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Abstract of Praxis

A Framework to Improve the Process of Software Regression Testing

Software testing is the most expensive and time-consuming aspect of software
development. It is estimated that as much as 50% of development time and money is
devoted to various forms of testing (Ramler, 2006). Therefore, it is crucial that all testing
conducted must be performed efficiently, quickly, and accurately. Automated testing has
been introduced in the past few years to help with the testing process. In theory an
automated testing system can execute steps faster and more accurately than even the most
experienced test operators. An automated test system does require a large investment to
acquire and implement. It requires many hours for an organization to learn how to
operate the system, write a proficient test script, and learn how to debug scripting
problems. This often takes many hours of trial and error (Ramler, 2006). However, if
used appropriately, it could be worthwhile for any organization that performs an
extensive amount of software regression testing (Dustin, 2009). Yet, automated testing in
certain situations does not operate perfectly. During an automated test some level of
configuration alignment errors, loading errors, disconnection between avionics systems,
minor intermittent glitches, and system crashes can occur (Pinheiro, 2010). These kinds
of testing errors can be a major setback for a program. Therefore, the software regression
testing would be more effective if an engineer or test operator is made available to
oversee the process and address issues manually. The first part of the research will
analyze and compare the two current testing methods against each other to see if there are
significant differences in testing errors and/or time spent on testing and analysis. The

second part of the research will analyze the hybrid approach against automated and

Vi



manual approaches to see if there are significant differences in testing errors and time

spent on testing.
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Chapter 1—Introduction
1.1 Background

Many companies dedicate an enormous amount of time and money toward the
successful creation of software. This includes developing, coding, testing, revising, and
retesting software until it is ready to be implemented into the hardware. Software testing
is such a vital aspect of software development that studies show that 50% of a project’s
cost is attributed to testing (Ramler, 2006). As software is updated to support new
functionality, regression testing must be conducted to ensure that all previous
functionality still works as it was designed, and to validate that the new functionality
works as expected. Regression testing is the process of running a previously executed test
procedure to test changes that have been made since that prior execution (Fang, 2010).

In today’s economic climate of constrained schedule and budget allocations for a
project and a technological environment of rapid innovation and development of
technology, there is pressure to go through the testing phase quickly while accurately
testing the software. The testing process involves test planning, test preparation, test case
design, test execution, and data analysis (Engstrom, 2013). Software testing is generally
executed in two traditional methods: manual approach and automated approach. Manual
testing involves a human executing the various test steps while automated testing is the
process of using a computer to run through a test script to execute the test steps with little
to no human interaction.

Automation has been adopted by many software development organizations in the
past few decades to support the testing process. Despite the large initial investment of the

automated test system, specialized skills dedicated to developing test scripts, and the time



it takes to acclimate users to proper system utilization, it would theoretically save time
and money in the long run. Manual testing naturally takes longer, and humans are prone
to make mistakes especially when performing repetitive and low engagement activities
such as regression testing. The human attention span deteriorates and loses focus over
time leading to errors during testing. Research suggests that when a task is challenging or
engaging, the brain will ignore detraction. However, when working on something that
requires very little effort, it is easier to get distracted (Moritz, 2017). When conducting a
software test there is nothing more menial than executing repetitive low engaging test
steps. Some common errors include the timing of a command, a missed cue for a
command, or just simple input inaccuracy of an extra or wrong bezel button. Automated
testing utilizes scripts that would never make the mistakes a human would. The scripts
are highly reliable and reusable with minor adjustments, making regression testing
concise and easily repeatable. Tests can be run overnight to maximize the lab line usage.
The test time for each test’s case is significantly reduced because a computer is capable
of performing inputs faster than any human can. This significantly shortens test time and
after a certain number of tests, the cost to run each test is reduced. As a test is being
executed by a computer, the engineer who would have normally performed the test is
freed to focus on more intensive tasks.

Despite the benefits of automated testing there are cases in which manual tests may
be preferred. If the user interface system changes a lot it may not be practical to develop a
new script, as it would need to be redeveloped every time this happens. A tight deadline
can also make it difficult to find the time to automate a test script. In these situations, it is

better to perform the test manually to ensure scheduling is met. During software



development there are times when exploratory testing may be required to investigate
behaviors. This type of ad-hoc testing has no specific process and is generally unplanned.
The tester needs to run through different scenarios to see what is produced. This is when
human analytic skills, logic, and creativity are needed to run through the test. Sometimes
a test case may be developed to be run one time for developers to verify specific results.
There is no need to automate a test case that will only be used once. Before software is
deemed ready there is generally a usability test. Usability testing is best performed
manually by a human to evaluate how user-friendly the product is. It would require
human observation to determine how convenient the product is for the end user. Finally,
in order to adopt automation, the organization must first ensure it employs people with
the expertise to carry it out. Integrating an automated test system requires skilled
personnel with sufficient programming knowledge. If an organization lacks these people,
then it is not ready to invest in automated testing.

The industry does have general guidelines of when to do a manual test vs. an
automated test. Automation is best used for long repetitive test cases (Sahaf, 2014). These
types of test cases are not very engaging and is not conducive toward keeping a tester
fully focused which can lead to testing errors. Test cases with stable and predictable
execution are also ideal for automation (Garousi, 2016). If all the test steps are consistent
and predictable, an automated test script could run through the test with no issues and the
script can be reused many times over with few changes. Test cases that require a lot of
time and low interaction should be automated. Some test cases require that there be no
interaction for a long period for time. An example of this in aircraft navigation testing is

to let the plane drift for a certain time (3 hours) to assess if it will maintain navigation



communication for the test duration. Having a tester monitor that is a waste of time. A
computer can set up the flight and time that period of activity and carry on when that part
is complete.

However, automated testing does have drawbacks. The human element is a
significant limitation to automated testing and reduces the scope and coverage of
automation (Taipale, n.d.). Test cases that requires visual aspects for verification can be
difficult. Some test cases would require a human to verify requirements for user
interfaces like font size, font color, image size, and color contrast between objects.
Automation today is far from infallible, as errors can occur within an automated test as
well. The automated test system is programmed to run a script and does not have an
equivalent to human intuition to fix problems as they occur. Some of these problems are
asset misalignment, loading errors, and loss of communication between specific
subsystems during testing. The automation system would not recognize when the issues
occur and would just continue with the test. This would render the data generated
thereafter useless, requiring that either portions of the test or the entire test to be redone
because it did not properly test the system.

When working with older avionics systems such as are installed in early military
aircraft, the technology in many cases is several decades old. When originally designed it
was never expected to process information at the rapid speed of modern technology.
Technology has made major advances in testing during the last 30 years. Today, speed,
overall performance, computing power and software tools are exponentially more
sophisticated than 20 or 30 years ago (Peet, n.d.). Software testing requires the use of

many subsystems that need to communicate. Although upgrading older avionics systems



appears to be the best solution, it is just not that simple. The avionics on the lab line need
to be an exact match to the avionics in the active fleet to ensure that testing results are
reliable and valid. If the line in the lab and aircraft have different equipment the results
would not be conclusive due to differing assets. Modernization of the fleet is in process
but to do it instantly is cost and time prohibitive. A deliberately scheduled
implementation is more practical, allowing time to properly train pilots and operators to
skillfully operate a modernized aircraft. While the fleet is being upgraded it must also
maintain readiness for combat at a moment’s notice. Therefore, as new software is
developed or new hardware is being implemented, testing must continue without pause.
The practical way of addressing this problem is to use a proposed hybrid testing method
to address the instability of the aging avionics system on the aircratft.

The hybrid approach is a combination of the two traditional methods of software
testing. It will utilize an automated test system running a script while an engineer is made
available to oversee the process and manually address any problems that may occur. The
errors that occur from a human would not occur from an automated test system and the

errors that occur from an automated test system can be addressed with human insight.



1.2 Research Motivation

The research motivation for this Praxis is to provide an improved framework for
performing software regression testing. It will investigate the effectiveness and efficiency
of the manual testing approach, the automated testing approach, and the proposed hybrid
testing approach to determine which approach is statistically more accurate and can be
performed rapidly. Since 50% of all resources (cost, time, and manpower) are dedicated
to regression testing, an improvement in this aspect of software development can save
both time and money.
1.3 Problem Statement

Manual software regression testing is monotonous, unstimulating, and time
consuming (Dustin, 2009, Taipale, n.d.), which leads to user errors (Leitner, 2007). Test
scripts in automated testing do not consistently navigate configuration changes and
complex test steps (Pinheiro, 2010, Berner, 2005), thus producing erroneous data; this
causes delays in scheduled delivery of software to the customer (Bégin, 2007).
1.4 Thesis Statement

Software regression testing can be improved by using automated testing systems
in conjunction with manual oversight in order to reduce the number of errors, and the
overall time required for software testing.
1.5 Research Objectives

The research objective of this Praxis is to examine the three methods of software
testing and determine the most efficient testing approach. Efficiency is software testing to
produce quality data in a timely manner. In software testing the data being generated

needs to be analyzable and produced in a time-effective manner. Since software testing



requires as much as 50% of software development resources (assets, cost, and labor), is it
crucial that this aspect of software development be improved to operate as efficiently as
possible.
1.6 Research Questions and Hypotheses

The Praxis investigates whether there is a statistically significant difference in
errors between the two traditional software testing methods; a manual testing approach
and an automated testing approach. The two traditional testing methods would then be
evaluated against the hybrid testing approach. The test time of the manual testing
approach and automated testing approach would be compared to the hybrid testing
approach to see if there is a statistically significant difference in test time; and if so, how
much.

RQ1: Does an automated testing approach significantly reduce the number of

errors in software testing compared to a manual testing approach?

RQ2: Does the hybrid testing approach significantly reduce the errors in software

testing compared to a manual testing approach?

RQ3: Does the hybrid testing approach significantly reduce the errors in software

testing compared to an automated testing approach?

RQ4: Does the hybrid testing approach significantly increase testing time

compared to an automated testing approach?

RQS5: Does the hybrid testing approach significantly decrease testing time

compared to the manual testing approach?

H1: The automated testing approach will produce fewer errors than the manual

testing approach.



H2: The hybrid testing approach will produce fewer errors than the manual

testing approach.

H3: The hybrid testing approach will produce fewer errors than the automated

testing approach.

H4: The automated testing approach is faster than the hybrid testing approach.

HS: The hybrid testing approach is faster than the manual testing approach.

1.7 Scope of Research

The United States Air Force had a fleet of 5,447 military aircraft in 2016 with an
average age of 24 years old (Losey, 2017). The aging fleet requires regular on-going
maintenance, inspections, repair work, and upgrades to the avionics systems. This praxis
will focus on regression testing of new software for one of the aircraft’s platform. The
objective in this research will focus on determining the most effective and efficient
methods to testing the software. This Praxis investigates a data from a highly proprietary
program. Therefore, it will refer to the program as Program P, and the company as
Company C in order to remain anonymous. There are nine test cases that will be
analyzed, each one representing an avionics system or subsystem of an aircraft. Every
test run utilizes one of three testing approaches: manual, automated, and hybrid to
determine which is most effective and efficient. There are a total of 906 test runs between

the nine test cases. Section 3.2 will go into further details of each test cases.



1.8 Research Limitations

The limitation of this research is the data being analyzed. It only investigates the
data of one aircraft that has several subsystems being tested. There is software in many
things like car, television, and mobile devices all of which go through software regression
testing. Therefore, looking at a subset of a subset (a particular military aircraft model,
rather than examining aircraft in general) may lead to an invalid generalization of the
results in other fields. However, it does show the limitation of automated testing with
statistical calculation of its accuracy and efficiency, two key metrics automated testing is
generally thought to provide an improvement over a manual test.

It is important to understand that this praxis proposes a solution that can be
calibrated and extrapolated to software testing in other avionics and electronic systems. It
is possible that similar improvements can be seen in other areas but should be tested to
their dataset as different systems would behave differently. However, many new
technologies would have newer hardware and avionics, and therefore may not suffer from
the integration of newer software into aging hardware.

1.9 Organization of Praxis

This praxis is organized in the following outline.

e Chapter 2: A literature review to research issues with automated testing. This
chapter will explain the current problem with automated testing and how it is
currently addressed. It will investigate other fields of software testing such as

mobile devices, routers, and computers.



Chapter 3: The methodology used in this research will be discussed from models
used to analyze the data to analytical methods. Each method will be explained
along with how they support the research hypothesis.

Chapter 4: The results of the research would be provided as well as the analysis
method used to calculate them. There will also be an in-depth discussion of the
results and how the industry may most effectively move forward with software
regression testing.

Chapter 5: The chapter will summarize the research and findings as well as

provide insight for future works to be done in this field.
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Chapter 2—Literature Review

Every company realizes that the key to success is embracing technological
advancements. Advancement in technology must be used to remain viable with the
competition. (Nelson, 1997). In the world of software testing the automated test system is
the key tool that would help any organization progress faster and in a more precise
manner. That is the direction that many testing organizations are heading so to be
competitive that fact must be accepted, and organizations must learn to use it properly. If
it is not used in the right manner the benefits of automated testing can quickly be
nominalized. That being said there are cases where automated testing does not produce
the results the sales pitch promises. This chapter will cover literature that discusses
problems with automated testing and how they are currently being addressed.
2.1 Introduction

In today’s technological environment many of our appliances and electronic
devices are largely software based. This chapter of the praxis will review issues with
software regression testing, with particular attention to automated testing. Most
companies that conduct software regression testing devote a large amount of resources to
perform testing, revising test procedures and/or scripts, and retesting their system. The
National Institute of Standards and Technology reported that software errors cost the
United States $59.5 billion annually, and a third of that can be eliminated with improved
software testing practices (Smith, 2012).

There is plenty of research that has been published on automated testing. Much of
the research discusses benefits ranging from cost savings to quicker testing cycles. While

the technological advancements in automated testing have been improved significantly in
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the past two decades, there is still a gap in the knowledge needed to utilize it. This
literature review will review the problems with automated testing and the techniques to
deal with it.

2.2 Problems with Automated Testing

Similar to all technological advancements there are pros and cons to automated
testing. The obvious benefits of automated testing are speed and repeatability. This
allows testing to be conducted faster and test scripts to be reused with little to no
modification for next round of testing. It allows the team to find errors or defects more
efficiently and address the issues. These are functional errors, which are improper system
behavior, and calculation errors within the software. Some examples of these are bad
logic, data mismatch, or a coding error. Once these errors are discovered action is taken
to address the issue and retest. However, not all errors are the same. During the testing
process the tester may make a mistake while executing test steps (Kuhn, 2004). Some
common mistakes are a missing command, late command, or an accidental wrong bezel
button push. Automated testing has significantly reduced or eliminated user errors since a
computerized script would not make these mistakes.

Although automated testing would not make user errors during a test, it lacks the
human intuition and knowledge of the system functionality (Scherrer, n.d.). This leads to
a new form of user error during the automated testing process. These errors are not the
fault of the software but with the avionics and or the hardware used in the testing process.
Automated system errors include communication issues, run time errors, and compilation
errors. A communication error is when a connection between one or multiple avionic

systems lose connection during testing. This would invalidate a test because the
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functionality of the disconnected hardware is crucial to the testing, and data for that test
would not be generated. Run time errors are encountered while an executable is running
(Hartmann, 2010). Some examples include program crashing, logic errors, or a
miscalculation of data being transferred between subsystems. Compilation errors are a
failure to compile portions of the program source code due to syntax and semantics
(Merri€nboer, 1992). This includes loading of mission files or playback files.

After the overview of the different types of errors that occur during software
testing, it is imperative that user errors do not occur when an automated test is performing
the testing, such that automation errors that occur during a manual test can be addressed
by the test operator.

2.2.1 Test System Instability

An often-overlooked aspect of software testing is the complex arrangement of
hardware, software, middleware, and components needed to execute a test. In some cases,
certain hardware components that were developed many years ago may not network well
with newer components or software (Pinheiro, 2010). Data processing today is a
significantly more intense than when some of the older hardware was designed. Much of
the older hardware was never intended to handle the amount of throughput required by
modern software. This disconnect can cause instability within the system as a whole.

When an organization transitions from manual testing to automated testing, many
of the weaknesses in test system instability become apparent. A method to lessen
transition difficulties is to run small portions until the process is perfected, before
importing another portion. This is known as the minimal test practice framework

(MTPF); this permits the incremental introduction of appropriate practices at the
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appropriate time (Karlstrom, 2005). This allows the organization to focus on ensuring
that communication commands sent from the automated test system are able to interface
with and properly command any avionics system on the test line. Continuing to use
equipment that is not working consistently with the automated test system will negate any
benefits gained from implementing automation (Kasurinen, 2009). If the money is
invested in automated testing, then the proper assets must be obtained to utilize the
system adequately.

Instability of technological assets is an unfortunate fact of life that must be dealt
with in software testing, especially with aircraft avionics. This Praxis focuses on data
from one aircraft, but it has the same fundamental problem as many other military
aircraft. Most of these aircraft were designed and built several decades ago. As
technology progresses with advanced sensors, radar systems, and avionics that can
conduct air-to-air missions, it needs to be integrated into the active fleet to provide war
fighters with the best chance of mission success. Many aircraft are still in service despite
being past their expected service life. Due to environmental economic conditions, the
path to modernizing the planes is to upgrade the avionics incrementally rather than build
new planes. Tighter military budget makes it impossible to replace all aging jets with
modern ones. As some new aircraft are in the process of being developed there are still
missions that need to be carried out with the current fleet. Unless additional funding is
made available the aging aircrafts will continue to be upgraded incrementally. During this
entire upgrade process the avionics systems in the lab must exactly match what is on the
fleet. The aging hardware cannot be replaced unless it is also replaced on the entire active

fleet.
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2.2.2 Fragile Test Scripts

The constant changing and introduction of new requirements requires an update to
the test procedures in order to test the requirements. This in turn leads to an update of the
automated test scripts such that they will comply with new test procedures. It takes
several updates and reruns to perfect the test scripts as bugs need to be worked out. In
programs that have a tight schedule these issues may not be fully corrected which leads to
an invalidated test (Collins, 2012).

Although this is a concern for Program P, it is unlikely to occur. When an update
is required for testing the contractor and customer will establish a plan that allows for
adequate time to update test scripts. In the event that there is not a sufficient amount of
time allotted, there would be extensions granted to work out all bugs within the test
scripts or to force the program to conduct the test manually.

The real problem with this issue lies in the question that each program must ask
itself: Is it worth investing time and labor hours to constantly update a script or is it more
efficient to manually update procedures and perform tests. There are two criteria that
should be strongly considered when answering the question. The first one: is the test case
long enough to justify the time savings from automation? The second one: is the test case
upgraded so frequently that more time is spent maintaining the test scripts than the time
savings justifies? Each of these questions are for the program leadership to decide.
Maintaining an optimal test script is a problem that every organization faces; no one has a
script voided of bugs on the first try. It must be determined whether addressing test script

bugs are worth the trouble.
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Test procedures are intended to describe test steps in natural language for a
human to execute. This is to verify and validate that the requirements of the system have
been met before delivering the product. However, many organizations are under pressure
to shorten time-to-market, increase quality, and reduce costs. Automated testing could be
the most proficient tool to achieve these goals. The problem many organizations face
with automated testing is a lack of knowledge with respect to the usability and
applicability of the tool in an industrial setting (Borjesson, 2012). It requires a
specialized skill to design test scripts, fix bugs, and determining what should be
automated. Many times, an organization would need to provide training to their team or
hire an expert that specializes in the development of automated test scripts. It can take
months or years before the process is able to run smoothly.

Program P is part of a large company that has the resources to properly train or
hire adequate personal to execute automated test systems. As a government contractor the
government is another resource that program P can engage, if necessary. Even though
program P and the government have a business relationship their interests are aligned.
They want software testing to be done quickly without sacrificing quality. If, for
whatever reason, program P does not have the proper skillsets to utilize an automated test
system, the government would likely step in and provide the necessary tools to continue.
This is a problem that program P initially faced, but they made the proper investments to
train and maintain a collection of individuals with the skills to develop scripts and operate
automated test scripts. However small companies making the transition would likely have

challenges to overcome.
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2.2.3 Inadequate Environment Configuration Management

During a software test there are generally multiple assets (avionics subsystems)
being used to conduct the test. If some of them are down for maintenance or repair a new
one would be introduced in its place for testing. Replacing components within a test
environment can affect the overall system performance (Persson, n.d.). The new asset
may not have been used non-stop for the long duration typically needed for an automated
test. Different mechanisms and machinery may overheat when they are never or rarely
exposed to long duration test cases. This would lead to a shutdown of that subsystem and
affect that data from that test. It is also important to note that should a component be
replaced, the one replacing it must be of the same quality or grade. It would be unsuitable
to replace a high-end flight simulator with a budget version of the same.

The test environment and configuration of assets is a concern for most
organizations. However, in this program, it is an understatement to say that it is
extremely important. Aircraft fighters, civilian lives and mission successes depend on the
testing that occurs in lab. Proper testing environments and asset configurations must
always be set up correctly. Given the importance of what happens in the lab, every test
line is audited multiple times each month to ensure that they function properly. Each
defense contractor does their own internal audit of the system because they do not want a
faulty line to invalidate their test. If a problem is discovered, it would be reported to a
government lab technician to address. The test lines used to conduct the tests for this
Praxis are as scrutinized for perfection as is possible. It is highly unlikely that a test

environment would not be configured properly for a test.
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In general, one of the main problems with software testing is in the testing of new
software in conjunction with aging hardware. Hardware that was developed decades ago
was never designed to handle the throughput required in modern software. The CPU may
get become overwhelmed with data, which would drastically reduce the computing power
and possibly cause it to crash (Martin, 2007). This would render the system inability to
process data. The tester can usually work around this by resetting the system. Automating
this process adds another layer of complexity because when communication breaks down
no one would be present to reset the hardware.

This is a problem that program P commonly faces as it tests new software for
aircraft that were built decades ago. These aircraft have experienced hundreds of software
updates in their lifespans. The aircraft have already surpassed the expected service life
and much of the hardware and avionics on board are old in terms of technological aging.
The problems encountered between new software and aged technology can be addressed
when manual testing is used. However, if the particular test case is automated, a
technician would not be available to fix it, not all of the commands would be processed,
and the system may crash altogether. This would require the team to retest the test case. It
would be impossible to fix this in an unsupervised automated test.

Environmental conditions are a crucial part to software testing. In a laboratory
setting there are many types of machinery operating next to each other, each giving off
heat as they are being used. Cooling systems are used to prevent overheating and
maintain optimal operating temperature. A deviation from ideal temperature and

humidity can result in poor performance (Davidson, 2003). This is also applicable to the
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devices being tested. Organizations that test mobile devices must create extreme
environments to ensure that their device functions at those temperatures (Tan, 2004).

Proper laboratory temperature is important for program P. In fact, if a cooling
system goes down on any line, testing is halted until it is fixed because since avionics
generate excessive heat during the course of normal operation. If left unchecked the
temperature in the lab could easily increase by 30 degrees. This not only makes testing
unbearable, but overheating can cause the system to shut off in order to prevent damage
to individual components. The temperature is maintained at the threshold of what the
avionics would experience during a mission. Due to the scrutiny of program P, the only
reason the avionics would overheat would be due to a failure in the cooling system. Every
test line is strategically placed to have proper ventilation and air purifying units to capture
dust and impurities. A lab technician can generally either fix the unit or a replacement
can be brought in to and allow testing to continue.
2.2.4 Technical Limitations

Automated test system presents technical limitations that can potentially be an
issue. Implementing an automated test system requires analysis of how it would work
with the program’s testing strategy (Dustin, 2009). This is a problem many organizations
will be challenged with. It is best if they can anticipate what is to come and how to
address the problem ahead of time.
2.2.4.1 Skillset

One of the main problems many organizations encounter is the lack of trained
personnel to write a test script, maintain a test script, troubleshoot the test system, and a

general lack of automated testing skills. Automated testing has a steep learning curve and
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requires the upfront investment in terms of time to develop a test scripts and learning how
to use it (Dustin, 2009). In order for an organization to succeed there needs to be
someone who is familiar with the system to fix any issues. Long down time generally
equal lost money.

Although Program P performs contracting work for the government the relation is
more like a partnership. There is a lot of collaboration that goes on and the government
maintains input with respect to many of the technical and business decisions. When the
idea to implement an automated test system was discussed both sides did their due
diligence and came to an agreement on how it would be done. Avoiding pitfalls and
having the proper resources in place would have been confirmed before implementation.
This includes properly training the current operators how to test on an automated test
system and hiring a team of people who have experience and are familiar with setting up
and troubleshooting an automated test system.
2.2.4.2 User Interface

Assuming that an automated test runs perfectly each time, there are certain
situations that may still call for a manual run on at least a portion of the test. This is
particularly true for systems that requires usability. If there is a human maneuver that is
required to perform an action, then manually testing would be more appropriate
(Mahmud, 2012). An example of this is holding multiple bezel buttons simultaneously to
perform an action. A script can do it perfectly each time, but part of software testing is to
assess the user’s ability to perform the action. If it difficult to perform certain maneuvers

consistently then changes may need to be made.
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This is not to say that an entire test must be run manually in order to test the
human-machine interface. These types of situations are when a hybrid testing approach
framework makes sense. Normal test steps can be executed by the automated test script
and be programed to stop at the point where the manual test should be performed. After
the manual portion is completed the tester can resume the script to continue from the
point after the manual portion was completed. This stoppage can be used as often as
necessary. In these types of semi-automated testing the tester does not need to be present
during the automated portion. He just needs to return at the approximate time where the
manual portion should begin or get to it whenever he has time.
2.2.4.3 Test Coverage

One of the main concerns of implementing an automated test system is the proper
coverage. Test coverage is an issue that needs to be considered before implementing an
automated test system because it is important that automation can test everything that a
manual test case can accomplish (Do, 2012). In some cases, there is more equipment
required to test the entirety of test cases. Many organizations can manually test portions
of the test that are not covered by automation in lieu of investing in more equipment. By
splitting the testing process up the investment in automation is not fully utilized.

Test coverage is not an issue for Program P. Many test steps are button push and
waiting for response. The entire system is complex, but the usability is relatively simple.
The man-machine interfaces have to be simple to operate because during combat,
complex maneuvers can cause mistakes and compromise the mission. User-friendliness is
a necessary part of the system design. In the event that more assets or equipment are

required, Company C has the resources to acquire it. Full test coverage is required for
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every test case on this program, so if there is not full coverage with automation the
remaining portion would have to be tested manually.
2.2.4.4 Maintenance

An automated test system is one of the most expensive investments an
organization can make. It is not just a one-time cost. Many maintenance and upkeep
requirements must be followed in order to sustain system performance. An automated test
system must include scheduled calibration in order to run the test cases appropriately. It
also requires someone with the proper expertise to connect and disconnect different assets
as needed (Hoffman, 2011). For example, if a test case requires the usage of real radar,
inertial (INS), or gyro stabilization systems (GSS), there are complex cable and wiring
events that must be performed correctly or expensive problems can arise. In the event the
user interface (UI) changes it would cost the program a great deal of money to test system
and test scripts to address the changes.

This is definitely a problem many smaller organizations must consider carefully.
However, Company C is a major defense contractor that has numerous software
platforms to accommodate a wide range of military aircraft. The costs involved with
hiring an expert to maintain the automated test system are more easily absorbed within
larger companies. Considering the amount of time that is potentially saved, the
investment may pay for itself many times over. In larger companies that have a
significant development budget, the cost of an entirely new UI test system could
effectively be enveloped by cost estimate rounding revenues, similar to those which
Program P generates annually. For smaller programs that financial outlay would be

significant, and likely would not make sense to absorb the cost.
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2.2.5 High Volume Automated testing

High volume automated testing (HVAT) is a technique that combines automated
test generation and automated test execution to increase the number of test cases
produced in a given time (Gardiner. J). The problem with testing a high volume of test
cases that are randomly generated is that the failures in the software will not be captured
until after all test cases are analyzed. Conventional testing allows problems to be
addressed right away, while HVAT allows the error to be made repeatedly.

The HVAT method would not be acceptable on Program P or any military
program. The generation of test cases must be done systematically to test specific
requirements. Therefore, a random generation of test cases would not be acceptable.
Once the test case is generated automation can be used to run the test. There is no need to
run a high volume on any test cases. It needs to be thoroughly tested one time and the
results must be duplicated with consistent results.

2.3 Current Workarounds

While issues may exist, many organizations have developed some creative
workarounds to address the problem. However, there has not been a solution to
preventing it. This section will review some of the more popular methods. It is important
to keep in mind that different organization would have different leniency and
expectations of how to interpret and use test results data.

2.3.1 Review and Audit Configuration

Some test system glitches that occur during software regression testing can be

attributed to a test system that has a lot of down time. This generally occurs in an

organization that has a specific test case that involves hardware that is not tested with
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every iteration due to limited or no change to that particular functionality (Lubelski,
1995). Checking the test environment and starting up all avionics and subsystems
required for testing would ensure all connections are sufficient for testing. In the event
that it is not working properly trouble shooting can occur before the test and replacement
of the unit can occur as necessary. A comprehensive review of the hardware that will be
used to ensure everything starts up and runs as expected can mitigate the long period of
inactivity to avoid cold starts.

This idea can work for certain organizations that may have test line that has long
period of down time. However, this is not applicable when testing is being performed for
a military aircraft on a test line owned by the government. First, there is not a long period
of down time because so many programs utilize the same test lines. There are several
defense contractors fighting for the line time such that all hardware and avionics are in
continual use. To entertain the idea that there would be a long period of inactivity may
not be practical in order to use the line to warm the system up. It does cost a great amount
of money for every hour of testing. If the premise is to run a test on a line that needs to
have functioned recently, then it would be better to do the test and if no non-system
errors occur then the program can push forward. If there are non-system errors, then the
line is now warmed up and the test can be rerun.

Configuration of the test line is crucial when performing a software test,
especially when automation is involved. If something is “off” in a manual test, the tester
would notice that something is not right. Manual interaction with the hardware allows the
tester to see if a function is not working and quickly determine whether there is a

configuration issue and address it. However, in an automated test, the system would just
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run a script and no one would know of a configuration mishap until someone analyzed
the data later (Rankin, 2002).

This is a problem that all organizations must consider, since similar mistakes can
cause programs significant amounts of money. This problem is not taken lightly by
Company C. They have technicians who’s only job is to assemble and disassemble test
lines. During a formal run when the government is involved, no expenses are spared as
quality assurance personnel and test auditors are made available to ensure the technician
has set up the test line properly. It is safe to assume this would not be a problem with
Program P.

2.3.2 Retest

When an automated test does not produce the data needed to properly analyze the
system the test case must be retested to obtain the results. In an organization where the
test line is only used by their own team it would be sufficient to rerun the test.
2.3.2.1 Rerun the Automated Test

One of the great benefits of an automated test is the reusability of the test script.
When something goes wrong during testing, an automated test can be set up to run again
(Marick, 1998). There is one caveat to this convenience. Someone must review the data
and the coding in the script to ensure errors were due to poorly developed script. After
reviewing the data, the analyst can tell quickly if glitches had occurred. If a subsystem
was no longer sending data to the recorder then it’s obvious it went offline at some point.
Intermittent glitches are generally an anomaly so running the test or the portion where the
error occurred would be a good step toward fixing the problem. If all avionics and

subsystems were consistently communicating throughout the test, then there may be a
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scripting problem or something wrong with the software being tested. If that is the case,
the tedious process of debugging the script and software would need to take place.

Rerunning an automated test is certainly a viable option if test line availability is
not an issue. However, this is a very expensive option if it’s even available for a military
contractor. Generally, military contractors have several teams that need to utilize the test
line plus there are other contractors with multiple teams that want to use the same line.
Scheduling usually occurs several weeks in advance and unless there is a time slot or
another team that has completed early and released the line, there would not be another
opportunity to test for several weeks. There are also business tactics at play. For example,
when a team finishes their testing early, they are advised to offer the test line to other
teams within their own organization or company before making it available to other
contractors. Assuming a test line is obtained to perform another automated test, it would
certainly not be free of cost. It could potentially cost several thousand dollars for every
hour of testing depending on the amount of assets being used.
2.3.2.2 Manually Re-Test

One of the most common resolutions to dealing with intermittent problems in
automated testing is to conduct the test manually (Garousi, 2016). This is often
performed on shorter test cases where the organization believes it would be time efficient
to have an engineer perform the test manually rather than have several engineers go
through the script looking for bugs or having a technician inspect the all the avionics
system on the test line.

Although manually testing is a viable option it does not reduce or prevent errors

from occurring in a test system during an automated test. In fact, this is essentially taking
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a step back. After a large investment has been spent to acquire the system, and countless
hours are spent to learn to operate the system, the solution should not be to revert to a
purely manual test.

In a pinch this method is fine for short test cases because it is unlikely that the
tester would focus would deteriorate completely on a short run and make detrimental
errors. It should be considered that setting up an automated test run could take the same
amount of time as just manually testing it. However there needs to be a plan moving
forward to not have to retest. Test cases should be set up and ran through in one try
assuming nothing catastrophic occurs like a natural disaster that causes power outage, or
just a normal blackout.

From a programmatic point of view, it makes little sense to continue to do a
manual test when an automated test is not generating proper results. An automated test
system is very expensive to purchase and implement. It would be best to find a way to
utilize the investment to save time and money, which was the original reason for going to
automation.

Retesting a test case with wither method is a work around that can work in many
situations. However, in Program P case it may not be the best strategy to deal with testing
errors. Program P conducts testing in a lab owned by the government. The cost to use the
test line can cost as much as $2,500 per hour so having to retest is not ideal. On top of the
added cost it pushes back development of the next software block. That being said
smaller organization that own their test line and have no back log it would not negative

impact the program by retesting the test cases.
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2.3.3 Partial Regression Testing

Partial regression testing is the selection of certain test cases to be run. The test
steps are generally selected based on the priority of the test case, or they may be chosen
based on what functionality was added (Rothermel, 1996). Testing the new functionality
may be sufficient in many cases. An example of this is an online retailer making changes
to a new credit card that is being accepted. They may just test the payment process of the
new card and not the rest of the online shopping experience (select item, select color,
select quantity, place in cart, apply promotional code/coupon etc.). This saves the
company time to deploy their new payment method. It also saves money from conducted
an extended test.

Partial regression testing would not be acceptable for Program P. If there is any
software that would require a complete regression test it the software on a military
aircraft. Given the obvious stakes nothing can be left to chance. When new functionality
or existing functionality is added or altered the entire test case must be tested to make
sure everything works together seamlessly. Not only does a complete regression test be
conducted it must be repeated with consistent results. Money and time must be invested
to get it right in this case.

2.3.4 Regression Test Selection

Regression test selection is determining which test cases need to be tested after
modification to the software. There is a clear tradeoff when considering the resources
needed for a comprehensive test versus the risk of missing a defect that was introduced
when software was changed. There are several methods used to choose what gets tested

and what gets neglected.
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Incremental regression testing is the process of choosing test cases whose output
would be affected due to changes in software. Software changes for two reasons: fixing a
defect and adding new functionality to satisfy new requirements. If the software is to
address a known defect, then theoretically only the test steps that address the defect need
to be retested. All other test steps can be ignored because the changes would not have
affected them. If the software is to implement a new requirement then test steps that
would generate an output to respond to the new requirement. Test steps where the new
output is expected to match the previous software’s output would not require further
testing (Agrawal, n.d.).

Applying this technique to automated testing is simply choosing the test steps
where the generated data is obscured or inconsistent with expected behavior and then
re-test only that portion. An example is when an aircraft’s inertial(s) lose connection
during a simulated flight. This would output bad GPS data and require testing to be
conducted again.

In order to streamline the selection of subsets of the test cases or test points that
need to be retested, there are techniques to identify them. An algorithm is used to review
the generated data to track inconsistency and construct a control flow where system
errors may have occurred (Rothermel, n.d). This technique separates the test suites into
several sections, and the sections that have errors would be retested.

Some organizations take it a step further by utilizing software to run alongside an
automated test (Hsia, 1997).
This method is certainly applicable in certain programs in right situation. Some

companies that perform testing on mobile devices automate testing on functionality
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through a range of temperature in chamber. In the event that a chamber did not get hot
enough or cold enough for the proper duration, a retest of that temperature range is
certainly acceptable for validating the test. However, when testing components on
military aircraft is being performed, many of the avionics and test steps build off each
other. If the aircraft’s inertial’ s lose connection it would not be acceptable to just do a
retest of aligning the inertial and doing a simulated flight for the duration of the flight that
was disconnected. For example, the test may require creating a waypoint then slewing off
to track a target and creating another waypoint and toggling back and forth to change the
waypoint type (enemy, friendly, and neutral). If the inertias fail in the middle of a
sequence, the entire thing needs to be retested to properly validate the functionality.

Another reason this method may not be adequate, especially in government
programs, is that many software iterations involve both defect fixes and new
functionality. This essentially means the entire test would nevertheless need to be
regression tested to address both these additions. Furthermore, precision and accuracy in
a military program must be meticulous because the lives of the aircrew are at stake. There
cannot be mistakes made between identification of enemy targets versus innocent
civilians during combat. Everything must work right every time.
2.3.5 Progressive Regression Test

Progressive regression testing is just testing the changes made to the software.
This is similar to the partial regression technique except the test selection is based on
updates rather than priority (Graves, n.d.). If there are no software error or defects a retest
of just the updates could be sufficient. This is generally conducted with over the air radio

frequency testing on mobile device. Sometimes the antenna does not shift to the proper
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angel and a retest should be done. Instead of re-running the whole test the proper angels
can be set to test just the updates.

This is not an ideal method because it is unreliable. If all the changes work fine, it
does not necessarily mean it will work with the rest of the test case. This method is fine
in the development stages when things are being tried experimented with. It a good way
for the coder and developer to collaborate and work out proper placement for new
functionality to be tested within the test case. However, during a system level test, the
entire test case should be tested. Program P could utilize a version of this technique while
developing new code but for a test in particular a formal test the entire test case needs to
be tested.

2.3.6 Track Errors

Identification of testing errors is difficult when the test case is being automated
because generally no one is there to observe the test. No one knows an error has occurred
until analysis is performed on the data. Many organizations discover automated testing
errors after an analyst analyzes the data from the test. When non-system errors are
discovered a retest would need to occur. In many cases only the section where the error(s)
occurred needs to be retested, but there are situations where the entire test case needs to
be retested. It is the only way to ensure the software changes did not affect or caused the
errors.
2.3.6.1 Machine Learning

Machine learning has taken a role in the automated testing scene with the
National Aeronautics and Space Administration (NASA). NASA uses a method called

SEVERIS (SEVERIity ISsue assessment) which helps a test engineer assess the severity
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of defects. SEVERIS is based on the automated extraction and analysis of textual
descriptions from issue reports in Project and Issue Tracking System (PITS). The PITS is
a database of issues that occurred during their robotic satellite mission and human-rated
systems. Text mining techniques are used to extract the relevant features of each report,
while machine learning techniques are used to assign these features with proper severity
levels, based on the classifications of existing reports (Menzies, 2008).

Using a database of real-time errors that occurred during testing along with
machine learning to assign a severity level is a more efficient way of determining
whether retesting is necessary. However, it certainly does not solve the root cause of the
problem. The goal is not to determine a faster route to finding and assigning error
severity levels, but instead to prevent them from ever occurring.

Many software projects use tools to track and organize defects within software.
Each defect is generally assigned to a developer to fix. As one would imagine, doing this
process manually would be time consuming and labor intensive since the varied types of
defects and different developers’ expertise are difficult to keep track of. Machine learning
has been utilized for effective automatic bug assignment by using classification
algorithms (Bhattacharya, 2012). The classifiers would locate a defect and determine
which developer’s expertise is best for handling the defect. The data analyst would not
have to spend much time and effort in determining the type of defect and who should be
assigned to handle it.

This concept is effective for the development process, but it does not address the
issues that this research is investigating. However, if a machine learning algorithm can

take the final data generated from a test run and determine what type of errors occurred, it
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could also streamline the process of addressing the problem. Currently, program P
utilizes data analysts who look through the ethnic power relation (EPR) data (Ethernet)
and the MIL-STD-1553 data (data bus) to ensure that each of the switch hits from the test
case were executed and to verify proper functionality. If the machine learning technique
can determine what type of error occurred (software error, human error) the team can
determine if the coding in software needs to be addressed or to simply retest because the
operator did not execute a test step correctly. This still does not solve the problem of
reducing or eliminating non-software errors. This would just help the team locate and
classify errors faster.

2.3.6.2 Using Software

The ability to use software to recognize configuration errors is a great tool toward
identifying and fixing issues. Technical support is required to address 17% of
troubleshooting misconfigurations during testing (Zhang, 2013). Software
misconfiguration can lead to incorrect output and unexpected termination of the system.
ConfDiagnoser is tool that monitors control flow to determine if there are
configuration-related effects on a program’s execution path (Zhang, 2013). This tool can
help determine quickly that a configuration issue was the cause of the testing error and
not due to system error.

This tool is another way to discover the cause of error more efficiently. When an
engineer is reviewing test data and inconsistencies are discovered, there are many things
that can be the cause. It takes a while to determine the cause of data errors because many
avenues need to be explored. The problem can be in the source coding, hardware, or

compilation failure. When investigating the hardware for misconfiguration, the Ethernet
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data from the various avionics would need to be reviewed to see if any of them lost
communication or did not hook up correctly when configuration change took place
during a test. The time hack also needs to align with the time that the inconsistent data
took place in order to confirm that was the cause. Having a tool that can tell the engineer
there was a misconfiguration can save a great amount of time and allow retest to occur
right away rather than spending hours to investigate the data. The drawback to this is it
only tracks configuration issues. When other problems occur, the tool would not know.
Furthermore, it still does not solve the root cause of the problem, and just helps locate
one aspect of the problem faster.

An approach to handling errors during software regression testing is to use
software to predict defect-prone software modules. This technique allows developers to
allocate their efforts and resources more efficiently. Support Vector Machines (SVM)
have been introduced to predict software modules that may be defective (Elish, 2008).
Defective software modules often lead to software failures which increases
developmental and maintenance costs for an organization (Koru, 2005). SVM capability
of predicting defect prone software module was evaluated against other statistical and
machine learning models. SVM was better than its competition with accuracy ranging
from 84.6%-93.3% (Elish, 2003).

A tool like SVM can be useful for program P in the software development phase.
This helps locate areas in the software that need work. It will allow the team to focus
attention where it is most required. However, this does not address the issue at hand. This
research objective is to address errors that are not from software. The purpose is to find a

more effective and efficient way to perform software regression testing. This means
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significantly reduce or eliminate errors that occur due to user error and system
configuration,
2.4 Summary and Conclusion

There are ways to work around or deal with the impediments of automated
testing. For organizations that do not perform much automated testing it may be fine to
deal with the issues. However, it would behoove them to find a solution moving forward
to streamline the aspect that uses the most resources. For organizations that constantly
design, develop, and implement new software it is imperative to find a framework to go
through the testing process in a more efficient and effective manner. Many of the topics
discussed in this chapter are just a technique or strategy to address the problem. Given the
importance of software in the current technological age, there needs to be a framework to
improve this process in order to significantly reduce or eliminate the non-system errors

from occurring.
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Chapter 3—Methodology

The methodology chapter consists of five sections. The first section discusses the
data collection process. The second section describes the raw data that is used in the
Praxis. The third section covers the analysis methods used for hypothesis testing. The
fourth section will look into the hypotheses. The fifth section will investigate the
analytical process.
3.1 Data Collection

The data for the nine test cases was obtained from a military aircraft program
(Program P) from a military contractor, company (Company C). Each test case
represents an avionic system or subsystem of the aircraft being tested. Company C is a
military contractor that operates in sustainment of several military aircrafts. The praxis
will look at the software testing data of Program P for nine avionic subsystems of a jet.
These test cases were conducted between 2013 and 2018. Due to the confidentiality of
Program P the data was scrubbed of all proprietary information and replaced with generic
names and variables. Artifacts that are disclosed for each test case include the total test
runs, the total test steps each test run has, the total errors that occurred in each run, and
the total duration of each test run (rounded to nearest minute). Table 3-1 summarizes key

terminology of the data. More specific details of every test case can be viewed in

appendix A.
Table 3-1: Terminology
Test Case Test procedure of a specific subsystem/avionic system being tested
Test Run The occurrence in which a test procedure is fully executed
Test Step The execution of a step that generates an expected/verifiable result
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3.2 Raw Data

The data acquired were from different levels of testing. The test runs come from
one of three types of testing. The first is formal testing. This is the official test for score
with test results, test data, and test analysis delivered to the customer. The second type
are dry runs testing. This type of testing is a practice run when test procedures with new
or different requirements are complete. This is usually performed a few times before the
formal run to ensure testing runs smoothly. The third type are developmental testing. This
type of testing is a run through of the latest iteration to determine where it is logical to
insert new steps for either new requirements or to test previous requirements in a
different manner. This also covers training new people to run a test. This too is also
generally performed on the latest iteration of software unless the training session is to be
conducted on aspects of previous iterations.

Currently there are two official methods to testing; the manual and automated
approaches. There are reasons why an organization may opt to use one over the other.
The hybrid approach being proposed is an automated test where at least one engineer or
technician is overseeing the testing process and addresses issues as needed. The data this
research calls “hybrid approach” are generally an automated formal test where the
customer requested to be present during the test. In these cases, an engineer would sit
with the customer to answer questions about the test and oversee the automated test.
Although most of the hybrid data were obtain from the formal test there were a few that
came from the dry runs and developmental testing.

The raw data consists of 906 runs spanning nine test cases. The metrics this praxis

will evaluate are number of errors, and time (in minutes). The errors were determined
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during analysis when values were inconsistent with expected results. The minutes were
rounded to the nearest whole minute. Since the test cases have a different number of test
steps within the same test case, as requirements evolve there needs to be a way to
standardize the number. Therefore, the error metrics being analyzed in this praxis are
number of errors per 100 test steps, and the time metric is measured by test steps per
minute. This removes the notion that test cases with more steps would naturally take
longer to run and likely have more errors. Appendix A in the praxis contains all nine test
cases. Each of the nine test cases produced at least the minimum number of 30 runs for
manual and automated testing approaches. However, only the first three test cases had 30
runs for the hybrid approach as well. The sample size of 30 is expected to have the proper
statistical effect. Therefore, Hypotheses 2 through 5 will only examine the first three test
cases individually, and the combination of all nine test cases. Since Hypothesis 1 only
deals with the manual and automated approaches, every test case will be analyzed for

Hypothesis 1. Table 3-2 shows the total number of test runs and each approach used.

Table 3-2: Test Runs

Manual Automated Hybrid

Test Case 1 44 40 33
Test Case 2 41 35 31

Test Case 3 45 38 35
Test Case 4 31 35 19
Test Case 5 35 33 21

Test Case 6 45 34 26
Test Case 7 37 31 3

Test Case 8 40 38 20
Test Case 9 49 45 22
Total 367 329 210
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3.2.1 Interpreting the Dataset

There is a great deal of information that is obtained during a software test. Due to
the sensitivity of Program P, each test case is referred to as Test Cases 1 through 9.
However, for the purpose of this Praxis, only the total test steps, the errors per test case,
and the amount of time each test case took to complete will be disclosed since that is all
that is needed to perform this research. Although the variables being analyzed in the
Praxis are errors and duration, the actual errors and time are not going to be solely used.
As each test case evolves with new requirements the number of test steps will increase,
and in rare cases, decrease. Therefore, solely taking the errors and time into account
would not be a valid comparison because test cases with more test steps would naturally
be prone to more errors and take longer to complete. In order to standardize the dataset,
the variable being used for errors is errors per 100 test steps. The variable being used for
time is test steps per minute. Table 3-3 below is a small excerpt with three test runs that
shows the calculated errors per 100 test steps and test steps per minute for the manual
approach of Test Case 1. The remaining test runs for Test Case 1 are in Appendix A

along with the nine test cases that include all three testing approaches.

Table 3-3: Test Data Excerpt

Manual

Number | Steps | Errors | Minutes Errors/100 Test Steps | Test Steps/ Minute

n TS E M

1 512 4 435 0.78125 1.177011494
2 512 6 445 1.177011494 1.150561798
3 512 3 439 0.5859375 1.16287016
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The first row (shaded) in the Table 3-3 consists of variables in order to depict the
calculation to standardize the dataset. The numbers being used in the analysis phase is

composed of standardized errors and time.

Equations for standardizing variables:

100
(TS*E)

(1) Errors/100 Test Steps =
(2) Test Steps/Minute = %S

3.3 Analysis Methods

There are three testing approaches that were analyzed; manual approach,
automated approach, and hybrid approach. In order to determine if there are significant
differences between any 2 testing methods, a Two Sample T-test is used if data from the
two approaches are normally distributed. If either of the datasets is not normally

distributed the non-parametric alternative Mann-Whitney U-Test is used.

This Praxis utilized several software tools to conduct analysis. Microsoft Excel
was used to organized and sort data. It was also used to do preliminary normality tests,
histogram charts, Two Sample T-Tests, and perform simple statistical calculations (mean,
standard deviation, and ranking data). There were two types of statistical software used
in this Praxis. In order to determine outliers, box plots were created using R Programing
to verify hand calculations and to generate the actual plot. Normality tests were also
conducted with R Programing; performing Shapiro-Wilk, Cramer-Von Mises,
Anderson-Darling, and Kolmogorov-Smirnov tests. It was used to calculate

Mann-Whitney U-Values, and the critical U-Value. Minitab was used to create
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histograms, probability plots, and verify p-values for normality tests conducted in R

Programing.

3.3.1 Normality Tests

Normality testing is very important to perform before a statistical test is
performed, because many statistical tests assume a normal distribution. The first
normality test used was the descriptive statistic in Microsoft Excel to identify where the
Kurtosis and Skewness of the data. The criteria for normal distribution is that the
Kurtosis and Skewness numbers falls between -2 and 2. Histograms were generated for
each dataset to see if there was a normal distribution bell curve. The methods in Excel are
general guidelines for normality so R Programing was used to determine the P-Value for
normality. The alpha level in this Praxis is 0.05 which means the null hypothesis of
normality is rejected if the P-value is less than or equal 0.05. The Shapiro-Wilk test was
chosen as the normality test to use in R Programming. However, Cramer-Von Mises,
Anderson-Darling, and Kolmogorov-Smirnov tests were also conducted to confirm
results that were close. Table 3-4 lists the P-Values for the Shapiro-Wilk test. The bolded

values are normal while non-bolded are not normal.
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Table 3-4: Normality

Test Type Errors/100 steps Steps/Min.

Manual 2.4466_09 0.359
Test Case 1 Automated 0.0002175 0.03757

Hybrid 1.6476_07 0.01321

Manual 2.264e_07 0.09635
Test Case 2 Automated 0.000899 4.470¢°12

Hybrid 4.021 6'08 0.0304

Manual 1 .692e_09 0.2889
Test Case 3 Automated 2.349¢793 0.3122

Hybrid 9.7716‘09 0.1429

Manual 8.4¢700 0.1659
Test Case 4

Automated 0.000269 0.2286

Manual 27370705 0.5548
Test Case 5

Automated 0.0001759 0.5795

Manual 8.3456_06 0.6173
Test Case 6

Automated 1.973¢97 0.0001512

Manual 0.0003498 0.6259
Test Case 7

Automated 1.125¢793 0.1001

Manual 0.0003498 0.004254
Test Case 8

Automated 1.125¢7° 0.6942

Manual 0.000367 0.9631
Test Case 9

Automated 4.145¢793 0.03294

Manual <22¢710 4.650e™
Test C.ase' Automated 57180714 99716
Combination

Hybrid <22¢710 4.910¢7
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Every normality test produced the same results, and while not the same P-Value,
were consistent in being above or below the alpha of 0.05. Reviewing the P-Values for
errors revealed that every dataset was not normally distributed. This is expected as
measuring errors or defect generally produce an exponential distribution (Sato, n.d.). This
makes sense when considering the nature of tracking the number of times an error occurs.
Most of the time, test cases would have errors between zero and three. There would then
a significant drop off from there. It is unlikely that the amount of errors would be evenly
distributed because if there are the similar amounts of low error test cases and high error
test cases, there would be a serious problem in the testing process. There should not be
test cases that consistently have high amount of errors. Humans may make some mistakes
every now and then in testing, and an automated test script may have small number of
bugs that need to be worked out. If there are high number of errors, then it would be

worked out quickly and future test cases would have a drastic decrease.

3.3.2 Parametric and Non-Parametric

In order to determine if there is a significant difference between the mean of any
two approaches a Two Sample T-test naturally comes to mind. However, a Two Sample
T-test would require the sample of the two datasets to be normally distributed. Referring
to Table 3-4 in the previous sections, all the errors were not normally distributed which
means Hypothesis 1, Hypothesis 2, and Hypothesis 3, which deal with errors, cannot use
a Two Sample T-test. In the time column, only Test Case 3 has normally distributed
samples size for all three approaches. Therefore, only Test Case 3 for Hypothesis 4 and

Hypothesis 5 can utilize the Two Sample T-test. Test Cases 4 through 9 were dismissed
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for Hypotheses 2 through 4 because they involve the hybrid approach which did not have

enough test points to perform a statistical test.

The Mann-Whitney U-Test is the non-parametric alternative that is used to
compare the other test cases. Table 3-5 summarizes the conditions and parameters for the

parametric or non-parametric test that will be used for each test case for each hypothesis.

Table 3-5: Hypothesis Test

Normal | Independent | Ordinal | Sample size
Two Sample T-Test Yes Yes Yes >30
Mann-Whitney U-Test | No Yes Yes >30
3.4 Hypothesis

This Praxis analyzes five research questions with five hypotheses tests. This
section will discuss the importance and value of each research question and hypothesis

test in detail. Table 3-6 shows the action that is taken depending on the results of the

hypothesis test.
Table 3-6: Test Criteria
Mann Whitney U-Test
Scenario Action
U statistic < U Critical Reject null hypothesis
U statistic > U Critical Do not reject the null hypothesis
Two Sample T-Test
T Statistics < T Critical Do not reject the null hypothesis
T Statistics > T Critical Reject null hypothesis
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3.4.1 Hypothesis 1

RQO1: Does an automated testing approach significantly reduce the number of errors in
software testing compared to a manual testing approach?

This research question is a fundamental question when analyzing the manual and
automated testing approaches. An automated testing approach is supposed to reduce the
errors and times required to conduct a test. If it does reduce errors, then the automated
test framework is sufficient. If it does not, then there may need to be re-evaluation of the
framework. The null hypothesis and alternative hypothesis are stated below for this
research question.

Table 3-7: Hypothesis for Research Question 1

Hypothesis Statement

Null Hypothesis (Ho) There is no statistically significant difference in errors
between manual testing and automated testing

Alternative Hypothesis (H1) | There is a statistically significant difference in errors
between manual testing and automated testing

This is the only hypothesis that will be tested for all nine test cases individually
as well as the combination of all nine test cases. Referring to Table 3-4 from section
3.3.1, the errors for every test case did not have a normal distribution for any approach.
Therefore, the Mann-Whitney U-Test would be used to test this hypothesis. The rejection
criteria for the Mann-Whitney U-Test is stated Table 3-6 in section 3.4.

If the U-statistic calculated with the Mann-Whitney U-Test is less than the
critical U-critical, then we would reject the null hypothesis and there is a statistically
significant difference in measured errors between the two testing approaches. If the
U-statistic is greater than the U-critical value, then we do not reject the null hypothesis

and there is no statistically significant difference between the two testing approaches.
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3.4.2 Hypothesis 2

RO 2: Does the hybrid testing approach significantly reduce the errors in software testing
compared to a manual testing approach?

The purpose of this research question is to compare the difference in errors the
proposed hybrid testing approach with the manual testing approach. If the hybrid
approach produces significantly fewer errors, then there are grounds to implement the
framework. However, if there is not a significant reduction in errors or the manual
approach produces fewer errors, then the manual or automated approaches should receive
more consideration for software testing moving forward. The null hypothesis and
alternative hypothesis are stated below for this research question.

Table 3-8: Hypothesis for Research Question 2

Hypothesis Statement

Null Hypothesis (Ho) There is no statistically significant difference in errors
between hybrid testing and manual testing

Alternative Hypothesis (H1) | There is a statistically significant difference in errors
between hybrid testing and manual testing

This hypothesis is only tested for Test Cases 1, 2, and 3 individually, and the
combination of all nine test cases. Since this hypothesis involves the hybrid dataset; those
are the only test cases that have the sample size of 30 or greater to perform the analysis.
Referring to Table 3-4 from section 3.3.1, the errors for every test case did not have a
normal distribution for any approach. Therefore, the Mann-Whitney U-Test would be
used to test this hypothesis. The rejection criteria for the Mann-Whitney U-Test is stated

Table 3-6 in section 3.4.

3.4.3 Hypothesis 3

RO 3: Does the hybrid testing approach significantly reduce the errors in software testing
compared to an automated testing approach?
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Hypothesis 3 is similar to Hypothesis 2 in that the purpose of this research
question is to compare the difference in errors of the proposed hybrid testing approach to
the automated testing approach. If the hybrid approach produces significantly fewer
errors than the automated approach there should be consideration to implementing the
framework especially if Hypothesis 2 shows the same reduction in errors compared to the
manual approach. The null hypothesis and alternative hypothesis are stated in Table 3-9
for this research question.

Table 3-9: Hypothesis for Research Question 3

Hypothesis Statement

Null Hypothesis (Ho) There is no statistically significant difference in errors
between hybrid testing and automated testing

Alternative Hypothesis (H1) | There is a statistically significant difference in errors
between hybrid testing and automated testing

This hypothesis is only tested for Test Cases 1, 2, and 3 individually, and the
combination of all nine test cases because Test Cases 4 through 9 involve hybrid

approaches.

3.4.4 Hypothesis 4

RO 4: Does the hybrid testing approach significantly increase testing time compared to
an automated testing approach?

When the automated test system is implemented one of the organization benefits
is the reduced time required to run a test case. Therefore, when implementing a new
testing approach there needs to be a test to show that it does not drastically increase the
time to perform each test. In theory the hybrid testing approach would add more time
because it runs the automated test script with an engineer who manually oversees the test

and interacts if necessary. During the interaction the test is paused to address issues or
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review specific lines of code. This hypothesis tests whether there is a significant increase
in the duration of the test. If there is a significant increase in duration, then the hybrid
method may need to be disregarded, as it negates one of the main benefits of automated
testing. However, this is purely up to the organization to decide since each situation is
unique to the project and business requirements. Some may prefer to just keep rerunning
the automated test until it performed correctly, while others may find it better to invest a
little more time to avoid rerunning it again. The null hypothesis and alternative
hypothesis are stated in Table 3-10 for this research question.

Table 3-10: Hypothesis for Research Question 4

Hypothesis Statement

Null Hypothesis (Ho) There is no statistically significant difference in test
duration between hybrid and automated testing

Alternative Hypothesis (Hi) | There is a statistically significant difference in test
duration between hybrid and automated testing

This hypothesis is only tested for Test Cases 1, 2, and 3 individually, and the
combination of all nine test cases. This hypothesis involves comparing the hybrid
approach, and Test Cases 4 through 9 do not have the sample size of 30 or greater test

runs.

3.4.5 Hypothesis 5

RO 5: Does the hybrid testing approach significantly decrease testing time compared to
the manual testing approach?

This hypothesis is largely similar to Hypothesis 4 with the exception that it
compares durations for the hybrid testing approach to the manual testing approach. Since
the hybrid approach utilizes an automated script is it clear that it would perform more test

steps every minute. However, the purpose of this hypothesis is not to show the hybrid
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method is faster but to see how much faster. From a high-level viewpoint, automated
testing is the fastest followed by hybrid then the manual approach. This hypothesis will
show whether most of the timesaving is still captured with the hybrid method.

Table 3-11: Hypothesis for Research Question 5

Hypothesis Statement

Null Hypothesis (Ho) There is no statistically significant difference in test
duration between hybrid and manual testing

Alternative hypothesis (Hi) | There is a statistically significant difference in test
duration between hybrid and manual testing

This hypothesis is only tested for Test Cases 1, 2, and 3 individually, and the
combination of nine test cases. This hypothesis involves comparing the hybrid approach
and Test Cases 4 through 9 do not have the sample sizes of 30 or greater test runs.

3.4.6 The Five Hypotheses

Each of the five hypotheses serve a fundamental purpose in this Praxis. When
introducing a new approach to software testing there are two things that must be
considered. The approach must improve certain testing metrics and it cannot negatively
impact any aspect. Two of the best reasons to implement an automated test system are to
reduce testing errors and to perform the test faster. The first three research questions
evaluate whether the test method reduces errors by a statistically significant amount. The
latter two research questions evaluate if the method used impacts the time being saved.

Table 3-12 summarizes the hypotheses and purposes.
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Table 3-12: Research Questions Purpose

Research Question Purpose

Does an automated testing approach To determine is automated testing significantly
significantly reduce the number of errors in reduces errors

software testing compared to a manual testing

approach?

Does the hybrid testing approach significantly | To determine if the hybrid approach reduces errors
reduce the errors in software testing compared | compared to the manual approach
to a manual testing approach?

Does the hybrid testing approach significantly | To determine if the hybrid approach reduces errors
reduce the errors in software testing compared | compared to the automated approach
to an automated testing approach?

Does the hybrid testing approach significantly | To determine if the hybrid approach significantly
increase testing time compared to an automated | increases test time compared to the automated

testing approach? approach
Does the hybrid testing approach significantly | To determine if the hybrid approach significantly
decrease testing time compared to the manual increases test time compared to the manual approach

testing approach?

There is no hypothesis to compare the duration of the manual testing approach to
the automated testing approach because the proposed method is to move away from these
testing approaches. It is also well known that an automated test would run faster than a
manual testing because a computer can execute test steps much faster than even the most
experienced testers. Therefore, it would have no value in this Praxis to evaluate the
duration of the manual and automated testing approaches.

3.5 Analysis Process

Before conducting hypothesis testing on the datasets, preliminary work must be
performed to ensure the data is ready to be processed. This section discusses the major
steps taken to organize, process, and test the data.

3.5.1 Determine the Test and What to Test
The first step in the analysis is to determine which statistical test to use. The

Praxis objective is to compare the difference in errors and test duration between two
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independent groups. The Two Sample T-Test would be used if the dataset of the two
groups were normally distributed. The non-parametric alternative would be the
Mann-Whitney U-Test. Histograms were generated to get an idea of how the data was
distributed and to gauge its normality. However, to fully confirm the normality, a
normality test was conducted with R Programming to obtain a P-Value. This Praxis is
using a 95% confidence interval so a P-Value greater than 0.05 would be considered
normal. Table 3-4 in section 3.3.1 summarizes the P-Value from the Shapiro-Wilks Test.

The results from Table 3-4 indicate that Test Cases 1, 2, 4, 5, 6, 7, 8, 9, and the
combination test case would use the Mann-Whitney U-Test for every hypothesis because,
in every case, at least one of the datasets being compared was not normally distributed.
Test Case 3 also requires the Mann-Whitney U-test for the first three hypotheses because
the errors are not normally distributed. However, the time metric is normally distributed,
so for Hypotheses 4 and 5 a Two Sample T-Test is sufficient.

Testing data generally would have some outliers that would affect the normality
of the dataset. A boxplot was generated in R Programing for every testing approach
(manual, automated, hybrid) for every test case (1 through 9). As expected, there were
some outliers that affected the analysis. This will be discussed in further detail in the
Results chapter. All boxplots may be reviewed in Appendix B.

A statistical test is effective when there is a large sample size. The accepted
threshold for large sample size is 30. Every test case meets the sample size of at least 30
for the manual and automated approaches. However, only the first 3 test cases met that
threshold for the hybrid approach. Therefore, this Praxis will not examine the hybrid data

except when the combination of all test cases is being tested.
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3.5.2 Testing

The Mann-Whitney U-Test and Two Sample T-Test were the two statistical tests
used in this Praxis. This section will provide some background information for the two
tests.
3.5.2.1 Mann-Whitney U-Test

The Mann-Whitney U-test, also known as the Wilcoxon rank sum test, is a
non-parametric test that tests the differences between two groups (Mcknight, 2010). This
test assumes observations from the two sample to be independent and ordinal. It does not
require the dataset to be normally distributed.
The null hypothesis: the distribution of both samples is equal
The alternative hypothesis: the distribution of both samples is not equal.

Steps of Mann-Whitney

1. The first step is to assign a numeric rank to the data in both samples. In the event
of a tied value the rank would be placed at the midpoint of the adjusted ranking.
2. The second step is to add up the ranks for the two datasets.

3. The third step is to calculate the U-statistic with the equations below

nq (n1+ 1)

3) Ui =R,- 2

ny (nz +1)
2

(4) U; =R, —
R: the sum of the rank for each sample conducted in step 2
n: the sample size of each dataset

4. The lower U-statistic calculated in step 3 is the one used to compare to the

significance table (to obtain the U-critical).

52



S.

If the U-statistic is less than the U-critical the null hypothesis is rejected. If the
U-statistic is greater than U-critical then it fails to reject the null hypothesis. Table

3-13 shows which test case and which hypothesis was tested with the

Mann-Whitney U-Test.

3.5.2.2 Two Sample T-Test

from the samples have equal means. This test assumes the data is independent, ordinal,
and normally distributed. There are many variations of the T-Test depending on the
characteristics of the data. For the purpose of this Praxis, the Welch’s T-test is used
because the population size and variance are not assumed to be equal.

The null hypothesis states that the distribution of both samples is equal.

The alternative hypothesis states that the distribution of both samples is not equal.

The Two Sample T-Test, also known as the Student T-test, tests whether data

Steps to T-Test:

1.

The first step is to calculate the mean, standard deviation, and variance of the two

sample of data.
The second step is to calculate the T-statistic:
X, —X
f=_—Lr 22

St 52
n; np

X: Mean of the sample

S: Standard Deviation of the sample

n: the sample size of each dataset

The T-statistic obtained in step 2 is compared to the T-critical value obtained in a

T-distribution table.

If the T-statistic is less than the T-critical then it fails to reject the null hypothesis.
If the T-statistic is greater than T-critical then null hypothesis is rejected. Table

53



3-13 shows which test case and which hypothesis was tested with the Two

Sample T-Test.

Table 3-13: Statistical Test

Hypothesis 1 Test Case 1 Mann-Whitney U-Test
Test Case 2 Mann-Whitney U-Test
Test Case 3 Mann-Whitney U-Test
Test Case 4 Mann-Whitney U-Test
Test Case 5 Mann-Whitney U-Test
Test Case 6 Mann-Whitney U-Test
Test Case 7 Mann-Whitney U-Test
Test Case 8 Mann-Whitney U-Test
Test Case 9 Mann-Whitney U-Test
Test Case Combination Mann-Whitney U-Test
Hypothesis 2 Test Case 1 Mann-Whitney U-Test
Test Case 2 Mann-Whitney U-Test
Test Case 3 Mann-Whitney U-Test
Test Case Combination Mann-Whitney U-Test
Hypothesis 3 Test Case 1 Mann-Whitney U-Test
Test Case 2 Mann-Whitney U-Test
Test Case 3 Mann-Whitney U-Test
Test Case Combination Mann-Whitney U-Test
Hypothesis 4 Test Case 1 Mann-Whitney U-Test
Test Case 2 Mann-Whitney U-Test
Test Case 3 Two Sample T-Test
Test Case Combination Mann-Whitney U-Test
Hypothesis 5 Test Case 1 Mann-Whitney U-Test
Test Case 2 Mann-Whitney U-Test
Test Case 3 Two Sample T-Test

Test Case Combination

Mann-Whitney U-Test

3.5.3 Conclusion

The data obtained for this Praxis was simplified just enough to carry out the

study. It investigated the three testing approaches from a high level. It measured the two

metrics that can be analyzed at a high level, the accuracy (errors/100 test steps), and

speed (test steps/minute) of the test. The analysis carried can be used to draw a

conclusion for the three testing approaches. The results of the analysis are discussed in

Chapter 4.
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Chapter 4—Results

This chapter contains the results from statistical analysis conducted during the
research for this Praxis. Any anomalies or abnormality with data and results will be
explained such that the situation is completely transparent. The entire dataset is placed
into a spreadsheet, with each test case represented by three tables; one table is used for
each approach (manual, automated, hybrid). This can be seen in appendix A. The
columns of importance are Errors per 100 test steps and test steps per minute as those
contain the data being analyzed.
4.1 Data Analysis

Once the datasets for all nine test cases were organized the first step was to
conduct a normality test to determine which statistical test should be performed.
Histogram charts were developed to obtain a visual distribution of the dataset. Every test
case had six histograms (an error and time metric for each testing approach). Boxplots
were obtained with the R Programing software to determine if there were outliers. Two
box plots were developed for each test case (one for error metric and one for time
metric). Each boxplot contains the three testing approaches. Figures 4-1 and 4-2 are
examples of boxplots and histograms that were generated. The remaining boxplots and

histograms are in appendix B and C respectively.
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Figure 4-1: Boxplot Test Case 1 Errors Metric
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Figure 4-2: Histogram Test Case 1 Error Metric.

Histograms provide a quick way to see if the data follows a classic bell curve.
However, to get an accurate result for normality a P-Value must be calculated. In order to
determine if the data follows a normal distribution the P-value needs to be compared to
the significance value alpha. The significance value alpha for this Praxis is 0.05 which
means there is a 5% chance of concluding the data does not follow a normal distribution,
when in fact the data does follow a normal distribution. If the P-Value is less than alpha
the null hypothesis is rejected, and it can be concluded that the data does not follow a
normal distribution. If the P-Value is greater than alpha the null hypothesis is rejected
and cannot be concluded that the data does not follow a normal distribution. Failing the
normality test means there is a 95% confidence that the data is not normally distributed.
Table 3-4 from Chapter 3 describes the normality test results using the Shapiro-Wilk test.

The errors metric is not normally distributed in every case. This is expected as the
measurement of software errors and defects are generally going to be exponentially
distributed (Moreno-Torres, 2012). The time metric has samples that are normally
distributed and not normally distributed. Generally, the manual approach would be

expected to be normal since different operators perform the test at different rates, and
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normality would be reasonable. Since the automated and hybrid methods run on scripts,
theoretically it would not be normally distributed in ideal conditions because scripts
would finish at the exact same time. However, environmental conditions could affect the
scripts. Different test steps and the way the simulation is set up would make some test
runs longer or shorter. If there is enough diversity, then it could be normally distributed.
4.2 Data Analysis Hypothesis 1

Hypothesis 1 compares the manual run errors and automated run errors using the
Mann Whitney U-Test. Table 4-1 shows the results of the Mann-Whitney U-Test.

Table 4-1: Hypothesis 1 Mann-Whitney U-Test Results

Manual Automated U-Statistic | Result | U-Critical
U-Statistic U-Statistic
Test Case 1 927.5 832.5 832.5 > 661
Test Case 2 938.5 496.5 496.5 < 530
Test Case 3 929 781 781 > 641
Test Case 4 573.5 511.5 511.5 > 390
Test Case 5 590.5 564.5 564.5 > 418
Test Case 6 931 599 599 > 567
Test Case 7 675 472 472 > 415
Test Case 8 881.5 638.5 638.5 > 564
Test Case 9 1266.5 938.5 938.5 > 844

The Mann-Whitney U-Test compares samples by their ranks. The data from the
manual and automated approaches are ranked in order with no regard for which sample
the data came from. The sum of the ranks for each group is added up for each approach
with ties splitting the rank (e.g. a tie for position 1 and position 2 would give each a
ranking of 1.5). The numbers would be plugged into equations 3 and 4 below to obtain
the U-statistics from each approach. The smaller one is then selected and compared to the
U-critical that is generally obtained from a U Table in any statistics book. However, the

sample size in this Praxis is relatively large so the R Programing software was used to
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obtain the U-critical value. If the U-statistic is larger than U-critical then there is no
significant difference between the groups. This contrasts with the parametric T statistic

where a higher T critical means a larger difference between the groups.

n(ny + 1)
=R, —— = 7
(3) Ul 1 2
n,(n, +1)
4) U,=R,————
@ Uy=R -

The U-statistic provides the degree of overlap in ranks between two groups, in
this case the manual and automated errors. Let us review Hypothesis 1 and draw a

conclusion:

Hypothesis 1
Null Hypothesis 1: There is no statistically significant difference in errors between

manual testing and automated testing.

Alternate Hypothesis 1: There is a statistically significant difference in errors between
manual testing and automated testing.

Acceptance Criteria

U Statistics < U Critical: Reject the null hypothesis
U Statistics > U Critical: Fail to reject the null hypothesis

According to the analysis, the U-statistic is greater than the U-critical in every test
case except Test Case 2, which means it fails to reject the null hypothesis that there is no
significant difference in errors between the manual and automated testing approaches.
This analysis shows that in eight of nine test cases that there is not a significant difference

in errors between the manual and automated testing approaches.
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4.2.1 Test Case 2

To understand why Test Case 2 did not produce the same results, a closer look
into the data was conducted in an effort to gain some insight. The first step is to identify
if there are outliers that may have affected the results. Figure 4-3 is the boxplot of Test

Case 2. Looking at the manual box there are clearly six extreme outliers in the manual

approach.
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Figure 4-3: Test Case 2 Box Plot

Table 4-2 is Test Case 2 data for the manual test run. The errors (in red) in the six
test runs that were outliers had 16, 15, 13, 13, 9, and 11 errors, which was unusual
considering that the remaining 35 runs ranged between zero and five errors. A review of
the test logs for those test runs revealed that all six had a relatively new tester running the
test. At the time of the test the operator had 11 months of testing experience or less.

Although this fact is relevant to why so many errors occurred, it did not fully explain the

CITOIS.
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Table 4-2: Test Case 2 Manual Run Data

# Steps Errors Mins. Errors/100 Steps Steps/Min

1 712 2 812 0.280898876 0.876847291
2 712 1 854 0.140449438 0.833723653
3 712 1 837 0.140449438 0.850657109
4 712 1 863 0.140449438 0.825028969
5 712 0 851 0 0.83666275
6 725 1 852 0.137931034 0.850938967
7 725 4 863 0.551724138 0.8400927

8 725 4 841 0.551724138 0.862068966
9 725 3 845 0.413793103 0.857988166
10 725 0 853 0 0.849941383
11 725 1 871 0.137931034 0.832376579
12 731 2 863 0.273597811 0.847045191
13 731 2 875 0.273597811 0.835428571
14 731 0 866 0 0.844110855
15 731 5 874 0.683994528 0.836384439
16 731 16 852 2.18878249 0.857981221
17 731 15 874 2.051983584 0.836384439
18 731 3 852 0.410396717 0.857981221
19 731 2 864 0.273597811 0.846064815
20 731 2 873 0.273597811 0.837342497
21 731 1 879 0.136798906 0.831626849
22 731 0 884 0 0.826923077
23 731 0 862 0 0.848027842
24 731 1 860 0.136798906 0.85

25 731 0 871 0 0.839265212
26 731 2 870 0.273597811 0.840229885
27 731 3 869 0.410396717 0.841196778
28 731 13 817 1.778385773 0.894736842
29 744 13 863 1.747311828 0.862108922
30 744 5 893 0.672043011 0.833146697
31 744 1 848 0.134408602 0.877358491
32 744 4 876 0.537634409 0.849315068
33 744 3 850 0.403225806 0.875294118
34 744 3 863 0.403225806 0.862108922
35 744 9 872 1.209677419 0.853211009
36 744 2 850 0.268817204 0.875294118
37 744 2 857 0.268817204 0.868144691
38 744 11 896 1.478494624 0.830357143
39 744 2 856 0.268817204 0.869158879
40 744 2 847 0.268817204 0.878394333
41 744 1 858 0.134408602 0.867132867
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Further review of the test logs clarified that issues had occurred that the test
operator either did not address properly or was not aware of when they happened. Table
4-3 summarizes the total errors and the relevant problem that happened during each of the

runs.

Table 4-3: Test Case 2 Issues

# | E Major Problems Logged

16 | 16 | Bus wiring was not correct during setup

17 | 15 | Only one Inertial was properly connected, second one never registered.

28 | 13 | Pilot and co-pilot station shut off

29 | 13 | Defensive station overheated, did not receive every command

3519 | Pilot and co-pilot station shut off

38 | 11 | After a power outage 3 multifunctional displays did not get restored

These oversights certainly can be considered novice mistakes. The operators were
likely focused on making sure the proper buttons and maneuvers were executed such that
they were oblivious when something happened on another section of the test line. In runs
16 and 17 a more experienced tester probably would have properly installed the wiring of
the line and noticed that one of the inertial was not connected during the alignment phase.
The other four runs were just a lack of attention to detail. A seasoned operator knows
how to run a test by rote, so they would not fully focus on the single script execution
display and would scan other parts of the test line to make sure everything was
progressing correctly.

The outlier definitely affected the errors metric being used for the analysis. The
35 typical runs in Test Case 2 had one test run that had five errors; this is about half of

the lowest outlier and less than a third of the highest outlier. The remaining 34 typical test
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runs had fewer than five errors. A case can be made to remove the six outliers to see if
the Mann Whitney U-Test would produce a different result. The errors in the six runs
were not typical in that test case. The errors had more to do with a lack of knowledge of
the test system and not from performing the test properly. If those errors did not happen it
is highly likely those runs would have had errors that fell in line with the rest of the 35
runs. Table 4-4 shows the results of Test Case 2 with and without the outliers.

Table 4-4: Test Case 2 Redo

Manual Automated U-Statistic Result | U-Critical
U-Statistic U-Statistic
Test Case 2 with 938.5 496.5 496.5 < 530
outliers
Test Case 2 725.5 496.5 496.5 > 446
without outliers

After the extreme outliers were removed the U-statistic is greater than the U-critical
which means it fails to reject the null hypothesis that there is no significant difference in
errors between the manual and automated testing approaches. There is not a significant
difference is errors between manual and automated testing approaches after the six
outliers were removed.
4.3 Data Analysis for Hypothesis 2

Hypothesis 2 compares the manual testing errors and the hybrid testing errors.
Since only the first three test cases have the sufficient sample size for the hybrid
approach the Mann Whitney U-Test would only be performed on those three, and the
combination of all nine test cases. Table 4-5 contains the results. Considering the outliers
discussed in Test Case 2 in section 4.2 the Mann-Whitney U-test was performed with and

without the outliers.
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Table 4-5: Hypothesis 2 Mann-Whitney U-Test Results

Manual Hybrid U-Statistic | Result | U-Critical
U-Statistic U-Statistic

Test Case 1 1084.5 367.5 367.5 < 536
Test Case 2 With 1124 147 147 < 463
Outliers

Test Case 2 938 147 147 < 390
Without Outliers

Test Case 3 1264 311 311 < 586

The U-Statistic was smaller than the U-Critical for every test case. This means it
rejects the null hypothesis that there is no statistically significant difference in errors
between hybrid testing and manual testing. The alternate hypothesis that there is a
statistically significant difference in errors between hybrid testing and manual testing is
accepted.

Hypothesis 2

Null Hypothesis: There is no statistically significant difference in errors between hybrid
testing and manual testing.

Alternate Hypothesis: There is statistically significant difference in errors between hybrid
testing and manual testing.
Acceptance Criteria

U Statistics < U Critical: Reject the null hypothesis
U Statistics > U Critical: Fail to reject the null hypothesis

The first things someone would notice while reviewing the results is that Test
Case 2 was not affected by the outliers. The U-critical was smaller without the outliers
versus with the outliers, which means that, as a whole, it was closer to having no
statistical difference in errors. This makes sense as the outliers were extremely high
relative to the other 35 test runs. The next thing of interest is that the U-statistic for Test

Case 2 is exactly the same with and without the outliers. Since the Mann Whitney U-Test
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ranks all of the data, the six outliers were obviously going to be the highest ranked data
point for that test case. The ranked sum as well as sample size for the hybrid are exactly
the same. Sample sizes for the hybrid remain the same because only six manual run test
points were removed. Those six were also the highest ranked not only in the manual
dataset but also for the hybrid. Therefore, all the rankings for hybrid were not affected as
they were all ranked ahead of the six removed test points.
4.4 Data Analysis for Hypothesis 3

Hypothesis 3 compares the automated testing errors and the hybrid testing errors.
Once again only the first three test cases have a sufficient sample size for the hybrid
approach, so the Mann Whitney U-Test would only be performed on those three test
cases. Table 4-6 shows the results.

Table 4-6: Hypothesis 3 Mann-Whitney U-Test Results

Automated Hybrid U-Statistic | Result | U-Critical
U-Statistic U-Statistic
Test Case 1 972 348 348 < 483
Test Case 2 912 147 147 < 390
Test Case 3 1019 311 311 < 488

Hypothesis 3

Null Hypothesis: There is no statistically significant difference in errors between hybrid
testing and automated testing.

Alternate Hypothesis: There is statistically significant difference in errors between hybrid
testing and automated testing.
Acceptance Criteria

U Statistics < U Critical: Reject the null hypothesis
U Statistics > U Critical: Fail to reject the null hypothesis

The U-Statistics was smaller than the U-Critical for every test case. This means it

rejects the null hypothesis that there is no statistically significant difference in errors
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between hybrid testing and automated testing. The alternate hypothesis that there is a
statistically significant difference in errors between hybrid testing and automated testing
is accepted.
4.5 Data Analysis for Hypothesis 4

Hypothesis 4 compares the automated testing time and the hybrid testing time.
Since the hybrid approach is involved, only the first three test cases and the combination
of all nine test cases will be tested. In Test Case 3 the time metric being used to perform
the statistical test happened to be normally distributed. Therefore, a Two Sample T-test
would be used to test on Test Case 3. Table 4-7 lists the results of the Mann-Whitney
U-Test for Test Case 1 and Test Case 2. Table 4-8 shows the results of the Two Sample
T-test for Test Case 3.

Table 4-7: Hypothesis 4 Mann-Whitney U-Test Results

Automated Hybrid U-Statistic | Result | U-Critical
U-Statistic U-Statistic
Test Case 1 718.5 601.5 601.5 > 483
Test Case 2 614 471 471 > 390

Hypothesis 4

Null Hypothesis: There is no statistically significant difference in test duration between
hybrid and automated testing

Alternate Hypothesis: There is a statistically significant difference in test duration
between hybrid and automated testing.

Acceptance Criteria

U Statistics < U Critical: Reject the null hypothesis
U Statistics > U Critical: Fail to reject the null hypothesis

65



The U-Statistic was larger than the U-Critical for every test case. This means it fails to
reject the null hypothesis that there is no statistically significant difference in test
duration between hybrid and automated testing. Therefore, it can be concluded that there
is not a significant difference in testing time.

Table 4-8: Hypothesis 4 Two Sample T-Test Results

T-Statistic Result | T-Critical
Test Case 3 1.327299 < 1.666

Hypothesis 4

Null Hypothesis: There is no statistically significant difference in test duration between
hybrid and automated testing.

Alternate Hypothesis: There is a statistically significant difference in test duration
between hybrid and automated testing.
Acceptance Criteria

T Statistics < T Critical: Fail to reject the null hypothesis
T Statistics > T Critical: Reject the null hypothesis

Using the Two Sample T-Test for Test Case 3 the T-Critical value is larger than
the T-Statistic. It fails to reject the null hypothesis that there is no statistically significant
difference in test duration between hybrid and automated testing. Therefore, it can also be

concluded that there is not a significant difference in testing time.
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4.6 Data Analysis for Hypothesis 5

Hypothesis 5 compares the manual testing time and the hybrid testing time. Once
again only the first three test cases and the combination of all nine test cases will be
tested. A Two Sample T-Test will be used for Test Case 3 because the dataset is normally
distributed. Table 4-9 contains the results of the Mann-Whitney U-Test for Test Case 1
and Test Case 2, Table 4-10 are the results of the Two Sample T-Test for Test Case 3.

Table 4-9: Hypothesis 5 Mann-Whitney U-Test Results

Manual Hybrid U-Statistic | Result | U-Critical
U-Statistic U-Statistic
Test Case 1 0 1452 0 < 536
Test Case 2 0 1271 0 < 463

Hypothesis 5

Null Hypothesis: There is no statistically significant difference in test duration between
hybrid and manual testing.

Alternate Hypothesis: There is a statistically significant difference in test duration
between hybrid and manual testing.
Acceptance Criteria

U Statistics < U Critical: Reject the null hypothesis
U Statistics > U Critical: Fail to reject the null hypothesis
The U-Statistic was smaller than the U-Critical for every test case. This means it rejects
the null hypothesis that there is no statistically significant difference in test duration
between hybrid and manual testing. Therefore, it can be concluded that there is a
significant difference in testing time.

This hypothesis produced a huge difference in the U-statistical value for the
manual and hybrid approaches. This essentially means there are very few overlaps in the

time metric data. In fact, looking at the first two test cases the U-Statistic for the hybrid
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approach is zero which means every hybrid test run was completed faster than every
manual run. Understanding the nature of the testing approaches this makes sense. A
hybrid test uses a test script which would run faster than any test operator testing
manually. Similar results can be seen in the T-Test for Test Case 3.

Table 4-10: Hypothesis 5 Two Sample T-Test Results

T-Statistic Result | T-Critical
Test Case 3 123.4701 > 1.6646

Hypothesis 5

Null Hypothesis: There is no statistically significant difference in test duration between
hybrid and automated testing.

Alternate Hypothesis: There is a statistically significant difference in test duration
between hybrid and automated testing.

Acceptance Criteria for Two Sample T-Test

T Statistic < T Critical: Fail Reject the null hypothesis
T Statistic > T Critical: Reject the null hypothesis

Using the Two Sample T-Test for Test Case 3 the T-Critical value is smaller than
the T-statistic. It rejects the null hypothesis that there is no statistically significant
difference in test duration between hybrid and manual testing. Therefore, it can also be
concluded that there is a significant difference in testing time.

4.7 Combining Nine Test Cases

After testing each test case individually there is potentially greater value by
combining the nine test cases. This allows upper management to review the results and
determine the value from a high-level view. There are 367 manual runs, 329 automated
runs, and 210 hybrid runs for a total of 906 test runs. The three approaches would be

tested exactly the same way as the nine individual test cases were tested. The first step is
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to do a normality test. Table 4-11 shows the results using the Shapiro-Wilks Test in the R

Programing Software.

Table 4-11: Combination of Nine Test Cases Normality Test

Errors/ 100 Test Steps | Steps/ Min.
Manual <2.2e16 4.650e"
Automated 5.718¢ 14 <2.2¢710
Hybrid <2.2¢10 4.910¢"?

The P-Value obtained were extremely small; in fact, three of them were less than the
limit of < 2.2¢!6. These results were confirmed with the Minitab software by plotting the

points in a probability plot. The figure below shows all six had a P-value less than the

limit of <0.005.

Probability Plot of Man error, Auto error, Hybrid error, Man time, ...
Normal - 95% CI
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—& - Man time
—p - Auto time
-4 Hybrid time

£+ 0 Mean StDev N AD P
S so 0.6346 07150 367 16.787 <0.005
S 40 0.4845 0.4364 329 9489 <0.005

03990 0.3275 210 28.022 <0005
0.9932 0.1815 367 5768 <0005
2.800 09730 329 20556 <0.005
2.598 1.026 210 1915 <0005

Data

Figure 4-4: Probability Plot

This is odd at first glance because the P-values were nowhere near that low when each of
the test cases were tested for normality. How can combing the dataset severely lower the
P-Value? There are many factors that ruin normality. There are many things that can

cause data to be not normal like outliers, overlapping processes, insufficient data
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discrimination, sorted data, or values close to zero or natural limit. Data discrimination is
removing data points that researcher does not want tested for whatever reason (Hancook,
2006). No data point was removed from this research so that can be eliminated. Sorted
data is arranging the data point and dropping some data point (Hancook, 2006). Since no
data was thrown out this too can be eliminated. Values close to zero or natural limit can
also be disregarded because that was not the case with the dataset.

The first one that is applicable in this research is outliers within the dataset.
Depending on sample size outliers can cause a dataset to have a not normal distribution
(Das, 2016). The boxplot shown in Appendix B confirms the sufficient outliers when all
nine test cases were combined. The second one is the overlapping of multiple process
messes up what would otherwise be normally distributed data (Mateu, 1997) Our data set
has nine test cases or nine different processes. The combination of these facts caused the
P-value to be very small (Not Normally distributed). Furthermore, when combining
dataset of varying means normality tends to be ruin (Thorde, 2002). The average
errors/100 test steps and average steps per minute is definitely different throughout the
nine combined test cases. The nine test cases have different numbers of test steps and
amounts of time required to execute each test case. This data can be reviewed in
Appendix A.

4.7.1 Results of Combination of 9 Test Cases

The Mann Whitney U-Test was used for all five hypotheses as the combination
of all the test cases produced a non-normal distribution. Table 4-12 summarizes the
results of the statistical test. Only two approaches are compared for each hypothesis. A

Not Applicable (N/A) designation in placed on method that is not being tested.
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Table 4-12: Combination of Nine Test Cases

Hypothesis | Manual | Automated Hybrid U-Statistic | Result | U-Critical
U-Statistic | U-Statistic | U-Statistic

Hl 65,439.5 55,303.5 N/A 55,303.5 | > 55,182

H2 56,567 N/A 20,503 20,503 < 34,760

H3 N/A 49,386 19,704 19,704 < 31,090

H4 N/A 37,431.5 31,658.5 31,658.5 |> 31,090

H5 705 N/A 76,365 705 < 34,760

The U-Statistic is greater than the U-Critical for Hypothesis 1, so it fails to reject
the null hypothesis. There is not a significant difference in testing errors between
manual and automated approaches.

The U-Statistic is smaller than the U-Critical for Hypothesis 2, so it rejects the
null hypothesis. There is a significant difference in testing errors between manual
and hybrid approaches.

The U-Statistic is smaller than the U-Critical for Hypothesis 3, so it rejects the
null hypothesis. There is a significant difference in testing errors between
automated and hybrid approaches.

The U-Statistic is greater than the U-Critical for Hypothesis 4, so it fails to reject
the null hypothesis. There is not a significant difference in testing time between
automated and hybrid approaches.

The U-Statistic is smaller than the U-Critical for Hypothesis 5, so it rejects the
null hypothesis. There is a significant difference in testing time between manual

and hybrid approaches.

These results are consistent from results obtained when each test case was tested

individually.
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4.7.2 Test Case 8

It is well established that the distribution of errors, defects, or failures in software
testing is not normal, and in most cases would be exponential (Lopez, 2014). The time to
execute an automated/hybrid test scripts would be binomial. Theoretically if the same test
case is run in the same environmental conditions (same test line, assets, etc.) with the
same simulated scenarios it should take the exactly the same. However, the simulation
does randomly generate scenarios to simulate real world effects. Combined with different
lines and assets used, the timing may vary by a small amount. It would still be close to
the same time and the extra factors may be enough to make distribution normal. A
manual test has an even more volatile factor; the human tester. People each perform a test
at different rates so it would be expected to be a normal distribution. This was the case

for eight out of the nine test cases, with Test Case 8 being the exception.

The first steps were to see what P-values would be generated with other
normality tests. Table 4-13 shows that three other normality tests confirmed a not normal

distribution. A histogram of figure 4-5 shows the distribution does in fact look not

normal.
Table 4-13: Normality Test for Test Case 8 Manual Time
Shapiro-Wilk | Cramer-von Anderson- Kolmogorov-
Mises Darling Smirnov
Test Case 8 | 0.004254 0.0002692 030003331 0.0001648

Test Case 8 Manual Time
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Figure 4-5: Test Case 8 Manual Time Histogram
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Figure 4-6: Test Case 8 Manual Time Box Plot

The next step was to investigate outliers to see if there are enough to cause
non-normality. Figure 4-6 shows there are two low outliers. However, after removing
those two points, the P-Value obtained using the Shapiro-Wilks normality test was
0.01889 (< 0.05) which is still not normally distributed.

Every test case has small procedural changes every few iterations, generally to
add new requirements that perform existing ones in a new way. The added test steps do
not fundamentally change the process. However, there was one exception for Test Case 8.
In 2015, there was a reduction in the amount of times that the system would align the
aircraft INS. This changed from three to two alignments. A background of that particular
test step and its significance follows. Aligning the INS is three simple steps:

1. Set the system to manual mode

2. Select blended mode for both INS

3. Set navigation mode for both INS and ensure free inertial mode is off.
There is a nine-minute wait time for the INSs to align. This fact is critical considering
that the way this Praxis measures time is in test steps per minute. Clearly, nine minutes
with no test steps is impactful. Removing that wait-time would increase the test steps per
minute considerably. This change occurred between test runs 10 and 11. The change was

made to incorporate additional test steps to evaluate new functionality and to remove one
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of the INS alignments. In figure 4-7 there is a noticeable increase in test steps per minute

in the first 10 runs versus the last 30 runs.

Manual Manual
Number Steps Errors Mins Errors/100 Steps Sfeps/Min\ Number Steps Errors Mins  Errors/100 Steps Steps/Min
1 512 4 435 0.7812% 1.17701149 21 562 2 461 0.355871886 1.219088937
2 512 6 445 1.1718 1.1505618 22 562 0 457 0 1.2297593
3 512 3 439 0.5859375 1.16628702 23 562 0 465 0 1.208602151
4 512 1 410 0.1953]25 1.24878049 24 562 2 458 0.355871886 1.227074236
5 525 3 44 0.571428%71 1.19047619 25 562 1 468 0.177935943  1.200854701
6 525 2 444 0.380952381 1.18243243 26 562 3 469 0.533807829 1.198294243
7 525 1 451 0.190476419 1.16407982 27 562 1 458 0.177935943 1.227074236
8 525 2 452 0.380952381 1.16150442 28 562 1 463 0.177935943 1.213822894
9 5K25 1 459 0.1904761Y 1.14379085 29 562 1 467 0.177935943 1.203426124
10 525 0 453 30 570 0 452 0 1.261061947
11 555 5 451 0.900900901 1. : 31 570 2 463 0.350877193 1.231101512
12 555 4 457 0.720720721 1.21444201 32 570 1 459 0.175438596 1.241830065
13 555 2 455 0.36036036 1.21978022 33 570 3 459 0.350877193 1.241830065
14 555 2 457 0.36036036 1.21444201 34 570 0 468 0 1.217948718
15 555 1 452 0.18018018 1.22787611 35 570 1 468 0.175438596 1.217948718
16 555 3 455 0.540540541 1.21978022 36 570 2 463 0.350877193 1.231101512
17 555 1 455 0.18018018 1.21978022 37 570 0 467 0 1.220556745
18 555 2 452 0.36036036 1.22787611 38 570 1 468 0.175438596 1.217948718
19 555 0 463 0 1.1987041 39 570 0 466 0 1.223175966
20 562 3 458 0.533807829 1.22707424 40 570 1 468 0.175438596 1.217948718

Figure 4-7: Test Case 8 Manual Time Test Cases

Combing multiple processes typically ruins what would otherwise be normally
distributed data (Teh, 2013). In order confirm that this change was drastic enough to
affect normality, the Shapiro-Wilks test was performed on both portions (runs 1 through

10 and runs 11 through 40). Table 4-14 summarizes the results.
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Table 4-14: Normality Test for Test Case 8

Runs P-Value
1 through 10 0.02112
11 through 40 0.1025

Runs 1 through 10 had a P-Value of < 0.05 which is still not normal. However, that may
be attributed to the small sample size and there is an outlier (run 4) that is clearly higher
than the other nine runs. Runs 11 through 40, however, had a P-Value > 0.05 which
indicates normality.

An argument can be made to remove the first ten runs from the analysis since the
process was changed drastically enough to make them no longer relevant. However, an
argument may also be made to keep them, because software is continually evolving. For
full transparency, every test case should be included in the analysis to determine if there
are significant differences in the test approaches because in the future another drastic
change is possible. The data in Test Case 8 was only tested Hypothesis 1. Table 4-15

shows the original results and the new results with the first 10 manual runs test cases

(TC) removed.
Table 4-15: Hypothesis 1 Test Case 8
Manual Automated | U-Statistic | Result | U-Critical
U-Statistic | U-Statistic
Original Results (40TC) | 881.5 638.5 638.5 > 564
New Results (30TC) 589 551 551 > 515

Although the U-statistic for each approach and the U-critical changed the fundamental
results is still the same. The U-statistic is greater than U-critical which means it fails to

reject the null hypothesis and there is not a significant difference between the manual and
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automated approaches. Table 4-16 shows the hypothesis test for the combination of all

nine test cases.

Table 4-16: Combination of 9 Test Cases

Hypothesis | Manual | Automated Hybrid U-Statistic | Result | U-Critical
U-Statistic | U-Statistic | U-Statistic
H1 Original | 65,439.5 55,303.5 N/A 55,303.5 | > 55,182
H1 New 63,802.5 58,726.5 N/A 58,726.5 | > 56,977
H2 Original | 56,567 N/A 20,503 20,503 < 34,760
H2 New 54,971 N/A 19,999 19,999 < 36,213
H3 Original | N/A 49,386 19,704 19,704 < 31,090
H3 New N/A 49,386 19,704 19,704 < 31,090
H4 Original | N/A 37,431.5 31,658.5 31,6585 |[> 31,090
H4 New N/A 37,431.5 31,658.5 31,658.5 |> 31,090
H5 Original | 705 N/A 76,365 705 < 34,760
HS5 New 690 N/A 74,280 690 < 36,213

Once again, the fundamental results remained the same. This is not a surprise as ten test

cases removed from 367 manual runs is unlikely to shift the results. Hypothesis 3 and

Hypothesis 4 remained exactly the same because those did not have anything to do with

the manual runs. Hypothesis 1, Hypothesis 2, and Hypothesis 5 only had the U-Statistic

and U-Critical value changed.

4.8 Summary of Results

Quantitative data was collected and analyzed for this for this research. The test

runs were conducted from 2013 through 2018. Data from every test case was compared

one at a time to determine if there was any significant difference between the testing

approaches. The first hypothesis is established to see if there is a difference in testing

errors between the manual and automated approaches. Hypothesis 2 and Hypothesis 3 are

to determine if there is a difference in errors between manual and hybrid approaches and

automated and hybrid approaches respectively. Hypothesis 4 and Hypothesis 5 compare

the automated and hybrid approaches, and the manual and hybrid approach individually
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statistical test used and result for each test case.

to see if there is a difference in time to execute a test. Table 4-17 summarizes the

Table 4-17: Results

Hypothesis Test Case Statistical Test | Results
Hypothesis 1 | Test Case 1 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 2 | Mann- Fail to Reject the Null
Whitney Hypothesis*
Test Case 3 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 4 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 5 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 6 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 7 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 8 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case 9 | Mann- Fail to Reject the Null Hypothesis
Whitney
Test Case Mann- Fail to Reject the Null Hypothesis
Combination | Whitney
Hypothesis 2 | Test Case 1 | Mann- Reject the Null Hypothesis
Whitney
Test Case 2 | Mann- Reject the Null Hypothesis
Whitney
Test Case 3 | Mann- Reject the Null Hypothesis
Whitney
Test Case Mann- Reject the Null Hypothesis
Combination | Whitney
Hypothesis 3 | Test Case 1 | Mann- Reject the Null Hypothesis
Whitney
Test Case 2 | Mann- Reject the Null Hypothesis
Whitney
Test Case 3 | Mann- Reject the Null Hypothesis
Whitney
Test Case Mann- Reject the Null Hypothesis
Combination | Whitney
Hypothesis 4 | Test Case 1 | Mann- Fail to Reject the Null Hypothesis
Whitney
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Test Case 2 | Mann- Fail to Reject the Null Hypothesis
Whitney

Test Case 3 | Two Sample Fail to Reject the Null Hypothesis
T-Test

Test Case Mann- Fail to Reject the Null Hypothesis

Combination | Whitney

Hypothesis 5 | Test Case 1 | Mann- Reject the Null Hypothesis

Whitney

Test Case 2 | Mann- Reject the Null Hypothesis
Whitney

Test Case 3 | Two Sample Reject the Null Hypothesis
T-Test

Test Case Mann- Reject the Null Hypothesis

Combination | Whitney

*Test Case 2 fails to reject the null hypothesis after 6 extreme outliers were

removed.

The null hypothesis is: There is no statistically significant difference. The
alternate hypothesis is: There is a statistically significant difference. The null hypothesis
was not rejected for Hypothesis 1 which means there is not a statistically significant
difference in testing errors between the manual and automated approach. One of the
benefits of automated testing is to reduce errors and our test research shows there is not a
noticeable reduction in eight out of nine test cases and the combination of all nine test
cases. However, in Test Case 2 it was clear that six extreme outliers that were not typical
of that test cases were enough to shift the results. When the six outliers were removed the
test case also did not have a statistically significant difference in errors between the
manual and automated approaches.

The null hypothesis is rejected for Hypothesis 2 which means there is a
statistically significant difference in testing errors between the manual and hybrid
approaches. This finding is not surprising because a manual test as expected would

generally have errors. The automated test script in a hybrid approach can be overseen by
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a test operator to address any issues that may arise. The test script would not make
mistakes in repetitive and low engagement test steps while the operator can address
avionics or other subsystem problems that an automated test script would not recognize.

The null hypothesis is rejected for Hypothesis 3 which means there is a
statistically significant difference in testing errors between the automated and hybrid
approaches. The automated and hybrid approaches use a test script where the only
difference is that the hybrid approach has a test operator overseeing the process. The
initial thought is there would not be a significant difference in the results, and the hybrid
approach removes a key benefit from automated testing; save labor hours or redistribute
the hours to different tasks. However, the results to this test are a key finding that
organizations mat evaluate as a part of their testing process. Many organizations have
adopted an automated test system to reduce errors in their testing. After knowing the
results of Hypothesis 1 it may be worthwhile to experiment with a hybrid approach to see
if there is a reduction in testing errors. If they get the same results as this research
produced; steps should be taken to implement the hybrid approach.

The null hypothesis was not rejected for Hypothesis 4 which means there is not a
statistically significant difference in time between the automated and hybrid approach.
This result is reassuring because one of the key benefits for an organization to automate a
test case is simply to save time. If there is not a significant difference in test time, then
the hybrid method may be easier to accept. If it is not embraced it will not be because the
hybrid approach adds too much time to the testing process. Since the automated and
hybrid approach uses an automated test script the same test case would never be faster

with the hybrid approach assuming the same environmental conditions. It will have the
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exact same test time if the test operator in the hybrid approach had no issues to address.
The key to this test is that it does not add that much more time to fix problems an
automated script would not be able to. If there is a problem like connectivity issue, or a
system crashes from overheating, or alignment that needs to be fixed the operator will
have to pause the test to fix the pressing problem before restarting. The time spent is
worthwhile considering it potentially saves the team from having to retest the test case
and it did not significantly increase the test time.

The null hypothesis is rejected for Hypothesis 5 which means there is a
statistically significant difference in testing time between the manual and hybrid
approaches. The results for this test are not surprising. The purpose is to demonstrate that
the automated test script should still be used especially since still runs through a test case
faster than any human can. This can be seen in the huge difference between the
U-Statistic and U-Critical in table 4-8 and the T-Statistic and T-Critical. The automated
test script it can go through long repetitive test cases that would be tedious for a test
operator who will generally lose focus over time and that where human errors occur. The
combination of an automated test script and a test operator in clearly the best option for
software regression testing.

The data that was collected and tested in this research indicates that the hybrid
approach to software regression testing is better than the manual or automated
approaches. It produced significantly less errors and does not add a significant amount of
time to the testing process. Although this may not be the case for other organizations it is
certainly something to investigate. Software testing accounts to 50% of cost to software

development (Reinhart, T.). Any improvement in that aspect can benefit the organization.
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4.9 What Does It Mean?

Every organization has different circumstances when it comes to the testing. The
scenario that is being drawn out here will pertain specifically to program P. Program P is
tested in a government lab with five test lines that are shared with three other contractors.
Each line is divided equally with Friday being blocked off for aircrew use. Figure 4-8
shows the typical distribution between the contractors on each line and days of weeks
(color coded). Although every line can be used to develop the test case only lines 1 and 3
can officially be used for formal testing. When any contractor performs formal testing,
the line time is swapped from another line so that other contractors can continue
developing their tests. During a formal run the schedule would appear similar to Figure

4-9.
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Figure 4-8: Typical Line Time Distribution
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Figure 4-9: Formal Test Schedule

The scheduling for each test case provides the estimated time it takes to perform
the test while leaving some room for margins. As seen in Figure 4-8, timing is in four-,
six-, and eight-hour blocks. Table 4-18 has the scheduled time and the average time each
test case has taken.

Table 4-18: Scheduling Methodology (Minutes)

Scheduled | Average | Scheduled Average Average

Manual Manual Automated/Hybrid | Automated | Hybrid
Test Case 1 | 360 205.4545 | 240 41.625 42.9697
Test Case 2 | 960 860.3902 | 960 578 590.4839
Test Case 3 | 480 383.2 360 192.7105 192.8
Test Case 4 | 360 195.8065 | 240 51.71429 52
Test Case 5 | 480 258.6571 | 360 80.12121 78.61905
Test Case 6 | 240 68.35556 | 240 50.73529 48.07692
Test Case 7 | 480 309.2973 | 360 95.45161 95.66667
Test Case 8 | 480 456.275 | 360 205.1842 209.05
Test Case 9 | 360 108.449 | 240 35.64444 36.18182
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The formal scheduling is only in place for the week of the formal test. If re-test is

required due to errors or software changes, it would need to be rescheduled in the

Week 1 Week 2 Week 3
Line 1 Line 1 | Line 1
M T |w [mhF M [T |w [mhF M [T [w [m]F

6:00 AM 6:00 AM 6:00 AM

7:00 AM 7:00 AM 7:00 AM

B:00 AM B:00 AM B:00 AM

900 AM 9:00 AM 9:00 AM
10:00 AM 10:00 AM 10:00 AM
11:00 AM 11:00 AM 11:00 AM

1o0emm (M [m [m 1200PM[M (M M [m 1200 PM[M (M (M (M
100PMM (M M M 100PM[M (M [m [m 1:00PMM (M (M M
2:00 PM |_2:00 PM 2:00 PM

3:00 PM 3:00 PM 3:00 PM

4:00 PM 4:00 PM) 4:00 PM

5:00 PM 5:00 PM 5:00 PM

65:00 PM 6:00 PM 600 PM

7:00 PM 7:00 PM 7:00 PM

8:00 PM 8:00 PM 8:00 PM

9:00 PM 9:00 PM 9:00 PM

10:00 PM 10:00 PM 10:00 PM

Figure 4-10: Formal Test Re-Test Schedule

following weeks. Formal testing would still need to be conducted on line 1 and line 3 so
it would be limited to just 12 hours on each line. Assuming every test case needed to be
rested and no other contractor would switch slots again it would take three weeks to retest

each test case. Figure 4-10 shows the three weeks to test all nine test cases.
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Adding three weeks to the software drop schedule is significant considering they
usually last three to five months. By delaying the testing, analysis and test report
would also get pushed back.

Table 4-19: Software Drop Schedule

Typical Software Drop 3 to 5 months
Tasks Time
Requirement Development 1 weeks to 1 month
Preliminary Design Requirement 2 weeks to 3 weeks
Critical Design Requirement 2 weeks to 3 weeks
Procedural Development 2 weeks to 3 weeks
Dry Runs 1 week to 1 month
Test Readiness Review 1 week to 2 weeks
Formal Test 1 week
Analysis 1 week
Test Report 1 week to 2 weeks

The added time could cause the program to miss incentive bonuses (if applicable) and
could also lead to a reduction in billable receipts. Excessive re-test pushes other
developments back. It also adds cost as a designated lab technician must be available to
troubleshoot the line, quality assurance personnel need to audit the line and the test, and
an engineer is needed to perform the test.
4.9.1 How a Hybrid Approach Improves Testing Process

There is no exact way to measure how much of an improvement is achieved. As
the data in this praxis shows, every testing approach can have errors. It is important to
understand that not all errors would require a complete re-test of the entire test case. If a
test case calls for the operator to send laser codes to and from different stations and
change the codes, an incorrect input would not require a complete re-test because the two
actions are not reliant upon each other. However, consider a test case that calls for the

operator to track a dynamic target, fire a laser to obtain coordinates, then establish a
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waypoint to mark a position. If something goes wrong with creating the waypoint, the
entire scenario would need to be retested because the error occurred in a step that was
dependent upon the previous test steps. The best method is to measure the percentage
chance of obtaining zero errors in a test run because that would require no retest (at least
not due to non-system error). Table 4-20 shows the number of times zero errors occurred
in a test run for all three approaches and all nine test cases.

The hybrid approach clearly has the highest chance of getting zero errors.
Applying this finding to a practical scenario would demonstrate the great value of this
research. For simplicity this scenario will assume two formal software drops per year
over a five-year period, for a total of ten runs in that duration. All nine test cases will be
used. The last column of Table 4-20 shows the number of flawless runs (rounded to the
nearest whole number) in that span of time. That number is used calculate the number of
test cases that need to be re-run and subsequently the number of hours and weeks to

perform them.
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Table 4-20: Zero Error Occurrences

Approach Total 0 % of 0 Errors | Number of perfect
Runs Errors runs out of 10
(rounded)
Test Case 1 | Manual 44 10 22.73% 2
Automated 40 9 22.50% 2
Hybrid 33 18 54.55% 5
Test Case 2 | Manual 41 6 14.63% 1
Automated 35 6 17.14% 2
Hybrid 31 21 67.74% 7
Test Case 3 | Manual 45 10 22.22% 2
Automated 38 11 28.95% 3
Hybrid 35 24 68.57% 7
Test Case 4 | Manual 31 8 25.81% 3
Automated 35 6 17.14% 2
Hybrid 19 9 47.37% 5
Test Case 5 | Manual 35 10 28.57% 3
Automated 33 5 15.15% 2
Hybrid 21 14 66.67% 7
Test Case 6 | Manual 45 17 37.78% 4
Automated 34 14 41.18% 4
Hybrid 26 20 76.92% 8
Test Case 7 | Manual 37 6 16.22% 2
Automated 31 8 25.81% 3
Hybrid 3 3 100.00% 10
Test Case 8 | Manual 40 8 20.00% 2
Automated 38 7 18.42% 2
Hybrid 20 8 40.00% 4
Test Case 9 | Manual 49 11 22.45% 2
Automated 45 12 26.67% 3
Hybrid 22 13 59.09% 6

86




A random number generator (RNG) was used to distribute the test cases that
would have perfect runs in a five-year span (10 runs). Figures 4-11, 4-12, and 4-13
indicate the perfect runs with a “0” in the slot for manual, automated, and hybrid

approaches respectively using RNG. Those are the test cases that require no re-run.

Runl |Run2 |Run3 | Rund (RunS | Rung | Run? |Rung& | Run9 | Runl10
Test Case 1 (0] L]
Test Case 2 [}
Test Case 3 o] (8]
Test Case 4 ] o 0
Test Case 5 a (o] 0
Test Case 6 0] (0] 0] (0]
Test Case 7 0 0
Test Case 8 0 (0]
Test Case 9 o] o]

Figure 4-11: Manual Run Distribution

Runl |Run2 | Run3 | Rund | Rund |Rung |Run? | Runi | Run9 | Runld
Test Case 1 o] (o]
Test Case 2 0 0
Test Case 3 L] [} ]
Test Case 4 o 0
Test Case 5 L] L8]
Test Case 6 (9] 0 (o] o
Test Case 7 o o 0
Test Case 8 a a
Test Case 9 i [n] ]

Figure 4-12: Automated Run Distribution

Runl |Run2 |Run3 |Rund | RunS |RunG |[Run? |Rung [Run?® | Runl0
Test Case 1 [8) 8] 0] 0 8]
Test Case 2 o 0 8] o) 0 0 0
Test Case 3 o () 0 L) [9) 0 )
Test Case 4 0 0 0 O )
Test Case 5 0 0 0 O 0 0 )
Test Case &6 o) o o 0 0 ] 0 0
Test Case 7 o o 0 L) o o o o 0 L)
Test Case B o 0 0 o
Test Case 9 0 0 0] 0 0 0

Figure 4-13: Hybrid Run Distribution
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Figure 4-14 shows the test cases that would need to be retested per the RNG. It
also shows the number of hours and weeks it would take to retest each test case. This is
based on the fact that only the formal test lines (1, 3) are used at 12 hours per day each. In
one week, 24 hours of formal software testing occurs. The high-level finding from this
model is the hybrid approach had a 57% reduction in retest time over the automated

approach and a 66% reduction over the manual approach.

Run1 Run2 Run3 Run4 Run 5
TCtoredo |Hours |Weeks |TCtoredo [Hours {Weeks (TCtoredo |Hours|Weeks |TCtoredo |Hours |Weeks |TCtoredo  (Hours |Weeks
Manual |1235789| 60|  2S5[L3456789| 54 22523578 18 21234569] 54 22512346789 | 56| 2333333
Auromated (12,34568| 46| 191666711345789 | 36| 15124678 40| 1.666667(1,234)5,79| 46| 1916667|3,4,6,7,89 ¥ 15

Hybrid {12459 34| 1.416667(2,8 20 0.916667|15 10| 0.416667(1,89 14] 0.583333/3,489 20| 0916667
]
Run6 Run7 Run 8 Run9 Run 10

Manual 124578 | 52| 2166667124679 46| 1.916667(1.23,45,789( 66  275/1234689| 54  LD5(L2356789| 64| 2666667
Auromated (12345,68| 46| 1916667(25,789 38| 1.583333(1.234,5,789| 52| 2.1666671,235,679| 46| 1916667\1,245689 | 44| 1833333
ybrid {136 141 05833331248 26| 1.083333(1468 18 07539 10] 0416667|4,5,8 16] 0666667

Figure 4-14: Weeks to Re-Test Each Run

Estimating the cost is complex for Program P because there are many factors to
study for each test run. While the salary of the engineer is an obvious consideration, an
overlooked cost is the usage of the actual lab line. Company C pays anywhere from $800
to $2,500 per hour for usage of the test line, depending on which assets are utilized in
testing. Table 4-21 shows the cost and time it takes to perform a formal retest for each
approach. For simplicity the average engineer’s salary is estimated to be $75,000

annually which is $36.06 per hour. The lab cost is approximated to be $1,500 per hour.




Table 4-21: Cost and Time to Retest
Approach | Hours | Weeks | Salary | Lab Cost Total Cost

Manual 554 | 23.083333 | $36.06 $1,500 $850,977.24

Automated | 430 | 17.916667 | $0.00 $645,000.00

Hybrid 186 7.75 $36.06 $285,707.16

The hybrid approaches save $565,270.08 over the manual approach and
$359,292.84 over the automated approach. The savings is evident for the hybrid approach
over the five-year projection. It is important to note that this represents only ten runs.
Many of the developmental and dry runs that lead up to a formal run have the same
associated cost. Engineering labor is still used, and the lab lines are still paid for. These
savings would likely differ between different organizations. For example, an organization
may own its labs such that the hourly usage is not applicable. However, overhead costs
such as maintenance and upgrades must be amortized as a part of the cost evaluation. It
is also important to understand that not all software is tested in the same way. Therefore,
the complexity and cost for testing is not uniform. For example, the testing for mobile
devices (cell phones, tablets, and routers) can range from $150 per hour for radio
frequency testing to $800 for antenna performance testing (Voorakaranam, 2007). It is
important for the organization’s management team to examine their specific needs in

order to determine the value of the Hybrid testing approach.
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Chapter 5—Discussion and Conclusions

5.1 Discussion

The purpose of this research is to investigate the accuracy of an automated test
system and implement an alternative to improve the overall testing process. This research
used two statistical tests to determine if there was a significant difference in errors and
time to run a test case. Two testing approaches were compared at a time. If the data set
for both samples were normally distributed, then a two-sample T-Test was used. If at
least one or both samples of data was not normally distributed, the non-parametric
Mann-Whitney U-Test was used.
5.2 Contributions to Body of Knowledge

This research set out to determine the best method to conduct software regression
testing. It investigated three testing approaches (manual, automated, and hybrid) to
determine the most effective and efficient method to execute software regression testing.
The analysis shows that automated testing does not offer an improvement in effectiveness
over the manual testing. Instead, the research has shown the hybrid approach to be a more
effective method than either the manual or automated approaches individually. The
hybrid approach is also significantly more efficient than a manual approach by utilizing
the speed of an automated test script coupled with the guidance of human intuition.
Furthermore, the hybrid approach does not add to the test duration. If an organization
implemented an automated test system in order to save time, the hybrid approach does
not hinder that. In fact, because it is more accurate, it most likely saves time from having

to rerun a test case due to excessive errors that are typically present in automated testing.

90



During the research for this project, it was found that testing facilities typically
commit to one method — either manual or automated. The investment of switching to an
automated approach often highlights cost savings that depend upon removing the cost of
human labor hours, and speed of performing a test. Therefore, a hybrid approach appears
to contradict the estimated savings by using an engineer that may hinder the automated
test system’s performance. However, this research shows that retaining human oversight
is a greater time and cost savings overall, in addition to affecting efficiency.

5.3 Limitations

The data available for this research is limited to one defense contractor for one
aircraft. Ideally there would be several contractors or companies that conduct software
testing and a selection of multiple aircraft from which to acquire data. The logistics of
obtaining, properly scrubbing, and organizing the data in such a way that is testable is not
practical considering the timeframe of this project. Therefore, it was decided that the
obtainable data was sufficient for the scope of the project.

The data sets in this project were obtained from a large defense contractor that
specializes is sustainment and maintenance of military aircraft with the United States Air
Force, and are therefore deemed reliable; However, it is not adequate to suggest
extrapolation of the results to all software testing. It would not even be appropriate to
suggest that all software testing pertaining to aircraft would generate similar results. The
data set needs more diversity before and properly tested before a generalization can be
made. Obtaining data from more aircraft or for completely different fields would add

another layer to the project and further refine the results.
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5.4 Recommendations for Future Research
This research was conducted with data from one particular aircraft; an aircraft that

is several decades old. The results in this research can be supported if similar findings
were discovered with other aircrafts or any military vehicles. It would also be beneficial
to investigate software testing in a modern aircraft. Modern hardware may perform in a
more stabilized manner with new software. Integrating newer components should make
the compatibility easier. If a modern system does not have many issues with automated
testing, then trying to find the cut-off age to implement the hybrid system would be a

great contribution to the software testing realm.

Software testing does not just occur with military aircrafts. There is much more
that can be investigated. As the world moves toward a higher dependence on technology,
data from software testing on mobile devices like cell phones, tablets, and routers has the
potential to improve testing processes on devices that people commonly use every day.
Other breakthrough fields to investigate include electric vehicles and autonomous
automobiles. The possibilities are endless for continuing this research, as there are so

many different fields to explore.
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Table A-1: Test Case 1 Approaches

Appendix A Raw Data

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps | Steps/Min Steps | Errors Mins Errors/100 Steps | Steps/Min Steps Errors Mins | Errors/100 Steps Steps/Min
1 145 2 160 1.379310345 0.90625 145 1 40 0.689655172 3.625 146 1 45 0.684931507 3.244444444
2 145 1 182 0.689655172 0.796703297 145 1 40 0.689655172 3.625 146 1 45 0.684931507 3.244444444
3 147 1 157 0.680272109 0.936305732 145 2 45 1.379310345 3.222222222 148 0 41 0 3.609756098
4 147 1 210 0.680272109 0.7 145 0 40 0 3.625 148 0 41 0 3.609756098
5 147 2 202 1.360544218 0.727722772 147 0 40 0 3.675 148 0 40 0 3.7
6 146 1 198 0.684931507 0.737373737 147 1 40 0.680272109 3.675 148 1 44 0.675675676 3.363636364
7 146 2 199 1.369863014 0.733668342 147 1 41 0.680272109 3.585365854 148 1 44 0.675675676 3.363636364
8 148 0 178 0 0.831460674 147 1 40 0.680272109 3.675 148 1 45 0.675675676 3.288888889
9 148 0 186 0 0.795698925 146 0 41 0 3.56097561 148 0 41 0 3.609756098
10 148 0 178 0 0.831460674 146 2 42 1.369863014 3.476190476 148 1 45 0.675675676 3.288888889
11 148 1 196 0.675675676 0.755102041 146 2 41 1.369863014 3.56097561 148 0 41 0 3.609756098
12 148 1 186 0.675675676 0.795698925 146 1 42 0.684931507 3.476190476 148 1 46 0.675675676 3.217391304
13 148 1 175 0.675675676 0.845714286 148 1 40 0.675675676 3.7 148 1 51 0.675675676 2.901960784
14 148 0 185 0 0.8 148 0 41 0 3.609756098 148 0 40 0 3.7
15 148 2 187 1.351351351 0.79144385 148 0 41 0 3.609756098 148 0 41 0 3.609756098
16 148 1 185 0.675675676 0.8 148 1 41 0.675675676 3.609756098 148 1 46 0.675675676 3.217391304
17 148 0 185 0 0.8 148 2 40 1.351351351 3.7 148 0 41 0 3.609756098
18 148 0 205 0 0.72195122 148 1 40 0.675675676 3.7 148 1 48 0.675675676 3.083333333
19 148 1 198 0.675675676 0.747474747 148 2 42 1.351351351 3.523809524 148 0 41 0 3.609756098
20 148 2 203 1.351351351 0.729064039 148 1 41 0.675675676 3.609756098 148 0 42 0 3.523809524
21 148 1 201 0.675675676 0.736318408 148 1 41 0.675675676 3.609756098 153 1 47 0.653594771 3.255319149
22 148 9 225 6.081081081 0.657777778 148 1 41 0.675675676 3.609756098 153 0 42 0 3.642857143
23 148 1 186 0.675675676 0.795698925 148 0 42 0 3.523809524 153 0 41 0 3.731707317
24 148 2 184 1.351351351 0.804347826 148 1 41 0.675675676 3.609756098 153 1 44 0.653594771 3.477272727
25 148 0 196 0 0.755102041 148 0 42 0 3.523809524 153 0 41 0 3.731707317
26 148 1 198 0.675675676 0.747474747 148 2 46 1.351351351 3.217391304 153 0 42 0 3.642857143
27 148 1 193 0.675675676 0.766839378 148 1 42 0.675675676 3.523809524 159 1 42 0.628930818 3.785714286
28 148 1 187 0.675675676 0.79144385 148 0 41 0 3.609756098 159 0 41 0 3.87804878
29 148 4 188 2.702702703 0.787234043 148 1 42 0.675675676 3.523809524 159 1 42 0.628930818 3.785714286
30 148 2 191 1.351351351 0.77486911 148 1 42 0.675675676 3.523809524 159 1 45 0.628930818 3.533333333
31 153 8 225 5.22875817 0.68 153 2 42 1.307189542 3.642857143 159 0 41 0 3.87804878
32 153 2 221 1.307189542 0.692307692 153 1 42 0.653594771 3.642857143 159 0 41 0 3.87804878
33 153 2 268 1.307189542 0.570895522 153 3 42 1.960784314 3.642857143 159 0 41 0 3.87804878
34 153 1 234 0.653594771 0.653846154 153 2 47 1.307189542 3.255319149
35 153 0 261 0 0.586206897 159 1 43 0.628930818 3.697674419
36 153 0 241 0 0.634854772 159 2 43 1.257861635 3.697674419
37 153 1 219 0.653594771 0.698630137 159 1 43 0.628930818 3.697674419
38 159 2 236 1.257861635 0.673728814 159 1 41 0.628930818 3.87804878
39 159 1 268 0.628930818 0.593283582 159 0 42 0 3.785714286
40 159 1 254 0.628930818 0.625984252 159 1 42 0.628930818 3.785714286
41 159 0 220 0 0.722727273
42 159 1 210 0.628930818 0.757142857
43 159 2 235 1.257861635 0.676595745
44 159 2 244 1.257861635 0.651639344
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Table A-2: Test Case 2 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps | Steps/Min Steps | Errors Mins | Errors/100 Steps | Steps/Min Steps Errors Mins | Errors/100 Steps Steps/Min
1 712 2 812 0.280898876 0.876847291 731 2 580 0.273597811 1.260344828 731 1 595 0.136798906 1.228571429
2 712 1 854 0.140449438 0.833723653 | 731 1 596 0.136798906 1.226510067 731 0 585 0 1.24957265
3 712 1 837 0.140449438 0.850657109 | 731 2 593 0.273597811 1.232715008 731 0 583 0 1.253859348
4 712 1 863 0.140449438 0.825028969 | 731 1 587 0.136798906 1.245315162 731 0 589 0 1.241086587
5 712 0 851 0 0.83666275 731 2 588 0.273597811 1.243197279 731 0 583 0 1.253859348
6 725 1 852 0.137931034 0.850938967 | 731 3 582 0.410396717 1.256013746 731 1 603 0.136798906 1.212271973
7 725 4 863 0.551724138 0.8400927 731 0 586 0 1.247440273 731 0 584 0 1.251712329
8 725 4 841 0.551724138 0.862068966 | 731 0 599 0 1.220367279 731 1 596 0.136798906 1.226510067
9 725 3 845 0.413793103 0.857988166 | 731 0 602 0 1.214285714 731 0 584 0 1.251712329
10 725 0 853 0 0.849941383 | 731 2 583 0.273597811 1.253859348 731 1 599 0.136798906 1.220367279
11 725 1 871 0.137931034 0.832376579 | 731 2 596 0.273597811 1.226510067 731 0 583 0 1.253859348
12 731 2 863 0.273597811 0.847045191 731 1 584 0.136798906 1.251712329 731 1 601 0.136798906 1.216306156
13 731 2 875 0.273597811 0.835428571 731 1 597 0.136798906 1.224455611 731 1 597 0.136798906 1.224455611
14 731 0 866 0 0.844110855 | 731 0 583 0 1.253859348 731 0 578 0 1.264705882
15 731 5 874 0.683994528 0.836384439 | 731 2 581 0.273597811 1.258175559 731 0 585 0 1.24957265
16 731 16 852 2.18878249 0.857981221 731 1 586 0.136798906 1.247440273 731 1 598 0.136798906 1.222408027
17 731 15 874 2.051983584 0.836384439 | 731 2 582 0.273597811 1.256013746 731 0 586 0 1.247440273
18 731 3 852 0.410396717 0.857981221 731 2 591 0.273597811 1.236886633 744 1 633 0.134408602 1.17535545
19 731 2 864 0.273597811 0.846064815 | 731 3 587 0.410396717 1.245315162 744 0 583 0 1.276157804
20 731 2 873 0.273597811 0.837342497 | 731 1 594 0.136798906 1.230639731 744 0 590 0 1.261016949
21 731 1 879 0.136798906 0.831626849 | 731 1 296 0.136798906 2.469594595 744 0 588 0 1.265306122
22 731 0 384 0 0.826923077 | 731 2 589 0.273597811 1.241086587 744 0 579 0 1.284974093
23 731 0 862 0 0.848027842 | 731 0 586 0 1.247440273 744 0 583 0 1.276157804
24 731 1 860 0.136798906 0.85 744 2 584 0.268817204 1.273972603 744 1 624 0.134408602 1.192307692
25 731 0 871 0 0.839265212 | 744 1 581 0.134408602 1.280550775 744 0 584 0 1.273972603
26 731 2 870 0.273597811 0.840229885 | 744 2 582 0.268817204 1.278350515 744 0 579 0 1.284974093
27 731 3 869 0.410396717 0.841196778 | 744 2 583 0.268817204 1.276157804 744 0 583 0 1.276157804
28 731 13 817 1.778385773 0.894736842 | 744 0 578 0 1.287197232 744 0 596 0 1.248322148
29 744 13 863 1.747311828 0.862108922 | 744 2 579 0.268817204 1.284974093 744 1 588 0.134408602 1.265306122
30 744 5 893 0.672043011 0.833146697 | 744 2 581 0.268817204 1.280550775 744 0 584 0 1.273972603
31 744 1 848 0.134408602 0.877358491 744 2 583 0.268817204 1.276157804 744 0 582 0 1.278350515
32 744 4 876 0.537634409 0.849315068 | 744 1 584 0.134408602 1.273972603
33 744 3 850 0.403225806 0.875294118 | 744 3 582 0.403225806 1.278350515
34 744 3 863 0.403225806 0.862108922 | 744 2 584 0.268817204 1.273972603
35 744 9 872 1.209677419 0.853211009 | 744 1 581 0.134408602 1.280550775
36 744 2 850 0.268817204 0.875294118
37 744 2 857 0.268817204 0.868144691
38 744 11 896 1.478494624 0.830357143
39 744 2 856 0.268817204 0.869158879
40 744 2 847 0.268817204 0.878394333
41 744 1 858 0.134408602 0.867132867

Note: Test runs 16, 17 28, 29, 35, and 38 were dropped for Mann-Whitney calculation. More detail in 4.2.
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Table A-3: Test Case 3 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 288 2 351 0.694444444 0.820512821 295 1 185 0.338983051 1.594594595 298 1 196 0.33557047 1.520408163
2 288 1 402 0.347222222 0.71641791 295 0 196 0 1.505102041 298 0 192 0 1.552083333
3 288 1 365 0.347222222 0.789041096 | 295 0 188 0 1.569148936 298 0 196 0 1.520408163
4 288 1 346 0.347222222 0.832369942 | 295 1 191 0.338983051 1.544502618 298 1 195 0.33557047 1.528205128
5 288 2 367 0.694444444 0.784741144 | 295 1 187 0.338983051 1.577540107 298 1 189 0.33557047 1.576719577
6 288 1 380 0.347222222 0.757894737 | 295 2 185 0.677966102 1.594594595 298 0 188 0 1.585106383
7 288 2 356 0.694444444 0.808988764 | 295 1 186 0.338983051 1.586021505 298 1 201 0.33557047 1.482587065
8 288 0 364 0 0.791208791 | 295 0 186 0 1.586021505 298 1 198 0.33557047 1.505050505
9 295 0 360 0 0.819444444 | 295 1 185 0.338983051 1.594594595 298 0 185 0 1.610810811
10 295 0 374 0 0.788770053 | 295 0 187 0 1.577540107 298 1 195 0.33557047 1.528205128
11 295 1 376 0.338983051 0.784574468 | 295 2 189 0.677966102 1.560846561 298 0 190 0 1.568421053
12 295 1 384 0.338983051 0.768229167 | 295 1 190 0.338983051 1.552631579 298 1 193 0.33557047 1.544041451
13 295 1 395 0.338983051 0.746835443 | 298 2 193 0.67114094 1.544041451 298 1 194 0.33557047 1.536082474
14 295 0 380 0 0.776315789 | 298 2 192 0.67114094 1.552083333 298 0 192 0 1.552083333
15 295 2 372 0.677966102 0.793010753 | 298 1 193 0.33557047 1.544041451 298 0 193 0 1.544041451
16 295 1 374 0.338983051 0.788770053 | 298 1 188 0.33557047 1.585106383 298 0 195 0 1.528205128
17 298 0 396 0 0.752525253 | 298 2 188 0.67114094 1.585106383 298 0 192 0 1.552083333
18 298 0 387 0 0.77002584 298 1 183 0.33557047 1.628415301 298 0 190 0 1.568421053
19 298 1 382 0.33557047 0.780104712 | 298 2 187 0.67114094 1.593582888 304 0 191 0 1.591623037
20 298 2 369 0.67114094 0.807588076 | 298 0 195 0 1.528205128 304 0 193 0 1.575129534
21 298 1 378 0.33557047 0.788359788 | 298 0 196 0 1.520408163 304 0 192 0 1.583333333
22 298 9 385 3.020134228 0.774025974 | 298 2 194 0.67114094 1.536082474 304 0 194 0 1.567010309
23 298 1 381 0.33557047 0.782152231 | 298 1 198 0.33557047 1.505050505 304 1 196 0.328947368 1.551020408
24 298 2 396 0.67114094 0.752525253 | 298 0 195 0 1.528205128 304 0 191 0 1.591623037
25 298 0 394 0 0.756345178 | 298 2 198 0.67114094 1.505050505 304 0 190 0 1.6
26 298 1 397 0.33557047 0.750629723 | 298 1 197 0.33557047 1.512690355 304 0 193 0 1.575129534
27 298 1 382 0.33557047 0.780104712 | 298 2 198 0.67114094 1.505050505 304 0 191 0 1.591623037
28 298 1 381 0.33557047 0.782152231 304 1 194 0.328947368 1.567010309 304 1 203 0.328947368 1.497536946
29 298 4 392 1.342281879 0.760204082 | 304 0 195 0 1.558974359 304 0 191 0 1.591623037
30 304 2 396 0.657894737 0.767676768 | 304 2 201 0.657894737 1.512437811 304 0 189 0 1.608465608
31 304 8 391 2.631578947 0.777493606 | 304 1 200 0.328947368 1.52 304 0 190 0 1.6
32 304 2 392 0.657894737 0.775510204 | 304 1 203 0.328947368 1.497536946 304 0 192 0 1.583333333
33 304 2 395 0.657894737 0.769620253 | 304 0 199 0 1.527638191 304 0 195 0 1.558974359
34 304 1 394 0.328947368 0.771573604 | 304 2 196 0.657894737 1.551020408 304 1 193 0.328947368 1.575129534
35 304 0 397 0 0.765743073 | 304 0 198 0 1.535353535 304 0 190 0 1.6
36 304 0 402 0 0.756218905 | 304 0 196 0 1.551020408
37 304 1 385 0.328947368 0.78961039 304 2 195 0.657894737 1.558974359
38 304 2 389 0.657894737 0.781491003 | 304 1 196 0.328947368 1.551020408
39 304 1 399 0.328947368 0.761904762
40 304 1 401 0.328947368 0.758104738
41 304 0 391 0 0.777493606
42 304 1 392 0.328947368 0.775510204
43 304 2 385 0.657894737 0.78961039
44 304 2 394 0.657894737 0.771573604
45 304 1 375 0.328947368 0.810666667
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Table A-4: Test Case 4 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 180 3 196 1.666666667 0.918367347 188 2 53 1.063829787 3.547169811 188 1 52 0.531914894 3.615384615
2 180 0 190 0 0.947368421 188 1 52 0.53191489%4 3.615384615 188 0 54 0 3.481481481
3 180 2 195 LIT1111111 0.923076923 188 1 51 0.53191489%4 3.68627451 188 0 55 0 3.418181818
4 180 1 189 0.555555556 0.952380952 188 1 54 0.531914894 3.481481481 188 1 51 0.531914894 3.68627451
5 180 0 190 0 0.947368421 188 1 53 0.53191489%4 3.547169811 188 2 51 1.063829787 3.68627451
6 180 1 194 0.555555556 0.927835052 188 0 52 0 3.615384615 196 0 53 0 3.698113208
7 180 0 198 0 0.909090909 188 1 54 0.531914894 3.481481481 196 0 52 0 3.769230769
8 180 0 201 0 0.895522388 188 0 50 0 3.76 196 1 52 0.510204082 3.769230769
9 180 2 198 LITIT11111 0.909090909 188 1 53 0.531914894 3.547169811 196 1 51 0.510204082 3.843137255
10 180 0 193 0 0.932642487 188 1 53 0.53191489%4 3.547169811 196 0 50 0 3.92
11 180 1 204 0.555555556 0.882352941 188 1 52 0.531914894 3.615384615 196 0 50 0 3.92
12 188 1 194 0.531914894 0.969072165 188 2 49 1.063829787 3.836734694 196 1 51 0.510204082 3.843137255
13 188 2 195 1.063829787 0.964102564 196 2 51 1.020408163 3.843137255 196 1 52 0.510204082 3.769230769
14 188 2 195 1.063829787 0.964102564 196 1 49 0.510204082 4 196 2 52 1.020408163 3.769230769
15 188 6 192 3.191489362 0.979166667 196 1 52 0.510204082 3.769230769 196 1 51 0.510204082 3.843137255
16 188 3 194 1.595744681 0.969072165 196 0 51 0 3.843137255 196 0 52 0 3.769230769
17 188 1 197 0.531914894 0.954314721 196 0 50 0 3.92 196 1 53 0.510204082 3.698113208
18 188 1 193 0.531914894 0.974093264 196 1 49 0.510204082 4 196 0 52 0 3.769230769
19 188 1 192 0.531914894 0.979166667 196 3 52 1.530612245 3.769230769 196 0 54 0 3.62962963
20 188 2 195 1.063829787 0.964102564 196 2 54 1.020408163 3.62962963
21 188 1 194 0.531914894 0.969072165 196 2 53 1.020408163 3.698113208
22 196 0 195 0 1.005128205 196 0 51 0 3.843137255
23 196 0 195 0 1.005128205 196 1 52 0.510204082 3.769230769
24 196 1 196 0.510204082 1 196 1 54 0.510204082 3.62962963
25 196 2 203 1.020408163 0.965517241 196 2 51 1.020408163 3.843137255
26 196 1 196 0.510204082 1 196 2 52 1.020408163 3.769230769
27 196 1 194 0.510204082 1.010309278 196 2 52 1.020408163 3.769230769
28 196 1 197 0.510204082 0.994923858 196 1 53 0.510204082 3.698113208
29 196 1 195 0.510204082 1.005128205 196 1 51 0.510204082 3.843137255
30 196 0 204 0 0.960784314 196 0 50 0 3.92
31 196 1 206 0.510204082 0.951456311 196 1 49 0.510204082 4
32 196 1 51 0.510204082 3.843137255
33 196 1 52 0.510204082 3.769230769
34 196 1 53 0.510204082 3.698113208
35 196 2 52 1.020408163 3.769230769
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Table A-5: Test Case 5 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 236 1 254 0.423728814 0.929133858 | 244 2 81 0.819672131 3.012345679 255 1 78 0.392156863 3.269230769
2 236 2 248 0.847457627 0951612903 | 244 1 79 0.409836066 3.088607595 255 0 78 0 3.269230769
3 236 2 249 0.847457627 0.947791165 | 244 0 78 0 3.128205128 255 0 78 0 3.269230769
4 236 0 251 0 0.940239044 | 244 1 80 0.409836066 3.05 255 0 78 0 3.269230769
5 236 1 256 0.423728814 0.921875 244 0 78 0 3.128205128 255 0 78 0 3.269230769
6 236 1 259 0.423728814 0.911196911 244 1 79 0.409836066 3.088607595 255 1 79 0.392156863 3.227848101
7 236 3 254 1.271186441 0.929133858 | 244 0 78 0 3.128205128 255 0 78 0 3.269230769
8 236 1 258 0.423728814 0914728682 | 244 0 78 0 3.128205128 255 1 80 0.392156863 3.1875
9 236 1 249 0.423728814 0.947791165 | 251 1 78 0.398406375 3.217948718 255 0 79 0 3.227848101
10 244 1 257 0.409836066 0.949416342 | 251 1 79 0.398406375 3.17721519 255 1 78 0.392156863 3.269230769
11 244 0 249 0 0.979919679 | 251 2 81 0.796812749 3.098765432 255 0 78 0 3.269230769
12 244 0 259 0 0.942084942 | 251 1 80 0.398406375 3.1375 255 1 79 0.392156863 3.227848101
13 244 1 256 0.409836066 0.953125 251 1 80 0.398406375 3.1375 255 0 79 0 3.227848101
14 244 0 261 0 0.9348659 251 1 81 0.398406375 3.098765432 255 0 79 0 3.227848101
15 244 1 256 0.409836066 0.953125 251 1 80 0.398406375 3.1375 255 0 80 0 3.1875
16 251 5 248 1.992031873 1.012096774 | 251 1 80 0.398406375 3.1375 255 1 80 0.392156863 3.1875
17 251 5 249 1.992031873 1.008032129 | 255 2 83 0.784313725 3.072289157 255 0 78 0 3.269230769
18 251 3 259 1.195219124 0.969111969 | 255 2 82 0.784313725 3.109756098 255 0 79 0 3.227848101
19 251 1 269 0.398406375 0.933085502 | 255 2 82 0.784313725 3.109756098 255 0 78 0 3.269230769
20 251 1 272 0.398406375 0.922794118 | 255 1 80 0.392156863 3.1875 255 0 78 0 3.269230769
21 251 0 268 0 0.936567164 | 255 2 83 0.784313725 3.072289157 255 1 79 0.392156863 3.227848101
22 251 2 265 0.796812749 0.947169811 255 1 80 0.392156863 3.1875
23 255 0 261 0 0.977011494 | 255 1 80 0.392156863 3.1875
24 255 1 263 0.392156863 0.969581749 | 255 1 79 0.392156863 3.227848101
25 255 0 259 0 0.984555985 | 255 1 78 0.392156863 3.269230769
26 255 1 268 0.392156863 0.951492537 | 255 2 81 0.784313725 3.148148148
27 255 0 264 0 0.965909091 255 1 80 0.392156863 3.1875
28 255 1 268 0.392156863 0.951492537 | 255 0 78 0 3.269230769
29 255 1 257 0.392156863 0.992217899 | 255 1 80 0.392156863 3.1875
30 255 1 258 0.392156863 0.988372093 | 255 1 80 0.392156863 3.1875
31 255 3 261 1.176470588 0.977011494 | 255 2 82 0.784313725 3.109756098
32 255 2 268 0.784313725 0.951492537 | 255 1 81 0.392156863 3.148148148
33 255 1 259 0.392156863 0.984555985 | 255 3 85 1.176470588 3
34 255 0 261 0 0.977011494
35 255 0 260 0 0.980769231
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Table A-6: Test Case 6 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 74 1 63 1.351351351 1.174603175 | 77 1 49 1.298701299 1.571428571 81 1 48 1.234567901 1.6875
2 74 0 65 0 1.138461538 | 77 1 49 1.298701299 1.571428571 81 1 49 1.234567901 1.653061224
3 74 0 68 0 1.088235294 | 77 0 49 0 1.571428571 81 0 48 0 1.6875
4 74 1 65 1.351351351 1.138461538 | 77 0 49 0 1.571428571 81 0 48 0 1.6875
5 74 2 64 2.702702703 1.15625 77 1 49 1.298701299 1.571428571 81 0 48 0 1.6875
6 74 0 61 0 1.213114754 | 81 0 49 0 1.653061224 81 0 48 0 1.6875
7 74 1 65 1.351351351 1.138461538 | 81 1 50 1.234567901 1.62 81 0 48 0 1.6875
8 74 0 63 0 1.174603175 | 81 0 49 0 1.653061224 81 0 48 0 1.6875
9 77 0 69 0 1.115942029 | 81 1 49 1.234567901 1.653061224 85 0 48 0 1.770833333
10 77 1 68 1.298701299 1.132352941 81 0 50 0 1.62 85 0 47 0 1.808510638
11 77 0 68 0 1.132352941 81 1 50 1.234567901 1.62 85 0 48 0 1.770833333
12 77 0 70 0 1.1 81 0 50 0 1.62 85 1 48 1.176470588 1.770833333
13 77 1 71 1.298701299 1.084507042 | 81 1 50 1.234567901 1.62 85 0 47 0 1.808510638
14 77 1 71 1.298701299 1.084507042 | 81 1 50 1.234567901 1.62 85 0 48 0 1.770833333
15 77 1 69 1.298701299 1.115942029 | 81 0 50 0 1.62 85 0 48 0 1.770833333
16 77 1 67 1.298701299 1.149253731 85 1 52 1.176470588 1.634615385 85 1 49 1.176470588 1.734693878
17 77 0 68 0 1.132352941 85 1 52 1.176470588 1.634615385 85 0 48 0 1.770833333
18 77 0 70 0 1.1 85 1 51 1.176470588 1.666666667 85 0 48 0 1.770833333
19 77 1 73 1.298701299 1.054794521 85 1 52 1.176470588 1.634615385 85 0 47 0 1.808510638
20 81 0 68 0 1.191176471 85 1 52 1.176470588 1.634615385 85 0 49 0 1.734693878
21 81 1 67 1.234567901 1.208955224 | 85 1 52 1.176470588 1.634615385 85 1 49 1.176470588 1.734693878
22 81 1 71 1.234567901 1.14084507 85 1 52 1.176470588 1.634615385 85 0 48 0 1.770833333
23 81 1 65 1.234567901 1.246153846 | 85 0 52 0 1.634615385 85 0 48 0 1.770833333
24 81 2 68 2.469135802 1.191176471 85 1 51 1.176470588 1.666666667 85 1 49 1.176470588 1.734693878
25 81 0 69 0 1.173913043 | 85 0 52 0 1.634615385 85 0 48 0 1.770833333
26 81 1 64 1.234567901 1.265625 85 0 52 0 1.634615385 85 0 48 0 1.770833333
27 81 1 65 1.234567901 1.246153846 | 85 1 52 1.176470588 1.634615385
28 81 1 65 1.234567901 1.246153846 | 85 0 52 0 1.634615385
29 85 0 63 0 1.349206349 | 85 1 51 1.176470588 1.666666667
30 85 2 67 2.352941176 1.268656716 | 85 0 52 0 1.634615385
31 85 0 68 0 1.25 85 0 52 0 1.634615385
32 85 1 71 1.176470588 1.197183099 | 85 1 52 1.176470588 1.634615385
33 85 0 70 0 1.214285714 | 85 0 51 0 1.666666667
34 85 1 73 1.176470588 1.164383562 | 85 1 51 1.176470588 1.666666667
35 85 0 75 0 1.133333333
36 85 0 71 0 1.197183099
37 85 1 72 1.176470588 1.180555556
38 85 2 73 2.352941176 1.164383562
39 85 1 69 1.176470588 1.231884058
40 85 1 71 1.176470588 1.197183099
41 85 0 68 0 1.25
42 85 1 69 1.176470588 1.231884058
43 85 2 73 2.352941176 1.164383562
44 85 2 72 2.352941176 1.180555556
45 85 1 71 1.176470588 1.197183099
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Table A-7: Test Case 7 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 316 3 300 0.949367089 1.053333333 | 325 1 96 0.307692308 3.385416667 331 0 96 0 3.447916667
2 316 1 305 0.316455696 1.036065574 | 325 1 90 0.307692308 3.611111111 331 0 96 0 3.447916667
3 316 2 304 0.632911392 1.039473684 | 325 0 95 0 3.421052632 331 0 95 0 3.484210526
4 316 1 309 0.316455696 1.022653722 | 325 2 96 0.615384615 3.385416667
5 316 1 306 0.316455696 1.032679739 | 325 1 95 0.307692308 3.421052632
6 316 2 304 0.632911392 1.039473684 | 325 1 94 0.307692308 3.457446809
7 316 1 302 0.316455696 1.046357616 | 325 1 95 0.307692308 3.421052632
8 325 1 303 0.307692308 1.072607261 325 2 94 0.615384615 3.457446809
9 325 2 310 0.615384615 1.048387097 | 325 1 95 0.307692308 3.421052632
10 325 1 305 0.307692308 1.06557377 325 1 97 0.307692308 3.350515464
11 325 3 309 0.923076923 1.051779935 | 325 0 94 0 3.457446809
12 325 1 311 0.307692308 1.045016077 | 325 1 96 0.307692308 3.385416667
13 325 2 307 0.615384615 1.058631922 | 325 0 94 0 3.457446809
14 325 1 308 0.307692308 1.055194805 | 325 1 97 0.307692308 3.350515464
15 325 0 314 0 1.035031847 | 325 2 95 0.615384615 3.421052632
16 325 1 305 0.307692308 1.06557377 331 1 97 0.302114804 3.412371134
17 325 2 306 0.615384615 1.062091503 | 331 2 94 0.604229607 3.521276596
18 325 0 309 0 1.051779935 | 331 1 96 0.302114804 3.447916667
19 325 0 312 0 1.041666667 | 331 1 96 0.302114804 3.447916667
20 325 0 307 0 1.058631922 | 331 0 95 0 3.484210526
21 331 1 314 0.302114804 1.054140127 | 331 0 97 0 3.412371134
22 331 0 310 0 1.067741935 | 331 1 97 0.302114804 3.412371134
23 331 1 309 0.302114804 1.071197411 331 2 99 0.604229607 3.343434343
24 331 2 308 0.604229607 1.074675325 | 331 1 95 0.302114804 3.484210526
25 331 2 313 0.604229607 1.057507987 | 331 1 96 0.302114804 3.447916667
26 331 1 308 0.302114804 1.074675325 | 331 2 95 0.604229607 3.484210526
27 331 1 312 0.302114804 1.060897436 | 331 0 96 0 3.447916667
28 331 1 315 0.302114804 1.050793651 331 0 98 0 3.37755102
29 331 2 315 0.604229607 1.050793651 331 2 96 0.604229607 3.447916667
30 331 2 316 0.604229607 1.047468354 | 331 1 95 0.302114804 3.484210526
31 331 1 314 0.302114804 1.054140127 | 331 0 94 0 3.521276596
32 331 1 315 0.302114804 1.050793651
33 331 1 311 0.302114804 1.064308682
34 331 2 315 0.604229607 1.050793651
35 331 0 308 0 1.074675325
36 331 1 312 0.302114804 1.060897436
37 331 1 313 0.302114804 1.057507987
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Table A-8: Test Case 8 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 512 4 435 0.78125 1.177011494 | 555 3 190 0.540540541 2.921052632 555 2 195 0.36036036 2.846153846
2 512 6 445 1.171875 1.150561798 | 555 2 196 0.36036036 2.831632653 555 1 195 0.18018018 2.846153846
3 512 3 439 0.5859375 1.166287016 | 555 1 194 0.18018018 2.860824742 555 1 196 0.18018018 2.831632653
4 512 1 410 0.1953125 1.248780488 | 555 2 194 0.36036036 2.860824742 562 2 206 0.355871886 2.72815534
5 525 3 441 0.571428571 1.19047619 555 2 197 0.36036036 2.817258883 562 1 209 0.177935943 2.688995215
6 525 2 444 0.380952381 1.182432432 | 555 1 193 0.18018018 2.875647668 562 1 211 0.177935943 2.663507109
7 525 1 451 0.19047619 1.164079823 | 562 0 190 0 2.957894737 562 0 208 0 2.701923077
8 525 2 452 0.380952381 1.161504425 | 562 1 199 0.177935943 2.824120603 562 1 216 0.177935943 2.601851852
9 525 1 459 0.19047619 1.14379085 562 2 194 0.355871886 2.896907216 562 0 209 0 2.688995215
10 525 0 453 0 1.158940397 | 562 2 203 0.355871886 2.768472906 562 0 217 0 2.589861751
11 555 5 451 0.900900901 1.23059867 562 1 210 0.177935943 2.676190476 562 0 207 0 2.714975845
12 555 4 457 0.720720721 1.214442013 | 562 2 199 0.355871886 2.824120603 562 1 215 0.177935943 2.613953488
13 555 2 455 0.36036036 1.21978022 562 2 208 0.355871886 2.701923077 570 2 207 0.350877193 2.753623188
14 555 2 457 0.36036036 1.214442013 | 562 1 203 0.177935943 2.768472906 570 1 209 0.175438596 2.727272727
15 555 1 452 0.18018018 1.227876106 | 562 1 197 0.177935943 2.852791878 570 0 213 0 2.676056338
16 555 3 455 0.540540541 1.21978022 562 2 206 0.355871886 2.72815534 570 1 215 0.175438596 2.651162791
17 555 1 455 0.18018018 1.21978022 562 0 201 0 2.7960199 570 0 216 0 2.638888889
18 555 2 452 0.36036036 1.227876106 | 562 2 197 0.355871886 2.852791878 570 1 214 0.175438596 2.663551402
19 555 0 463 0 1.198704104 | 562 0 199 0 2.824120603 570 0 208 0 2.740384615
20 562 3 458 0.533807829 1.227074236 | 562 1 208 0.177935943 2.701923077 570 0 215 0 2.651162791
21 562 2 461 0.355871886 1.219088937 | 562 2 206 0.355871886 2.72815534
22 562 0 457 0 1.2297593 562 1 211 0.177935943 2.663507109
23 562 0 465 0 1.208602151 562 1 204 0.177935943 2.754901961
24 562 2 458 0.355871886 1.227074236 | 562 0 219 0 2.566210046
25 562 1 468 0.177935943 1.200854701 562 2 208 0.355871886 2.701923077
26 562 3 469 0.533807829 1.198294243 | 570 1 214 0.175438596 2.663551402
27 562 1 458 0.177935943 1.227074236 | 570 2 205 0.350877193 2.780487805
28 562 1 463 0.177935943 1.213822894 | 570 0 208 0 2.740384615
29 562 1 467 0.177935943 1.203426124 | 570 2 213 0.350877193 2.676056338
30 570 0 452 0 1.261061947 | 570 2 215 0.350877193 2.651162791
31 570 2 463 0.350877193 1.231101512 | 570 1 211 0.175438596 2.701421801
32 570 1 459 0.175438596 1.241830065 | 570 2 209 0.350877193 2.727272727
33 570 2 459 0.350877193 1.241830065 | 570 1 217 0.175438596 2.626728111
34 570 0 468 0 1.217948718 | 570 0 209 0 2.727272727
35 570 1 468 0.175438596 1.217948718 | 570 0 218 0 2.614678899
36 570 2 463 0.350877193 1.231101512 | 570 1 215 0.175438596 2.651162791
37 570 0 467 0 1.220556745 | 570 1 218 0.175438596 2.614678899
38 570 1 468 0.175438596 1.217948718 | 570 2 219 0.350877193 2.602739726
39 570 0 466 0 1.223175966
40 570 1 468 0.175438596 1.217948718

Note: Test runs 1-10 were removed for recalculation due to process change. More detail in 4.7.2
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Table A-9: Test Case 9 Approaches

Manual Automated Hybrid
# Steps Errors Mins. Errors/100 Steps Steps/Min Steps | Errors Mins Errors/100 Steps Steps/Min Steps | Errors Mins | Errors/100 Steps Steps/Min
1 115 2 91 1.739130435 1.263736264 125 2 35 1.6 3.571428571 133 1 36 0.751879699 3.694444444
2 115 1 93 0.869565217 1.23655914 125 2 34 1.6 3.676470588 133 2 36 1.503759398 3.694444444
3 115 1 98 0.869565217 1.173469388 125 1 34 0.8 3.676470588 133 2 35 1.503759398 3.8
4 115 0 101 0 1.138613861 125 1 36 0.8 3.472222222 133 1 36 0.751879699 3.694444444
5 115 1 96 0.869565217 1.197916667 125 1 35 0.8 3.571428571 133 0 36 0 3.694444444
6 115 1 92 0.869565217 1.25 125 2 36 1.6 3.472222222 144 0 36 0 4
7 115 2 91 1.739130435 1.263736264 125 1 35 0.8 3.571428571 144 0 37 0 3.891891892
8 115 0 97 0 1.18556701 125 0 31 0 4.032258065 144 0 38 0 3.789473684
9 115 0 103 0 1.116504854 125 0 35 0 3.571428571 144 0 35 0 4.114285714
10 115 1 100 0.869565217 1.15 125 1 35 0.8 3.571428571 144 1 36 0.694444444 4
11 115 0 97 0 1.18556701 133 2 34 1.503759398 3.911764706 144 1 36 0.694444444 4
12 125 1 108 0.8 1.157407407 133 2 37 1.503759398 3.594594595 144 0 36 0 4
13 125 1 101 0.8 1.237623762 133 1 36 0.751879699 3.694444444 144 1 36 0.694444444 4
14 125 1 96 0.8 1.302083333 133 0 35 0 3.8 144 0 35 0 4.114285714
15 125 2 99 1.6 1.262626263 133 0 35 0 3.8 144 0 39 0 3.692307692
16 125 0 103 0 1.213592233 133 1 34 0.751879699 3.911764706 144 0 38 0 3.789473684
17 125 2 101 1.6 1.237623762 133 2 36 1.503759398 3.694444444 144 1 35 0.694444444 4.114285714
18 125 1 97 0.8 1.288659794 133 1 34 0.751879699 3.911764706 144 0 36 0 4
19 125 0 96 0 1.302083333 133 2 33 1.503759398 4.03030303 144 0 35 0 4.114285714
20 125 0 106 0 1.179245283 133 1 37 0.751879699 3.594594595 144 0 35 0 4.114285714
21 125 1 111 0.8 1.126126126 133 1 35 0.751879699 3.8 144 1 38 0.694444444 3.789473684
22 125 1 104 0.8 1.201923077 133 2 35 1.503759398 3.8 144 0 36 0 4
23 125 2 97 1.6 1.288659794 133 2 36 1.503759398 3.694444444
24 125 0 108 0 1.157407407 133 0 36 0 3.694444444
25 125 1 111 0.8 1.126126126 133 1 36 0.751879699 3.694444444
26 125 2 106 1.6 1.179245283 133 0 38 0 3.5
27 133 1 112 0.751879699 1.1875 133 2 37 1.503759398 3.594594595
28 133 0 108 0 1.231481481 133 1 36 0.751879699 3.694444444
29 133 1 115 0.751879699 1.156521739 144 0 36 0 4
30 133 1 126 0.751879699 1.055555556 144 1 37 0.694444444 3.891891892
31 133 0 120 0 1.108333333 144 1 35 0.694444444 4.114285714
32 133 2 109 1.503759398 1.220183486 144 1 36 0.694444444 4
33 133 1 114 0.751879699 1.166666667 144 1 38 0.694444444 3.789473684
34 133 2 119 1.503759398 1.117647059 144 0 35 0 4.114285714
35 133 2 116 1.503759398 1.146551724 144 0 36 0 4
36 133 1 121 0.751879699 1.099173554 144 1 38 0.694444444 3.789473684
37 133 2 125 1.503759398 1.064 144 0 38 0 3.789473684
38 133 1 129 0.751879699 1.031007752 144 2 37 1.388888889 3.891891892
39 144 2 124 1.388888889 1.161290323 144 1 36 0.694444444 4
40 144 4 120 2.777777778 1.2 144 1 35 0.694444444 4.114285714
41 144 1 104 0.694444444 1.384615385 144 2 36 1.388888889 4
42 144 1 109 0.694444444 1.321100917 144 1 36 0.694444444 4
43 144 1 116 0.694444444 1.24137931 144 1 38 0.694444444 3.789473684
44 144 1 125 0.694444444 1.152 144 0 35 0 4.114285714
45 144 2 121 1.388888889 1.190082645 144 0 36 0 4
46 144 3 119 2.083333333 1.210084034
47 144 1 120 0.694444444 1.2
48 144 1 116 0.694444444 1.24137931
49 144 0 123 0 1.170731707
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Appendix B Box Plots
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Test Case 4 Errors
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Test Case 7 Errors
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Appendix C Histogram
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Test Case 2
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Test Case 3

Manual Errors

Manual Time
M Frequency

Bin

15
>
- 30 B Frequency 810
o [
c 20 S 5
g T
z 10 I o0
20 L
w \O\ \Lq\ \H\ \LQ\ \N\ \LQ\ \m\ \8\ Q/'\'\, Q,.\'), Q,\O) Q,\’\ 0,\C§ Qc_b\’ °€b'>)
o — o o
2 -
Bin Bin
Automated Errors Automated Time
8
z M Frequency z6 = Frequency
c 20 S 4
g 15 32
o 10 go
£ 3 S 2R3858 93
A = oH H =1 = = -
0 0.25 0.5 0.75 More .
Bin
Bin
Hybrid Errors Hybrid Errors
z 8 B Frequency
S 30 ® Frequency §' 6
g2 j 0 g4
= 10 o 2
“ o B 2o
0 025 05 0.75 More 2 H 3 A3 K A & 3
- — i - — — — -
Bin

116




Test Case 4
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Test Case 7
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Test Case Combination
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