in programs, these do little to help teach the concepts to 

students. No currently existing tool has been shown with a rigorous study to enhance a student’s 

ability to learn program verification techniques. The classroom evaluations of the tools presented 

in this paper not only do not fulfill the basic metric defined in section 3.3 of this paper, but also 

do not conclude that students learned program verification techniques more effectively or more 

quickly. Though some tools were found to be potentially more enjoyable for the students, the 

studies undergone are not sufficient to formally prove this to be the case. 
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I found that tools could generally be placed into one of two categories, (1) simple and 

graphically engaging, or (2) complex and rooted in the script writing of programming languages. 

The heretofore absence of a program verification tool that combines both qualities is a possible 

cause for why no particular tool has had any semblance of widespread usage. In the search for a 

successful tool, I advocate the creation of a tool that combines the simple interface (with 

qualities such as draggable items or drop down menus) of popular mathematical proof tools, such 

as DEEP THOUGHT, with the direct integration of the skills learned into popular introductory 

programming languages that is currently seen in tools like ProVIDE. 

 

6.2 Brief Example of Potential Program Verification Tool 

An effective program verification tool would allow a professor to easily input new 

problems for students to work though in introductory courses. An example of such a program 

might look like the following. A professor creates the outline of a power function that takes a 

number value, x, and integer exponent, y. The professor should be able to define the appropriate 

precondition, such as x is a number and y is an integer greater than 0. In this instance the 

professor might also be able to choose from an array of type declarations that a student would 

pick from and a description for why the answer is correct. This would generate a form that 

allows a student to pick from a drop down menu, selecting the type they think x should be. In 

this case, the correct type declaration would be number, which would automatically translate into 

the language the student is learning in the class.  
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For example, for a tool integrated with the Python language, the program would generate 

“precondition (is_string(x) and is_integer(2) and 2>0)” if a student chose type string for x 

incorrectly, placing this in the program the student has written. When the student went to test the 

program and input a 5 for x, the type declaration would create an error, and the student would be 

prompted to return to the tool and try a different type for the precondition. As the class 

progressed, the student would be asked to perform tasks of increasing difficulty, such as writing 

“number” instead of choosing it from a menu, and eventually writing the full “precondition 

(is_number(x)...” after they have learned the basics (example inspired by power function 

described on p.80 of Wonnacott, 2016).  

This tool would be a combination of the most promising qualities of current program 

verification tools, but in order to know its effectiveness, extensive testing must be performed. 

These evaluations would require the bare minimum of a test classroom and control classroom in 

at least two universities, with two different professors using the tool in their courses. This would 

ensure that the tool is being tested for application in a variety of settings, and works well for 

students and educators. The standard of success could vary from an increase in student 

comprehension to a decrease in professor class planning time. The impact of the tool should be 

rigorously evaluated and presented in order for professors to decide whether to implement the 

tool in their classroom. I have researched current tools and proposed a loose outline of how an 

effective tool might function. This research paves the way for the design and creation of a 

successful program verification tool. 
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6.3 Future Work 

Of particular interest is the recent work done by Peter-Michael Osera and Dave 

Wonnacott and others on developing a proof and algorithm assistant called ORC^2 that works to 

bridge the gap between program verification theory and student implementation (Osera, 2013). 

After researching how to best represent program verification, I will work with this team to 

optimize and test ORC^2 to evaluate how effective this approach is in the classroom. 

Further research could be done in the area of data structure verification. Not only are 

there few tools that teach computer science students data structure verification techniques, it is a 

subject largely glossed over during introductory courses. In the continued process of building 

introductory level software to help teach basic computational theory concepts, data structure 

verification could be integrated into a tool that is already designed to teach program verification 

techniques. In addition, there is little research in the topic of whether or not collaboration when 

using interactive software results in a significant increase in concept understanding. Martin Ring 

and Christoph Lüth have cited this as an important part of interactive software that has been, as 

of yet, underutilized (Ring and Lüth, 2014). There is drive to implement tools to help teach at all 

levels, and it is important to actually take the tools being developed and test them in classrooms. 

More collaboration between software developers and computer science programs must be 

initiated in order to increase the efficacy of computer science students’ learning processes. 

Interactive learning tools are widely recognized as methods to increase student learning ability, 

and effort to find ways to integrate these tools into computer science curriculums must continue 

in the coming years.  
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