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Abstract 

Testing is a necessary component of software development, but it is also an expensive one, 

especially if performed manually. One way to mitigate the cost of testing is to implement test 

automation, where the test cases are run automatically. For any organisation looking to 

implement test automation, the most interesting cost is time. Automation takes time to 

implement and one of the most obvious benefits of automation is that the automated test 

execution time is lower than that of manual execution. This thesis contains a literature study 

covering testing methodology, especially in regards to the domain of web application testing. 

The literature covered also included three economic models that may be used to calculate the 

costs of automation compared to manual testing. The models can be used to calculate the time 

it would take, or the number of necessary executions, for the total cost of test automation to be 

lower than of that of manual testing. The thesis is based on a case study of test automation for 

the StoredSafe platform, a web application. Three sets of test automation frameworks were 

used to implement three different test suits and the test implementation times were collected. 

The data collected were then used to calculate the time it would take, using the three economic 

models, for the cost of automated test cases to become equal to that of with manual testing. 

The data showed that the estimated time to reach breakeven for the three frameworks varied 

between 2½ and at worst 10 years, with an average of 3½ years. The models and data 

presented in this thesis may be used in order to estimate the cost of test automation in 

comparison to manual testing over longer periods of time, but care must be taken in order to 

ensure that the data used is correct in regards to one’s own organisation or else the estimate 

may be faulty. 
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1 Introduction 
More and more of business applications move to the internet, becoming Web Applications: 

programs that are accessed through a web browser using the Internet or an intra net. These 

web applications were originally thin clients, where data was presented while most of the 

computations where made on the server. Many modern web applications are more complex, 

and use for example JavaScript to do computations and changes in the application on the client 

side instead of on the server. 

This change in where the computations take place, together with other aspects of Web 2.0, 

means that the client side of the application is more prone to failures due to its increased 

complexity. This means that the art of software testing has to adapt in order to find the errors 

that may appear in the client. Testing in the environment of the user however, may be difficult 

if done manually. Different users may access it using different web browsers, and may use 

different versions of the browsers, and parts of the application that works in one browser might 

not work in another. This means that in order to test the application thoroughly, the tests must 

be performed multiple times to account for the differences in the environments that the 

application might be used in. To do so manually is expensive in terms of hours and it might not 

be a good use of your testers’ time to do the same simple tasks multiple times. Fortunately, as 

with most kinds of application testing, there are ways to automate the testing of web 

applications through different browsers. 

The frameworks and other test applications that may be used for the process of automating the 

testing of web applications do differ in how they work, what they can and cannot do, how much 

time is spent learning the framework and the time it takes to implement test automation using 

them. Organizations that are interested in starting using test automation for web applications 

hence may have a difficult time selecting which framework or frameworks should be used since 

it might be difficult estimating the cost of learning, implementation and maintenance. 

AB StoredSafe is a company providing a web application, the StoredSafe platform [1], where 

their customers and users should be able to safely store sensitive data in a secure manner. The 

organization is considering to implement test automation through the web application in some 

manner, but are unsure how to proceed, which frameworks to use and the costs involved. The 

purpose of this thesis is to analyse some of the existing test automation frameworks for web 

applications by implementing a collection of test cases, a test suite, for each of them, finding 

and using best practices and design patterns for test automation, as well as measuring the costs 

of test automation. The test suites are intended to be to be prototypes for test suites intended 

for regression testing of the StoredSafe platform, that is testing that verifies that an application 

works just as well after an update has been implemented as it did before the update.  
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 Problem definition 
This thesis aims to answer the following questions: 

1. What is required to establish and maintain a test suite for regression tests of a web 

application over time? 

2. What frameworks, methods and tools exist to automate the test automation process? 

3. How does the frameworks, methods or tools differ in regards to the creation and 

maintaining the test program, including the costs of implementation and 

maintenance and the benefits they provide? 

 Scope and Limitations 
The tests that will be developed during the thesis work will be limited to a small set of 

functional tests for the StoredSafe platform that are to be used as smoke tests (see chapter 2.1). 

Non-functional testing, performance testing, usability testing, security testing etc. are 

outside of the scope. 

Three frameworks of those found will be used when developing the test cases due to time 

constraints. 

  Thesis structure 
Chapter 0 presents the background to the thesis to give context to the thesis subject and to 

motivate the problem. The aim of the study, the research questions and the limitations are 

presented. 

In Chapter 2, the theoretical foundation of the thesis subject is presented, divided into five 

subchapters: fundamental testing theory, the differences between manual and automated 

testing, economic models describing test automation, how to estimate the maintenance cost of 

test automation and maintainability techniques for Web Application testing. 

Chapter 3 describes the tools and frameworks that could be used in the case study, the 

requirements that the tools and frameworks needs to fulfil as well as descriptions of the 

selected tools and frameworks. 

Chapter 4 contains the case study, a description of the implementation of the test cases and the 

data that the case study yielded. 

Chapter 5 presents the results of the case study, using the economic models presented in the 

theory chapter. 

Chapter 6 contains the discussion about the results of the case study, the validity of the results 

and a discussion about the method used. 

Finally, Chapter 7 contains conclusions related to the defined research questions as well as 

concluding comments regarding further work within the field. 
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2 Theory 
The theory chapter contain five subchapters. In chapter 2.1, an overview of software testing 

will be provided as a backdrop for the thesis work. Then, in chapter 2.2, benefits and 

disadvantages of test automation will be presented. Chapter 2.3 will present three economic 

models for calculating when test automation is economically advantageous, and chapter 2.4 

will discuss the costs of automation in greater detail, with a focus on how to find the 

maintenance costs. Finally, in chapter 2.5, three techniques for enabling better code quality 

and lower maintenance costs of automated Web Application testing will be presented. 

 Software testing 
Software testing refers to the process and activities related to ensuring that software, the 

system under test (SUT), works as intended in regards to its specifications [2] [3], and in this 

chapter, important testing concepts and different kinds of testing is going to be covered. 

There are multiple reasons for performing software testing. One reason is to examine the SUT 

to find errors or bugs as early as possible. Software errors are costly [4] since they might 

negatively affect an organisations business but also in the sense that they may be difficult and 

costly to find and mend. Furthermore, as the project advances into later stages, it becomes 

more and more expensive to handle the errors. According to [5], finding and mending an error 

at the time of coding the software may cost less than one fourth of finding and handling it once 

the software has been deployed. A second reason is to, as mentioned above, ensure that the 

software works as intended in accordance with the specifications. Testing thus assures 

developers, management and other stakeholders that the SUT, or distinct parts of it, is working 

properly, or if not, what parts of it needs to be looked into [6]. 

2.1.1 The levels of software testing 
As software increases in complexity, it becomes more and more important to test the software 

on multiple levels. The V-model for software development [7], while criticised [8], provides an 

overview of the main levels of software testing and how the testing activities ties into the design 

process of the software system, as displayed in figure 1. Testing of the software goes from 

testing units to integration of units, subsystems and systems with each other and then to testing 

the entire system, and finally testing that the software is accepted by the customer, if the 

specifications has been met. 

  

 

Figure 1: V-model for software development [109] 
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2.1.2 White-box testing 
White-box testing refers to the set of software testing techniques that are based on analysis of 

the internal workings and structure of the software [9], which can be done by the tester having 

access to the source code of the software that is being tested [3]. This allows the tester to isolate 

small parts of the SUT and test their functionality individually [3], or create test cases that 

moves through a specific path of the program [9]. The ability to “look into” the SUT makes it 

possible to analyse how much of it has been tested by any number of test cases, either measured 

in lines of code or paths taken [10]. White-box testing is therefore usually used for validation 

[11], or to put it in other words: “are we building the thing right?” 

2.1.3 Black-box testing 
Unlike white-box testing, black-box testing techniques does not take into account the internal 

workings and structure of the SUT when designing the test cases [9], but rather bases the test 

cases on the specifications of the software [12]. In black-box testing the specifications are used 

to devise what input should be provided to the system, and what output is expected [9]. When 

testing software using black-box techniques, one can never be sure of how much of the SUT 

has actually been tested by the test cases [10]. There exist techniques to ensure that as much 

of the software as possible is tested, while still only using the specification of the software [10]. 

Due to the basis of black box testing being the specifications, it is used for verification, or “are 

we building the right thing?” [11]. 

2.1.4 Grey-box testing 
The test suites are intended to be prototypes of test suites for regression testing, testing that 

verifies that the application works just as well after an update to the application has been 

implemented, as before the update. The purpose also includes Grey-box testing is a hybrid 

between white-box and black-box [9]. While the design of test cases, like white-box testing, are 

informed by the inner workings and design of the software, the software is tested against the 

specification, like black-box testing [13]. André C. Coulter describes in [14] Grey-box testing to 

have ten steps, as displayed in figure 2. As one can see, the ten steps display a combination of 

testing techniques from both black-box and white-box testing. You begin by identifying the 

input and output of the bigger SUT, but then goes in deeper and identify the possible paths of 

the software, down to a subfunction level, and verifying that each subfunction behaves 

correctly. 

2.1.5 System testing 
System testing is testing performed on a complete, integrated system [15] to ensure that it 

conforms to its specifications in the environment it is designed to function in, both functional 

and non-functional. This means that system testing includes functional testing, as well as other 

kinds of testing, such as performance, reliability or stress testing [16]. 

  

Figure 2: The ten steps of Grey-box testing [14] 
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2.1.6 Functional testing 
Functional testing of a SUT is defined as when a system is tested in regards to its functional 

requirements and specifications [15] [17]: that it does what it is supposed to do. Since the code 

is not examined during functional testing, but the functionality of the system is examined from 

an outside point of view, functional testing is an aspect of black box testing [18] that is testing 

a more completed version of the system. 

2.1.7 Smoke testing 
Smoke testing is a term allegedly taken from electrical engineering [19]. If a device starts to 

produce smoke when turned on, no more testing is needed to conclude that it is faulty, and the 

time and other resources that would otherwise have been put into testing the device at that 

time can be spent elsewhere. In software development, smoke testing refers to using a set of 

tests that together exercise the entirety of the system [20]. The test suite is not exhaustive but 

is designed to validate that the basic and most business critical functionality of the system still 

works; to detect if there is smoke. Smoke tests are often run as part of a “daily build” scheme, 

where the system is built - compiled and put together – at least once each day. After the build 

is completed a smoke test suite is run through it to ensure that no major problems have 

appeared [21]. If a build passes the smoke test, it is ready for more thorough testing. 

 Manual and Automated Tests 
Any test case, independent of what level the test case is, can be performed in one of three ways: 

1. It may be tested manually by a tester. 

2. It may be implemented to be tested automatically using some tool. 

3. It is not tested at all. 

Since the third alternative is bad for a multitude of reasons [22], only the first two alternatives 

will be taken into account in this thesis.  

Manual tests on a software rely on the human tester that is performing the test to interact with 

and analyse the state of the software. There is a human brain, eye and hand guiding the process 

[23]. In an automated test the human has been moved from being the guiding hand in the test 

to the planner of it. Automated tests execute without human interaction being a part of the 

process, but they are not free from human influence. However the testing is done, a human will 

be involved in the design, implementation, debugging and documentation of the test. The 

human will also be the one to analyse why a test may have failed, report and /or mend the error 

as well as update and maintain the test when changes in the SUT necessitates it [24]. While 

manual and automated testing in theory both do the same thing – test the software for bugs, 

errors etc. – they fulfil different niches in the testing world, have different advantages and 

disadvantages and find different bugs [25] and differ in fixed and variable costs [26]. 

 Since this thesis main focus is on automated rather than manual testing, the advantages and 

disadvantages for each will be formulated as an advantage or disadvantage of automating tests 

in comparison to manual testing. 
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2.2.1 Advantages of test automation 
Automating tests provides a set of advantages compared to if the tests were to be performed 

manually. Some of these advantages are: 

Cost in time of executing a test case 

Manual testing of software is expensive in terms of hours [6]. Since an automated test case 

does not have a human performing the testing activities it can be executed in a much shorter 

time than a manual test. In [27], the authors found that automated GUI tests execution time 

may be 22% of the time it takes to perform the tests manually, and others have found 

automated test to cost 10% of the time it takes to complete the manual test [28]. The authors 

of [29] found that the task of testing, analysing and documenting the test results, which 

formerly took about a week when performing the tests manually, took about three days when 

using automation. It is also important to note that while the human part of an automated test 

is important, the execution part of the tests may not require a human to be present and can 

therefore be run whilst the tester is doing other things or may be run overnight. 

Test cases may be rerun and test code reused 

Since automated tests are software they can be executed multiple times. In fact, the authors of 

[29] recommend that a test might be a candidate for automation only if it is to be run at least 

ten times. If there is a need to test the same set of features, but in different circumstances, 

automated tests might help you. An example is testing the same function, like logging into the 

system, but in different conditions, as an ordinary user, as an admin user etc. [24]. A manual 

test can’t reuse the actions taken in order to reuse them later and must log in “from scratch” 

each time. An automated test taking the credentials of the different users as input values can 

then use them to run the same test code. 

Runs standard test cases 

Tests that are automated will always work in the same way, independent of when and where 

they are executed, unless they are designed to include randomised input values. To err is 

human, which is why we test in the first place, and human testers may miss steps or do things 

wrong when testing. For example, during regression testing, using the same set of test cases 

allows the tester to assure that the new version of the software is at least as reliable as the 

previous version [30]. 

Testers can do other things 

As mentioned, the execution time of automated test cases are in general much shorter than 

that of manual test execution, and the tests may not require a tester to be present when the test 

cases are executed [31]. The use of test automation frees testers from performing routine 

checks and regression tests, giving them more time to use their knowledge about the SUT and 

developers to “provoke failures and detect errors” in the software [29]. 

Validation that the software works as expected 

In [29], the authors mention that “an automated test is constructive and not destructive by 

nature” and in [32], the authors found that test automation was mostly used for quality 

assurance and control and ensuring that features were working. Since automated tests are 

mainly constructive, used for assuring quality and can be used for assuring that no changes 

make the software less reliable then previous versions [30], test automation seems to shine 

when used for validation that the SUT works as expected. 
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2.2.2 Disadvantages of test automation 
While the use of test automation does have advantages, there are also a lot of disadvantages to 

take into account when considering to automate test cases. Some of these are the following: 

The costs of test automation 

There are multiple costs associated with test automation. Some tools and frameworks have 

licensing costs for the software and hardware costs for machines for running the tests and the 

developers and testers have to spend time to learn how to use the tools and frameworks [33]. 

There are also the more obvious costs of creating and maintaining the automated tests [25]. 

The opportunity cost of test automation can be considered to be the benefit of using the time 

and resources spent on automation to instead perform manual testing [26]. 

Everything is not suitable for automation 

Tests that are only performed a few times are not suitable for automation, due to the fact that 

the time invested in automating them can then be much better spent doing manual tests [29]. 

This is also true for tests that are executed in an environment that changes often, for example 

performing tests through a user interface that changes with every update. 

Automated tests can’t find all bugs 

An automated test is unlikely to find errors that the test designer did not intend for it to find 

[29]. Therefore, manual testing of software might always be necessary, independent of how 

many automated tests are produced. The author of [11] further explains that in his experience 

60-80% of all bugs found during testing using automated tests, are found when implementing 

the automated test case, a number the authors of [29] supports. 

2.2.3 Tests suitable for automation 
There are tests that are more suitable for automation than others. 

 A test that is expected to be executed often, at least more than ten times according to 

[29], might be a candidate. 

 Tests that validate that software works as expected; constructive rather than 

destructive tests are candidates. 

 Multiple similar tests cases, for example test that test the log in function, but may use 

different usernames and passwords depending on the situation at hand is a candidate 

for automation. 

 Tests that need to be executed multiple times in different environments, such as on 

different platforms, with different configurations or in different browsers [11]. 

Regression tests, smoke tests and other functional tests are all good candidates for test 

automation. 
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 Economics of test automation 
Depending on the size and scope of the development project, it may not always be realistic to 

implement test automation, due to the aforementioned costs associated with it. The costs of 

purchasing or licensing tools, training and the time invested in the creation and maintenance 

of the tests may be substantial. Cost-Benefit analysis can be used to minimise the risk of 

wasting resources on automated testing when they would be better spent on manual testing, 

and making an estimation of the costs and gains of test automation in comparison to manual 

testing can be a pervasive argument for or against it. One way of calculating the costs of 

automated testing to manual testing over time is to estimate how long time it is going to take 

for the investment into automated testing to totally cost less than for the same duration 

performing manual test case executions, to find the breakeven point after which the total cost 

of test automation becomes less than that of manual test execution. 

In [34], the authors calculated the breakeven-point of an automated test suite containing 70 

test cases compared to manual testing using a fictional project where 20% of costs were testing-

related and data about manual testing at a Saab project. They concluded that automated testing 

would break even with the fictional project after 45 weeks (about 11 months). They also found 

that automated testing, when the test suite is updated and maintained regularly, would break 

even with manual testing after 180 weeks (3.5 years), and if the automated test suite would be 

updated seldom, in a big-bang fashion, then automated testing would break even with manual 

testing after 532 weeks, which is about 10 years. 

The authors of [31] compared the cost of automated, referred to as programmable, test cases 

and test cases created using Capture and Replay1 (C&R) techniques. While they calculated the 

time it would take for the cumulative cost of automated test cases to be lower than that test 

cases created using C&R, the results are not directly transferrable to the comparison between 

automated and manual testing, but they found that: 

“The benefits of programmable test cases are maximized if they are adopted 

in the early stages of a software project, when the inter release time is low.” 

This means that the time it will take for automated test cases to have a lower cumulative cost 

than, or break even with any other kind of test cases, manual or C&R, will be higher the further 

into the project lifecycle that they are implemented. 

During the literature study, three economic models that could be used to in order to calculate 

the estimated costs of test automation in comparison to manual testing were found. These will 

be presented in the next three subchapters. The first model is fairly simple, using only the 

implementation and execution costs, but gives a quick and easily calculated estimate. The 

second model takes into account the maintenance costs but does not directly compare manual 

and automated testing. The final model directly compares the two kinds of testing, and includes 

the maintenance costs. 

  

                                                        
1 Capture and Replay is a technique for creating runnable tests where the test creator manually goes 
through a test case and record the session. The session is stored as a series of commands that can then 
be rerun without further user interaction. The resulting tests tends to be fragile and difficult to maintain 
and all input parameters to the SUT become hard coded in the test case [31]. 
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2.3.1 Model 1: Ramler and Wolfmaier 
There are multiple ways to calculate the Costs and Benefits of test automation, depending on 

how many variables you take into account and what you want to do with the end result. The 

simplest possible estimation for any one test case is to simply divide the cost of implementing 

and executing the automated test a number of times with the cost of manually performing the 

test the same number of times [26] as seen in Equation 1. 

𝐸(𝑛) =
𝑉𝑎 + 𝑛 ∗ 𝐷𝑎

𝑉𝑚 + 𝑛 ∗ 𝐷𝑚
 

Equation 1: Model presented by Ramler & Wolfmaier [26] 

𝑛 is the number of times the test is executed or performed manually, 𝐸(𝑛) is how much the 

implementation of the automated test case is going to cost in comparison with manually 

performing it, 𝑉𝑎 and 𝑉𝑚 are the costs of designing and implementing the automated and 

manual test case respectively and 𝐷𝑎 and 𝐷𝑚 are the costs of executing the automated and 

manual test case once. The main use for this is to find the number of times the automated test 

case has to be executed for it to be more profitable than manual testing. 

2.3.2 Model 2: Hauptmann et al. 
The first model is quite simplistic, and in [35] does Hauptmann et al. describe a more complete 

way to calculate the cost of software testing. They propose that the cost 𝐶 for a test suite 𝑇𝑆 

should be calculated using equation 2. 

𝐶 = 𝐶𝑖𝑚𝑝 + 𝐶𝑒𝑥𝑒𝑐 + 𝐶𝑚𝑎𝑖𝑛 

Equation 2: Hauptmann et al. model [35] 

𝐶𝑖𝑚𝑝 is the total implementation cost of the test suite, calculated using equation 3. 

𝐶𝑖𝑚𝑝 = ∑ 𝑐𝑖𝑚𝑝(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

 

Equation 3: Hauptmann et al. implementation cost [35] 

𝑡𝑠 is a test step, part of a test case and 𝑒𝑡(𝑡𝑠) is the execution technique used for the test step, 

i.e. manual or automatic. 𝑐𝑖𝑚𝑝(𝑡𝑠, 𝑒𝑡(𝑡𝑠)) is the implementation cost for the test step for that 

particular execution technique. 

𝐶𝑒𝑥𝑒𝑐 is the total execution cost of a test suite, and is calculated using equation 4. 

𝐶𝑒𝑥𝑒𝑐 = ∑ 𝑐𝑒𝑥𝑒𝑐(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

∗ #𝑖𝑛𝑣𝑜𝑐(𝑡𝑠) ∗ #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠 

Equation 4: Hauptmann et al. execution cost [35] 

𝑐𝑒𝑥𝑒𝑐(𝑡𝑠, 𝑒𝑡(𝑡𝑠)) is the execution cost for that specific test step using its execution technique, 

#𝑖𝑛𝑣𝑜𝑐𝑠(𝑡𝑠) is the number of times the test step is invoked in the test suite and #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠 is 

the number of times the test suite is run. 
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Lastly, 𝐶𝑚𝑎𝑖𝑛 is the total maintenance cost for the test suite, calculated using equation 5. 

𝐶𝑚𝑎𝑖𝑛 = ∑ 𝑐𝑚𝑎𝑖𝑛(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

 

Equation 5: Hauptmann et al. maintenance cost [35] 

𝑐𝑚𝑎𝑖𝑛 is the maintenance cost for the test step given its execution technique. 

Using some heuristics to estimate the cost of automating the test steps and experiment to find 

the cost of manual execution, it is possible to calculate how much different combinations of 

execution techniques may be. For example, one may do full automation, full manual testing or 

some combination, such as having all test steps that are used in some form of test, or testing 

some component, be completely automated, and tests for some other component performed 

completely manually. Alternatively, the model can be used to calculate the difference between 

manual testing and automated testing costs. 

2.3.3 Model 3: Cui and Wang 
In [36], the authors propose a calculation for the Cost-Benefit of implementing automated test 

cases given a specific update. If the Cost-Benefit is positive, they propose, automated test cases 

could be implemented for the SUT. If it is negative, on the other hand, the testers should 

continue to perform tests manually until the next update has taken place, and then see if the 

estimated Cost-Benefit value is positive. 

They propose the equation 6 to calculate the Cost-Benefit value for a given number of test suite 

executions 𝑛. 

𝐶𝐵(𝑛) = −𝐶𝑡 ∗ 𝛼 − 𝐶𝑠 − (𝐶𝑎𝑒 − 𝐶𝑚𝑒) − (1 + ∑ 𝛽𝑖

𝑐

𝑖=1

) ∗ (𝐶𝑎𝑑 − 𝐶𝑚𝑑) − (𝐶𝑎𝑟 − 𝐶𝑚𝑟) ∗ 𝑛 

Equation 6: Cui & Wang model [36] 

𝐶𝑡 is the costs of purchasing/licensing the tool(s) for test automation. 

𝛼 is the tool deprecation rate, calculated using equation 7, the estimated cost of the tool for the 

project time. 

𝑻𝒆𝒔𝒕 𝒕𝒊𝒎𝒆 𝒐𝒇 𝒑𝒓𝒐𝒋𝒆𝒄𝒕 (𝒊𝒏 𝒎𝒐𝒏𝒕𝒉𝒔)

𝑫𝒖𝒓𝒂𝒃𝒍𝒆 𝒚𝒆𝒂𝒓𝒔 ∗ 𝟏𝟐
 

Equation 7: Tool deprecation rate [36] 

𝐶𝑠 is the training cost for automated testing for the testers in this project. 

𝐶𝑎𝑒 is the cost for designing the environment, planning the test cases and the design of the 

frameworks and environment necessary for running the tests as automated test cases, while 

𝐶𝑚𝑒 is the cost of planning the same test cases as manual tests, and designing the environment 

they are to run in. 

𝑐 is the number of changes in the software while 𝛽𝑖 is the change coefficient of the change 𝑖, i.e. 

the percentage of the software that will be affected by the change or the percentage of the test 

cases that will be affected by it. 

𝐶𝑎𝑑 is the cost of design of the automated test cases, defining the steps of them, and 

implementing them. 𝐶𝑚𝑑 is the cost of designing the manual test cases. 
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Finally, 𝐶𝑎𝑟 is the cost of executing the automated test cases once, while 𝐶𝑚𝑟 is the cost of 

performing the test cases manually once. 

If 𝐶𝐵(𝑛) > 0, implementing the automated test cases could be economically advantageous. 

Alternatively, looking at the ratio of the gains of using automated testing over manual testing 

and the cost of performing the tests manually, calculated using equation 8, can give a better 

view of the relative costs. 

𝛾 =
𝐶𝐵(𝑛)

𝐶𝑚𝑒 + (1 + ∑ 𝛽𝑖
𝑐
𝑖=1 ) ∗ 𝐶𝑚𝑑 + 𝐶𝑚𝑟 ∗ 𝑛

 

Equation 8: Cui & Wang projected gains [36] 

Here, 𝛾 is the ratio between the gains of using automated testing and the cost of manual testing. 

Depending on how sure the estimates used to calculate the cost-benefit are, the value of 𝛾 might 

exceed some limit before test automation is implemented. For example, if the costs of 

designing and implementing the automated tests are difficult to estimate due to new testers or 

new tools, the value that 𝛾 might have to exceed 0.2, meaning that the projected gains of 

implementing test automation must be at least 20% of the cost of performing those tests 

manually. This is to ensure that implementing test automation will still be profitable, even if 

the estimates were skewed.  

 Estimating the cost of Automation 
The cost of test automation is, as one may observe in the equations above, dependent on three 

major components: 

1. The cost of implementing the tests. 

2. The cost of maintaining the tests. 

3. The cost of executing the tests. 

All three of them can be estimated by using earlier projects or experience, but if an organization 

wishes to start using automated testing with little prior experience of test automation, 

estimating the total cost of the maintenance is the most difficult due to the immense amount 

of factors that influence it [34]. 

The implementation and test execution components of the cost can be estimated by 

implementing prototypes of a set of test cases and executing them. For example, the cost of 

implementation for a single automated test case could be 200 minutes, and the execution time 

of the test case may be 7 seconds. One may then assume that similar tests in function and scope, 

but do not share the exact code of the implemented test case, should approximately have the 

same implementation cost and execution time. 

The second component, maintenance, is more difficult to estimate at the beginning of the 

implementation phase, since the cost of maintaining and evolving the test cases is dependent 

on the changes made to the changes in the specifications of the SUT [34]. 
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2.4.1 Estimating the cost of Maintenance 
One way to estimate the maintenance and evolution of the test cases required for a new version 

of the SUT as a fraction of the implementation cost of the test cases. Since this fraction is most 

likely dependent on the different techniques used, only literature that handles verification 

through GUI and web applications has been used for this chapter. 

Application Implementation (min) Maintenance (min) Maintenance/Implementation 

MantisBT 383 95 0,25 

PPMA 98 55 0,56 

Claroline 239 46 0,19 

Address book 153 54 0,35 

MRBS 133 72 0,54 

Collabtive 383 79 0,21 

Average 231,5 66,83 0,35 

Median 196 63,5 0,30 

Application kLOC2 v1 Files v1 kLOC v2 Files v2 kLOC change v2/v1 Change files v2/v1 

MantisBT 90 492 115 733 1,28 1,49 

PPMA3 4 93 5 108 1,25 1,16 

Claroline 277 840 285 835 1,03 0,99 

Address book 4 46 30 239 7,50 5,20 

MRBS 9 63 27 128 3,00 2,03 

Collabtive 68 148 73 151 1,07 1,02 
Table 2: Changes in lines of code and number of files between first and second version of softwares [31] 

Loetta et al. [31] compared the implementation and maintenance, or evolution, costs of C&R 

and automated test cases for six mature open source web applications. In particular Selenium 

WebDriver [37] was used to automate the tests. The implementation costs were calculated by 

measuring the time it took to implement a number of test cases for the penultimate version of 

the software and the maintenance cost was measured by upgrading to the latest version of the 

software and then evolving the test cases until they all passed for this latest version.  The 

implementation time and maintenance cost for test cases for the different applications can be 

found in table 1 and the changes in number of lines of code and number of files can be found 

in table 2. As one can see, there is no clear relationship between total amounts of code or 

changes in the number of lines of code or number of files and cost of maintenance in relation 

to implementation costs, other than that small changes (Collabtive and Claroline) seem to 

imply low maintenance costs (about 20%). On the other hand, Address book, where the 

amount of code increased by a factor of 7.5, and the number of files increased by a factor of 5, 

had a maintenance cost factor of about 35%, placing it in the middle. 

  

                                                        
2 Thousands of lines of code 
3 not counting the source code of the framework used by PPMA 

Table 1: Implementation and maintenance costs of programmable test cases for web applications [31]. 

Average and mean rows has been added. 
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In [34], Alégroth at al. concluded that automated testing may be economically beneficial 

compared to manual testing by comparing costs of test automation with that of manual testing. 

While Loetta et al. in [31] measured overall costs for multiple projects, Alégroth et al. measured 

the cost of implementing and maintaining fifteen test cases for a visual GUI in a single project. 

A summary of their collected metrics can be found in table 3. While the project did not use 

similar tools for the test automation, the Visual GUI Testing framework Sikuli [38] was used, 

the test cases they measured had an implementation/maintenance cost factor similar to those 

found by Loetta et al. [31]. In particular, the maintenance cost factor of PPMA and MRBS in 

[31] are slightly lower than the average and mean maintenance cost factor between version 1.0x 

and 2.0x of [34], while Collabtives’ cost factor is just above the average cost factor between 

version 2.0x and 2.0y. 

  Maintenance costs   (min) Maintenance/implementation 

Test case 
Implementation 
(min) 

Between 
v 1.0x-2.0x 

Between 
v 2.0x-2.0y 

Between 
v 1.0x-2.0x 

Between 
v 2.0x-2.0y 

t0016 130 100 30 0,77 0,23 

t0017 110 100 35 0,91 0,32 

t0018 256 70 35 0,27 0,14 

t0019 250 230 20 0,92 0,08 

t0014 225 195 15 0,87 0,07 

t0003 245 120 10 0,49 0,04 

t0024 641 320 65 0,50 0,10 

t0005 705 215 10 0,30 0,01 

t0023 145 315 150 2,17 1,03 

t0007 370 10 5 0,03 0,01 

t0001 20 20 10 1 0,5 

t0026 155 20 5 0,13 0,03 

t0009 40 50 10 1,25 0,25 

t0008 180 35 5 0,19 0,03 

t0041 140 35 20 0,25 0,14 

t0037 140 120 20 0,86 0,14 

Average 234,5 122,2 27,8 0,68 0,20 

Median 167,5 100 17,5 0,63 0,12 

Table 3: Implementation and maintenance costs for test cases in [34]. The maintenance/implementation 

fraction column as well as a new average and a median row has been added. Support scripts for the test cases 

are not included in the table, nor the average or median row. 

As in [31] ,the only solid conclusion one can draw from the numbers presented in [34], without 

knowing about the structure of the SUT and the test cases, and how the test frameworks were 

used, is that smaller changes to the SUT generally corresponds to a lower maintenance cost 

factor. 

In order to be able to calculate the maintenance costs of the test cases implemented during the 

thesis work a maintenance cost factor of 35% of the implementation cost was chosen, since it 

was the average maintenance cost factor found by Loetta et al. [31], as well as being a slightly 

larger factor than the average maintenance factor between version 2.0x-2.0y of Alégroth et al., 

while still remaining well below the 1.0x-2.0x maintenance cost factor [34]. 
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 Maintainability of automated web application test cases 
The maintainability of the automated tests is an important area of consideration when 

constructing a test suite. While maintainability is important for all software development 

projects, it is especially important for test automation through the User Interface (UI). This is 

because the UI is prone have to a lot of minor changes every update – moving or adding 

buttons, new functionality that require changes to the layout or merely changing the names of 

fields or buttons. This means that, unless they are crafted with care, test cases ruin the risk of 

being brittle. A minor change in the interface of the web application may force you to rewrite a 

lot of test cases [11]. In this chapter, three ways to improve maintainability of test cases, and 

hence decrease maintenance costs of the test cases, will be presented. 

2.5.1 The Page Object Pattern 
One way to limit the effect that changes in the web application has on the test cases is the Page 

Object (PO) pattern. The Page Object pattern is a design pattern that separates the interaction 

with the web application and the test scripts [39] and is at its core a sub-pattern of the Façade 

pattern [40]. Like the Façade Pattern is used to hide complexity of an underlying system in 

order to, among other reasons, make it more easily usable, the PO pattern is used to hide the 

interaction with the underlying web application. 

A PO is created by using some object oriented framework or tool that can interact with the web 

application and encapsulating the interactions with a page of the web application, or an 

element on it, into an object. The interactions that can take place can then be exposed through 

higher level methods that can, in the case of test automation, be called by test cases [41]. 

Separating the features and the interaction with the web application allows testers and test 

developers to write higher level tests, without having to care for the implementation of the 

interaction [11]. Using POs to handle the interaction with the web application has other 

advantages as well. If the UI is changed it is cheaper in terms of time to fix the broken test 

cases, since all interaction with the web application is handled at one place [11].  

The creation of the PO model of a web application may be done incrementally.  Only the 

functionality required to execute the test cases that are being implemented at the time needs 

to be implemented into PO:s. For example, when creating a PO for the page displayed in figure 

3, if test cases only related to the menu on the top of the page are to be automated, there is no 

need to immediately implement all other functionality of the page. This means that 

implementing functionality to handle, for example, the groups below the menu can be 

postponed until it is required. 

  

Figure 3:  Index page of a Web Application [108] 
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Another advantage of using objects to represent the web page is that the developer can use 

good object oriented design and design patterns to increase the quality of the code. A simple 

example of how OO-design relate to PO design can be seen in figure 4. The index page seen in 

figure 3 is page that can only be reached when logged in, hence the Index Page Object can be a 

subclass of the Logged-In PO. If all pages that require login share the same menu (the green 

border in figure 4), then the menu itself may be encapsulated in its own object. The groups on 

the index page (red border) all share the same structure, albeit have different content, and 

interaction with them can be encapsulated in a Group PO, as presented in figure 4. 

As PO:s gather the interaction with a page, or page element of the Web Application in a single 

object, using PO:s can limit the cost of the test maintenance [31]. 

2.5.2 Behaviour Driven Development 
Behaviour Driven Development (BDD) is an evolution of Test Driven Development (TDD) 

meant to address the shortcomings of the method [42]. An issues with TDD is that it can be 

easy to fall into the trap of validate that the code works, but not verify that the behaviour of the 

program is according to the specifications [43] and that the test code can be highly coupled 

with the actual implementation [44]. BDD aims to separate the testing by not testing the 

features or the code by itself, but rather ensure that the codes behaviour conforms to the 

specifications [42]. BDD is based on agile principles and as such has a focus on as quickly as 

possible providing the most business value for the client, which is done by implementing the 

features in order of importance [44]. Features are realised by user stories that provide a short 

interaction between a user and the system: 

Title: [Title] 

As a [X], 

I want [Y], 

so that [Z] 

where Y is some feature, Z is the benefit or value of the feature, and X is the person (or role) 

who will benefit from the feature [42]. This format makes it so that the developers of the system 

clearly can see the behaviour they should implement, who or people in what role they should 

discuss the feature with, and what business value the feature provides [44]. 

Figure 4: An example of a Page Object structure for the Web application in figure 3. 



 

19 
 

These user stories are then used to create scenarios which describe an interaction with the 

system under some circumstances in the following format [42] [44]: 

Scenario #: [Title] 

Given some preconditions or context,  

When an action is taken or an event takes place,  

Then ensure that some outcome takes place 

The given:s, when:s or then:s can be multiple conditions, actions or outcomes, which are 

connected by and:s in the scenario. 

Examples of a user story and one scenario based on it: 

As one can imagine, many scenarios can be based on the same event (in this case a user logging 

in), but differ in some ways. For example, the user might be a user with special privileges (such 

as an admin user), or maybe the given user name had tried to log into multiple times before 

the login succeeded and a warning might be displayed to warn the user of this. All of these 

would have multiple givens, events, actions and outcomes in common. One may capitalize on 

and reuse givens, events and outcomes [42]. The givens, events and outcomes can be directly 

implemented into code [42].  

2.5.3 Keyword Driven Testing 
Keyword Driven Testing is an approach to test case implementation where there is a distinct 

separation between the description of a test case and the implementation of it. The test case is 

written or described in a language similar to natural language, made up of Keywords [45]. A 

keyword expresses an action or a set of actions that can be performed in the test program. A 

keyword should be designed to be easy to understand in relation to the application that is being 

tested. 

User story 1: User logins 

As a System user 

I want to login to the system 

So that I can access the data in the system 

 

Scenario 1: User credentials are correct 

Given the user is a member of system 

And the user name and password are correct 

And the user is on the login page 

When the user tries to log in 

Then the user is logged in 

And the user gains access to the data in the system 

And the successful login is recorded in the database log 
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Keyword Arguments 

Verify on page “loginpage” 

Login as “username”,”password” 

Verify on page “indexpage” 

Search for group “my group” 

Verify group visible “my first group” 

Open group “my first group” 

Table 4: Example keywords 

Table 4 contains an example of a test case made by using some example keywords for the web 

page in figure 3. If the keywords are written and documented to the extent that it can be easy 

to understand what they each aim to achieve, the actual test cases can be written by someone 

who otherwise would lack the necessary programming skills to implement the tests in code. 

The keywords are supposed to be independent of one another, and can freely be used to 

construct any number of tests [46]. 

Keywords written to interact with an application can exist on different levels of abstraction 

from the application. Just as keywords may be assembled to create a test case, lower level or 

base keywords may also be assembled to create other, higher level keywords [46], as 

exemplified in table 5. This creates a very flexible framework for defining and describing test 

cases and interaction with the SUT. It also means that, when base keywords describing actions 

has been defined, higher level keywords can be defined by non-programmers, as long as they 

understand how the lower level keywords interact with the application. 

Defined 

keyword 

Base keywords Arguments 

Open group  Group_name 

 Navigate to “index page” 

 Verify on page “index page” 

 Search for group Group_name 

 Verify group visible Group_name 

 Click on group Group_name 

Table 5: An example of a keyword defined by other keywords 

Since there is a separation of description and implementation of the keywords, it is also a 

simpler task to change the implementation of the key words and the test cases. For example, if 

the Index page of a web application changes, as long as it is not a massive overhaul of the 

application, the test case written in keywords don’t need to be rewritten, only the keywords 

themselves [47]. This increases the maintainability of the test suite, at the cost of having to 

implement the keywords before test case development can take place. 
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3 Tools and frameworks 
While creating a tool or framework to automate tests for a web application is completely 

doable, it is of scope for the thesis and most likely for most software development projects. 

Therefore, selecting the proper tool or framework to use to implement automated tests is an 

important part of the test automation process. In this chapter, the tool- and framework 

selection process of the thesis work will be elaborated upon. First, the requirements that the 

organisation has on the tools or frameworks will be presented, followed by a presentation of 

some of the frameworks and tools that were found. Finally, the selected tools, and the 

reasoning behind their selection, will be presented. 

 Requirements 
During discussions and conversations with developers and managers of the StoredSafe 

platform, the following wishes and requirements on the tool or framework has been brought 

up. 

Browser Automation 

A requirement from the developers was that the tool or framework should support browser 

automation instead of injecting JavaScript in the browser to run the tests, since browser 

automation interacts with the web browser in the same manner as a user would [48], meaning 

that the test more accurately represent the experience of the user. 

Supported browsers for running tests 

The framework or tool should support tests for the latest or currently supported versions of the 

two officially supported browsers, Mozilla Firefox and Google Chrome [49]. Support for 

Internet Explorer 11, Microsoft Edge and Safari v8.x and v7.x were suggested as wishes, due to 

the market share these browsers have [50] and are expected to retain in the foreseeable future. 

Supported languages for writing tests 

Developers requested that Perl [51] or Python [52] would be supported languages for writing 

the test cases in. 

Open Source 

Due to the company’s support of Open Source software [53], they requested that the 

frameworks and tools selected would be Open Source. Also, a big and active community and 

development team supporting and using the tool or framework is always a good sign. 

Limitations on cost 

If the framework would not be free to use, it was requested that the cost should not be tied 

directly to the number of tests run, since this would present a clear economic incentive to not 

test as often and as much as possible, which would be counteractive to the goal of automated 

testing. 

Non-programmer friendliness 

The tests should be able to be written, defined or at least altered in functionality (“tweaked”) 

by non-programmers. 

Community size 

The framework should have a sizeable community, which should help with the continuous 

development of it (if it is open source), as well as finding bugs or other issues that may appear 

[54]: the more using the application, the higher the chance is of any given bug being found. 
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 Found Tools and Frameworks 
In total twenty-seven tools and frameworks were reviewed during the search. Of these, nine 

where selected as the most prominent alternatives for selecting the final three. Measuring the 

size and activity of the community and number of active users proved difficult, so an 

approximation was done. Stack Overflow [55] is a web community that allows its users to ask 

questions on any subject related to software. We assume that the number of questions 

containing phrases and terms related to the tools and frameworks in Stock Overflow reflects 

the interest in and the popularity and use of the frameworks. The following limitations were 

then put on the queries: Responses or answers to the question exists, that an answer has been 

accepted or that the question has been viewed at least 100 times. The results for all time and 

since January 1st 2015 were collected. 

To examine how often the frameworks were updated, looking at the repositories of the 

frameworks is sufficient. The data on the questions related to the frameworks can be found in 

Appendix A: Data on the communities of the Frameworks, and data on updates to the 

frameworks can be found in Appendix B: Commits to the frameworks4. 

3.2.1 Selenium WebDriver 
Selenium WebDriver is an implementation of the WebDriver API [56] [37]. It is free and open 

source [57] and can automate tests in a wide range of browsers [37] [57] [58]. Tests can be 

written in many different languages [57] [59], but the framework does have some issues 

regarding AJAX and is known for being a bit verbose [60]. It also seems to require some 

programming skills in order to create and maintain tests in it. The Selenium WebDriver 

community seems to be the largest and most active of the communities, both in terms of 

frequency of updates and in number of asked questions, even disregarding the search term 

“Selenium” since it could be used to refer to older versions of Selenium before WebDriver [37]. 

Selenium WebDriver has been continuously and quite frequently updated since 2006. In total, 

almost 8900 question were asked about Selenium WebDriver and of those almost half were 

asked since the beginning of 2015. 

3.2.2 Watir WebDriver 
The Watir WebDriver is also an implementation of the WebDriver API [61] that is open source 

and free to use [62]. It supports the writing of tests for a wide range of browsers [61] [63], with 

tests written in Ruby [64] [61]. Supposedly it is less verbose than Selenium WebDriver [65]. In 

terms of community size, the number of questions related to Watir WebDriver are about 1/4 

that of Selenium WebDriver (2.4K to 8.9K) for all time, and about 1/10 (400 to 4K) since the 

beginning of 2015. 

3.2.3 DalekJS 
DalekJS is also a WebDriver implementation but is based on Node.js [66] [67]. It is open source 

and free to use [68] [69] and support multiple browsers [67]. It was created in order to be 

easier to set up and start using then Selenium WebDriver [70]. Tests can be written in 

JavaScript [70] [71] or CoffeScript [67] [72]. It is still “buggy as hell”, and thus it is not 

recommended by its creator to be used in production [70]. Since spring 2015, the development 

seems to have halted. In total, 73 questions related to DalekJS seem to have been asked on 

Stack Overflow, with 20 of them asked since January 1st 2015. Of those 20, only 13 has any 

answer, and only 2 has an accepted answer. 

                                                        
4 All frameworks but Sahi used Github.com as their code repository and collaboration platform. SahiOS 
[86]  instead uses Sourceforge.net 
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3.2.4 CasperJS 
CasperJS is built on the PhantomJS headless browser [73] [74], which in turn supports 

WebDriver [75]. It is open source and free to use [76]. Tests can be written in JavaScript or 

CoffeeScript [76]. It is more efficient than the Selenium WebDriver [77], but only officially 

supports headless browsers [78]. In terms of updates, CasperJS has been continuously updated 

all through 2015 and 2016. In terms of usage and questions, about 2K questions in total were 

asked on Stack Overflow, and about half of those were asked since the beginning of 2015. Of 

the questions asked since 2015, only about half has any answers and only about 100 of them 

have more than 100 views. 

3.2.5 Jasmine 
Jasmine is a Behaviour Driven Development [79] framework for testing JavaScript code [80] 

across multiple browsers [81]. It is free and open source [82] and is based on Ruby and Node.js 

[83], but is mainly used for unit testing [84] and does not do actual browser test automation 

[85]. In terms of community size, Jasmin is probably the second largest, with almost 7K 

questions asked, with about 3.5K of them being asked since 2015. About 2/3 of the questions 

since 2015 have at least one answer, and about 1/3 have an accepted answer. Jasmine have 

been continuously updated since 2009. 

3.2.6 SahiOS 
SahiOS is an open source and free to use [86] testing and automation tool [87] with support 

for multiple browsers [88]. Tests are written in a JavaScript based language [89] which fully 

supports and handles AJAX [90] does away with all explicit waiting [91], preventing the 

workarounds that Selenium WebDriver requires. However, Sahi uses JavaScript injection to 

test the code and does not implement WebDriver [92]. SahiOS has not been updated since late 

2014, and only 163 questions have been asked in total. 

3.2.7 Capybara 
Capybara is a free and open source [93] acceptance test framework/library for web applications 

written in Ruby [94] that can use a variety of test drivers [95], giving it the capabilities and 

browser support of the driver it currently would be using. It builds a more abstract API on top 

of the test driver where tests are written using a domain specific language [96] handling among 

other things asynchronous JavaScript [97]. It is built to simulate, and is limited to, what actions 

a user would perform in a web application [98]. 

When using Capybara, the BDD [79] framework Cucumber [99] has been suggested to also be 

used to describe the scenarios/test cases, which is why it has been included in the searches. 

Capybara has been updated continuously since its creation in 2009, and has in total the third 

most questions related to with 4.3K questions asked. Since 2015, more than 1.2K questions has 

been asked. More than 80% of those questions have been given an answer, and 47% have 

accepted an answer. While the total number of questions asked are not as high as Selenium 

WebDriver or Jasmine, higher percentage of the questions related to Capybara were answered.  

3.2.8 QUnit 
QUnit is a unit testing framework for JavaScript with support for all requested browsers [100] 

that is free and open source [101]. It has been continuously developed since 2008. The number 

of questions are in total 1.1K, but only 274 were asked since 2015. 
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3.2.9 Robot Framework 
Robot Framework is a generic automation framework for acceptance testing that uses a 

Keyword-Driven Testing approach [102] built in Python [103]. It is free to use and open source 

[104]. It uses different test drivers to run the tests with multiple libraries available for different 

drivers, including WebDriver-based library [105] [106]. Robot Framework, and the selected 

WebDriver library Selenium2Library, are still being updated, but the Selenium2Library does 

not currently support Python 3, only Python 2.7 which may be a concern for future use. To 

ensure that there would not be missed questions, both “Robot Framework” and 

“Robotframework”, as well as “Selenium2Library” were used when searching for questions. 

While Selenium2Library only had a modest 161 questions related to it in total, less than 20 of 

them were unanswered. The two spellings of Robot Framework in total resulted in about 1.3K 

found questions, where about 750 had been asked since 2015. 

 Selected Tools 
The following three frameworks were selected to be used in order to implement automated test 

cases in the case study (chapter 4.1). All are open source and free to use and were consciously 

selected to be different and work on different levels of abstraction, and therefore provide 

different advantages and challenges. All of them are still being updated, and while they may 

not have the largest communities using them, they are still being used quite extensively. 

3.3.1 Selenium WebDriver 
Selenium WebDriver was selected due to being a browser test automation tool implementing 

the WebDriver protocol and seemingly having the largest community of the tools in the 

WebDriver family. While all tools in the WebDriver family support the requested browsers, 

only Selenium has support for writing tests in both Python and Perl, while neither DalekJS nor 

Watir WebDriver do. The exact selected version were the Selenium 2.49.2 bindings for Python, 

using Python 3.4.3. 

3.3.2 Capybara and Cucumber 
Capybara was selected due to being a different kind of testing framework compared to 

Selenium WebDriver, while still providing similar benefits if using Selenium WebDriver as the 

test driver. The choice to use Capybara in conjunction with Cucumber introduces BDD-style 

distinction between the description of the test cases and the implementation of them. This 

means that the challenges faced when implementing test cases with Capybara might be 

different compared to when implementing them in Selenium. The natural language-like DSL 

used when describing the behaviours and tests in Cucumber could make the construction and 

use of the test suite simpler for non-programmers. The exact version of Capybara used was 

2.6.2 together with Cucumber 2.3.3 and the Selenium WebDriver-gem version 2.53.0 used in 

Ruby 2.2.3. 

3.3.3 Robot Framework and the Selenium2Library 
Robot Framework was chosen due to it having a keyword driven testing approach, which 

ensures that all three of the selected frameworks have different properties and might face 

different challenges. The use of keywords to describe the tests might make it possible for 

anyone to “create” the tests, while making the implementation just as efficient as if a 

programmer would have written it using another framework. While it’s user base seems 

smaller than the other frameworks, Selenium WebDriver in particular, it is still comparable to 

the frameworks that were not selected. The exact Robot Framework version used was version 

3.0 together with Selenium2Library 1.7.4 for Python 2.7.11.  
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4 Case study 
In order to collect data on the implementation and maintenance costs for the three selected 

frameworks, a case study of three pilot projects, each using one of the frameworks selected in 

chapter 3.3, was conducted on the StoredSafe [1] Web Application. This chapter will present 

the case study itself, how it was performed and the data collected during the case study divided 

into implementation costs, execution costs and maintenance costs. 

The StoredSafe platform was first released in 2011 [107], and can as such be seen as a mature 

system. The development version of the platform is updated on average 5 times a week, due to 

a small development team who are also involved in other projects [6]. 

To test the application, a set of test cases were defined based on its specifications [108], 

intended to together be a use-case scenario emulating a set of users interacting with the 

application. This use case scenario was defined with help from project management and 

developers at AB StoredSafe to ensure that it would cover at least some of the most important 

functions. In total, 25 test cases were defined but due to time constraints only 11 of them were 

chosen to be implemented in the three selected frameworks. A summary of the test cases that 

was implemented can be seen in Appendix C: List of Test Cases that were implemented in the 

Case Study. 

The implementation phase had two steps. The first step included learning how to use the three 

frameworks one by one and implementing the two first test cases: Logging in a user, and 

Logging out a user that has logged in. This step also included building the basic support 

functionality for the test cases; File handling for storing user information and credentials, data 

for the objects that were to be used or created in the test cases as well as implementing 

frameworks for querying the StoredSafe back-end server were done. 

The order in which the frameworks were used during the first part of the implementation phase 

was: 

1. Selenium WebDriver 

2. Capybara 

3. Robot Framework 

When the two first test cases and the support functionality were set up for all three frameworks 

the second part of the implementation phase began. During the second phase the remaining 

nine test cases were implemented. The order in which the frameworks were used to implement 

the test cases can be seen in table 6. 

Test case ID Selenium WebDriver Capybara Robot Framework 

1 1 2 3 

2 1 2 3 

3 3 1 2 

4 2 1 3 

5 3 2 1 

6 2 3 1 

7 1 2 3 

8 1 3 2 

9 2 1 3 

10 2 3 1 

11 3 1 2 

Table 6: Order in which the frameworks were used to implement the test cases 
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The order of implementation, beside the first two test cases (1 and 3), where mixed up so that 

all three frameworks would be the first, second and third to be implemented. This was done in 

order to ensure that the average implementation time would be as little affected as possible by 

the order of implementation. 

During development of test cases in Selenium WebDriver and Capybara, page objects were 

created in order to ease the interaction with the web application. Robot Framework used 

together with Selenium2Library however, could not as easily accommodate page objects in the 

testing program structure. Instead, the handling of specific web pages and web elements were 

gathered in specified resource files in order to keep the testing program DRY5. 

 Implementation of Test Cases 
All in all, 33 test cases were developed: 

 11 test cases were developed in Python, directly using Selenium WebDriver. For these 

tests, 4 PO:s were created, and in total 1666 Lines of Code (LoC) were written. 

 11 test cases were developed in Ruby using the Capybara DSL and Cucumber. For these, 

4 PO:s were created, and in total 1125 LoC were written. 

 Finally, 11 test cases were developed in Robot Framework using the Selenium2Library. 

For these, 8 resource files were created to handle page interaction and 588 LoC were 

written in Robot Framework. Further, a Python library of 436 LoC was written to 

handle some support functionality. 

As described in chapter 2.5.2, a test case is made up of smaller parts, test steps. 30 test steps 

were created. Each test case contains a number of test steps, some shared with other test cases 

and some unique. Together, the 30 test steps make up the test suite in the same manner that 

the 11 test cases do. 

 Time measurements 
In order to calculate the costs of implementing the test cases using the three frameworks, one 

must measure the time it takes to learn, set up and implement the test cases, as well as the time 

it takes to execute the test cases manually and automatically. Also, in order to use the second 

economic model, the one presented by Hauptmann et al. [35], the costs of implementing and 

executing the distinct test steps of the test cases needed to be measured. Due to how the 

implementation was made and due to the difficulty of measuring the individual test step 

execution times, the test step implementation and execution times has been estimated. Finally, 

the maintenance costs of the test cases must be calculated as well. 

To test the functionality of the Web Application, beside the login functionality, one has to login 

into the system. During the manual testing, the act of logging into the system was only done 

for the tests that explicitly required logging in (Test Case 1 in tables 8 and 10, and Test Step 3 

in tables 9 and 11). The automated test frameworks however used a new session in a new 

browser for each test case due to how the frameworks is constructed. This means that for every 

automated test case that is executed, the test case must also spend some amount of time to log 

into the application. This discrepancy will later be discussed in chapter 6. 

  

                                                        
5 DRY: Don’t Repeat Yourself. Software engineering principle.  
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4.2.1 Implementation costs 
The total time for implementation using the three frameworks, including learning them and 

setting up their respective environment, can be found in table 7 and in table 8 the time spent 

implementing the test cases (as described in Appendix C: List of Test Cases that were 

implemented in the Case Study) for the different frameworks are displayed by framework and 

test case can be seen. The estimated test step implementation time can be seen in table 9. 

Framework Learning (h) Setup environment (h) Implementation (h) 

Selenium WebDriver 20 25 45 

Capybara 17 15 38 

Robot Framework 10 15 38 

Table 7: Total time spent learning and using the different frameworks 

   

 Implementation time (h)   

Test case ID Selenium WebDriver6 Capybara Robot Framework 

1 10 7 8 

2 8 4 3 

3 2 3 2 

4 4 5 7 

5 5 5 6 

6 2 2 2 

7 2 1 3 

8 3 4 2 

9 3 4 2 

10 2 2 2 

11 4 2 2 
Table 8: Implementation time by framework and test case 

  

                                                        
6 Due to a mix-up, the implementation time of first two test cases (1 and 3) in Selenium WebDriver are 
estimates. The sum of their times, however, is accurate to the time it took to implement them both. 
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 Implementation time (h) 

Test Step ID Selenium WebDriver Capybara Robot Framework 

ts1 2 2 2 

ts2 3 2 2 

ts3 5 2 3 

ts4 4 2 1 

ts5 0,5 0,5 1 

ts6 0,5 2 1 

ts7 0,5 0,5 1 

ts8 3 4 5 

ts9 1,5 0,5 2 

ts10 1,5 1 1 

ts11 3 2 2 

ts12 1 1 2 

ts13 2 2 1 

ts14 2 2 1,5 

ts15 2,5 2 1,5 

ts16 3 2 1 

ts17 2 1 1 

ts18 2 1 1 

ts19 0,5 1 0,5 

ts20 0,5 0,5 0,5 

ts21 0,25 0,5 0,5 

ts22 0,25 0,5 0,5 

ts23 0,5 0,25 0,5 

ts24 0,25 0,75 0,5 

ts25 0,25 1 1 

ts26 1 2 1 

ts27 0,5 1 1 

ts28 0,5 0,5 1 

ts29 1 1 1 

ts30 0,5 0,5 1 
Table 9: Approximated implementation time of test steps by test step and framework 
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4.2.2 Execution costs 
In order to use any of the economic models, the execution time had to be measured. For 

fairness, all of the frameworks and the manual execution were performed on the same 

computer using the same browser, Mozilla Firefox 47.0. The test case execution time for 

manual and automated test cases can be seen in table 10, and the estimated test step execution 

time for manual and automated test steps, as well as the number of invocations of the test step 

in the test suite, can be found in table 11. The outliers of the automated test case executions, 

test case 9 for Selenium WebDriver, and test case 5 for Capybara and Robot Framework are 

due to the fact that both of these test cases inputs rather large amount of text into a form on 

the web page. 

 Execution time (s)    
Test Case ID Manual execution Selenium WebDriver Capybara Robot Framework 
1 21 5 8 7 
2 14 9 9 8 
3 17 6 11 7 
4 30 6 10 9 
5 23 9 12 11 
6 21 9 10 9 
7 10 6 9 7 
8 14 8 10 9 
9 20 10 10 9 
10 10 7 9 8 
11 13 7 10 9 

Table 10: Execution time of manual and automated executions by test case and framework 
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 Execution time (s) (approximation)     Invocations in test suite  

Test Step ID Manual Execution Selenium WebDriver Capybara Robot Framework Manual Automated 

ts1 3 0,1 0,1 0,1 1 2 

ts2 3 0,1 0,1 0,1 2 12 

ts3 14 5 7,5 7 1 11 

ts4 10 4 1 1 1 1 

ts5 2 0,5 0,5 0,5 9 9 

ts6 10 2 3,5 2,5 1 1 

ts7 4 0,1 0,1 0,1 12 12 

ts8 21 2 2 1,5 1 1 

ts9 2 1 1 1 5 5 

ts10 1 0,1 0,1 0,1 1 1 

ts11 1 0,1 0,1 0,1 1 1 

ts12 1 1 1 1 2 2 

ts13 3 2 2 2 1 1 

ts14 4 1,5 2 2 1 1 

ts15 2 2 1,5 1,5 2 2 

ts16 7 2 0,5 0,5 1 1 

ts17 1 0,01 0,01 0,01 1 1 

ts18 1 0,01 0,01 0,01 1 1 

ts19 1 0,01 0,01 0,01 1 1 

ts20 1 0,01 0,01 0,01 1 1 

ts21 1 0,01 0,01 0,01 5 5 

ts22 1 0,01 0,01 0,01 1 1 

ts23 1 0,01 0,01 0,01 1 1 

ts24 1 0,01 0,01 0,01 2 2 

ts25 1 0,01 0,01 0,01 1 1 

ts26 1 0,01 0,01 0,01 12 12 

ts27 1 0,01 0,01 0,01 1 1 

ts28 1 0,01 0,01 0,01 5 5 

ts29 2 0,01 0,01 0,01 2 2 

ts30 1 0,01 0,01 0,01 2 2 

Table 11: Execution time of manual and automated executions by test step and framework and number of 

invocations in of the test step in the test suite 
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4.2.3 Maintenance costs 
Since there has been no major updates on the SUT during the time of the thesis work, there 

has been no need to perform maintenance on the test cases. This means that the maintenance 

costs for the test cases is an unknown. In order to estimate the cost of maintaining the test 

cases written in the different frameworks, one could use the numbers presented in chapter 

2.4.1 to estimate a maintenance cost factor based on the implementation cost. Since the 

maintenance cost factor varies depending on the structure of the SUT, it may be difficult to 

estimate a perfect maintenance cost factor. As one can see in table 3, the larger update (v. 1.0x 

to v. 2.0x) had an average maintenance cost factor of 68%, with a median of 63%, and the 

minor update (v. 2.0x to v. 2.0y) had an average factor of 20%, with a median of 12%. The 

maintenance cost factor of 35% was selected as an estimate to simulate updates that are on 

average slightly larger than the minor update in [34], while smaller than the larger update. 35% 

also is the average maintenance cost factor in table 1 [31], and slightly larger than the median 

factor. 

Using the maintenance cost factor of 35%, the estimated maintenance cost, on average per 

update and test case can be seen in table 12, and the average maintenance cost per update, per 

test step can be seen in table 13. 

For the purposes of this thesis, manual test cases are assumed to not have any maintenance 

costs. 

 Estimated Maintenance cost (h) 

Test Case ID Selenium WebDriver Capybara Robot Framework 

1 3,5 2,45 2,8 

2 2,8 1,4 1,05 

3 0,7 1,05 0,7 

4 1,4 1,75 2,45 

5 1,75 1,75 2,1 

6 0,7 0,7 0,7 

7 0,7 0,35 1,05 

8 1,05 1,4 0,7 

9 1,05 1,4 0,7 

10 0,7 0,7 0,7 

11 1,4 0,7 0,7 
Table 12: Estimated maintenance cost by framework and test case 

  



 

32 
 

 

 Estimated maintenance cost (h)   

Test step ID Selenium WebDriver Capybara Robot Framework 

ts1 0,7 0,7 0,7 

ts2 1,05 0,7 0,7 

ts3 1,75 0,7 1,05 

ts4 1,4 0,7 0,35 

ts5 0,175 0,175 0,35 

ts6 0,175 0,7 0,35 

ts7 0,175 0,175 0,35 

ts8 1,05 1,4 1,75 

ts9 0,525 0,175 0,7 

ts10 0,525 0,35 0,35 

ts11 1,05 0,7 0,7 

ts12 0,35 0,35 0,7 

ts13 0,7 0,7 0,35 

ts14 0,7 0,7 0,525 

ts15 0,875 0,7 0,525 

ts16 1,05 0,7 0,35 

ts17 0,7 0,35 0,35 

ts18 0,7 0,35 0,35 

ts19 0,175 0,35 0,175 

ts20 0,175 0,175 0,175 

ts21 0,0875 0,175 0,175 

ts22 0,0875 0,175 0,175 

ts23 0,175 0,0875 0,175 

ts24 0,0875 0,2625 0,175 

ts25 0,0875 0,35 0,35 

ts26 0,35 0,7 0,35 

ts27 0,175 0,35 0,35 

ts28 0,175 0,175 0,35 

ts29 0,35 0,35 0,35 

ts30 0,175 0,175 0,35 
Table 13: Estimated maintenance cost by test step and framework 
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5 Results 
In this chapter, the economic models presented in chapter 2.3 will be used to calculate the 

economic impact of test case automation using the data presented in chapter 4.2. 

 Model 1: Ramler and Wolfmaier 
The Ramler and Wolfmaier economic model (chapter 2.3.1) [26] calculates the number of test 

case executions that must take place for automation to break even compared to using manual 

testing. 

𝐸(𝑛) =
𝑉𝑎 + 𝑛 ∗ 𝐷𝑎

𝑉𝑚 + 𝑛 ∗ 𝐷𝑚
 

Equation 1: Model presented by Ramler & Wolfmaier [26] 

The model they present can be seen above as equation 1, where 𝐸(𝑛) is the fraction between 

automated and manual testing for a test case is executed n times. 𝑉 represents the 

implementation time of the test case, 𝑉𝑎  for automated implementation and Vm for manual 

implementation, and D the execution time for the test case, again 𝐷𝑎 the automated execution 

time and 𝐷𝑚 the manual. For the purposes of this thesis, manual implementation time 𝑉𝑚 can 

be considered to be none. The 𝑛 that we want to find is the 𝑛 for which 𝐸(𝑛) is 1, that is when 

the cost of automation equals the cost of manual execution. This means that equation 1 can be 

rewritten to equation 9. 

1 =
𝑉𝑎 + 𝑛 ∗ 𝐷𝑎

𝑛 ∗ 𝐷𝑚
 

Equation 9: Simplified Ramler & Wolfmaier model 

Equation 9 can in turn be rewritten to equation 10. 

𝑛 =
𝑉𝑎

(𝐷𝑚 − 𝐷𝑎)
 

Equation 10: Finding test case execution using simplified Ramler & Wolfmaier 
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Using the data collected in chapters 4.2.1 and 4.2.2 of implementation and execution of test 

cases, the number of test case executions that must take place before test case automation 

breaks even in terms of hours spent per test case and framework can be seen in table 14. 

 Number of executions      

Test Case ID Selenium WebDriver Capybara Robot Framework 

1 2250 1938 2057 

2 5760 2880 1800 

3 655 1800 720 

4 600 900 1200 

5 1286 1636 1800 

6 600 655 600 

7 1800 3600 3600 

8 1800 3600 1440 

9 1080 1440 655 

10 2400 7200 3600 

11 2400 2400 1800 

Average 1875 2550 1752 

Median 1800 1938 1800 
Table 14: Number of executions necessary for the automated test cases to break even 

 Model 2: Hauptmann et al. 
The Economic model of Hauptmann et al in chapter 2.3.2 [35] offers a more holistic way to 

estimate the cost of test automation, as seen in equation 2, with the complete cost of testing a 

test suite in a given execution technique being divided into 𝐶𝑖𝑚𝑝, the cost of implementation 

𝐶𝑒𝑥𝑒𝑐, the cost of execution and 𝐶𝑚𝑎𝑖𝑛, the cost of maintenance. 

𝐶 = 𝐶𝑖𝑚𝑝 + 𝐶𝑒𝑥𝑒𝑐 + 𝐶𝑚𝑎𝑖𝑛 

Equation 2: Hauptmann et al. model [35] 

Equations 3, 4 and 5 further specifies how the different costs are calculated. 

𝐶𝑖𝑚𝑝 = ∑ 𝑐𝑖𝑚𝑝(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

 

Equation 3: Hauptmann et al. implementation cost [35] 

𝐶𝑒𝑥𝑒𝑐 = ∑ 𝑐𝑒𝑥𝑒𝑐(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

∗ #𝑖𝑛𝑣𝑜𝑐(𝑡𝑠) ∗ #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠 

Equation 4: Hauptmann et al. execution cost [35] 

𝐶𝑚𝑎𝑖𝑛 = ∑ 𝑐𝑚𝑎𝑖𝑛(𝑡𝑠, 𝑒𝑡(𝑡𝑠))

𝑡𝑠∈𝑇𝑆

 

Equation 5: Hauptmann et al. maintenance cost [35] 
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Using the data collected in tables 9, 11 and 13 in chapter 4.2, the 𝐶𝑖𝑚𝑝, 𝐶𝑒𝑥𝑒𝑐 and 𝐶𝑚𝑎𝑖𝑛 can be 

calculated for the different execution techniques. Considering an implementation and 

maintenance cost of zero for manual test steps, the 𝐶𝑖𝑚𝑝 and 𝐶𝑚𝑎𝑖𝑛 for a manual test suite would 

be zero, and as such will not be displayed. 

Since the estimate of the implementation time of the different frameworks are based on the 

total implementation time, the implementation time for the different frameworks is the same 

as in table 7, with the Selenium WebDriver 𝐶𝑖𝑚𝑝 being 45 hours, the Capyabara 𝐶𝑖𝑚𝑝 being 38 

hours and the Robot Framework 𝐶𝑖𝑚𝑝 being 38 hours. 

The estimated maintenance cost of the different frameworks can be found in table 13 in chapter 

4.2.3. The total estimated maintenance cost for each framework can be found in table 15. 

Estimated maintenance for framework (h) 

Selenium WebDriver Capybara Robot Framework 

15,75 13,65 13,65 
Table 15: Estimated total maintenance cost by framework 

Finally, the execution cost of the test steps using the different execution techniques can be 

found in table 11 in chapter 4.2.2 together with the number of invocations of the test step in 

the test suite. Using these measurements, a total execution time can be calculated for the 

execution techniques, displayed in table 16. 

Total execution time (s)       

Manual Execution Selenium WebDriver Capybara Robot Framework 

203 87,16 111,16 104,16 
Table 16: Total execution time for the different execution techniques 

Since the number of test runs per update is the one missing piece of information necessary to 

calculate the complete cost of the test suite in the given execution technique, using the same 

idea as in the first economic model to calculate the number of times the test suite must be run 

in order for automation to break even with manual test execution can be done. 

The equation can as such be written as equation 11. 

1 =
𝐶𝑖𝑚𝑝(𝑎𝑢𝑡𝑜) + 𝐶𝑒𝑥𝑒𝑐(𝑎𝑢𝑡𝑜) + 𝐶𝑚𝑎𝑖𝑛(𝑎𝑢𝑡𝑜)

𝐶𝑖𝑚𝑝(𝑚𝑎𝑛𝑢𝑎𝑙) + 𝐶𝑒𝑥𝑒𝑐(𝑚𝑎𝑛𝑢𝑎𝑙) + 𝐶𝑚𝑎𝑖𝑛(𝑚𝑎𝑛𝑢𝑎𝑙)
 

Equation 11: Simple view of extended Hauptmann et al. model 

𝐶𝑒𝑥𝑒𝑐, being the total execution cost of the test suite, can be divided into ∑(𝑐𝑒𝑥𝑒𝑐(𝑡𝑠, 𝑒𝑡(𝑡𝑠)) ∗

#𝑖𝑛𝑣𝑜𝑐𝑠(𝑡𝑠)) which represent the cost of executing the test suite once by dividing it with 

#𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠, the number of times the test suite is executed. By referring to ∑(𝑐𝑒𝑥𝑒𝑐(𝑡𝑠, 𝑒𝑡(𝑡𝑠)) ∗

#𝑖𝑛𝑣𝑜𝑐𝑠(𝑡𝑠)) as 𝑐𝑒𝑥𝑒𝑐, 𝐶𝑒𝑥𝑒𝑐 can hence be rewritten as 𝑐𝑒𝑥𝑒𝑐 ∗ #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠. This, together with the 

assumption that 𝐶𝑖𝑚𝑝(𝑚𝑎𝑛𝑢𝑎𝑙) and 𝐶𝑚𝑎𝑖𝑛(𝑚𝑎𝑛𝑢𝑎𝑙) both equals zero, allows the refactoring of 

equation 11 into equation 12: 

(𝑐𝑒𝑥𝑒𝑐(𝑚𝑎𝑛𝑢𝑎𝑙) ∗ #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠) =  𝐶𝑖𝑚𝑝(𝑎𝑢𝑡𝑜) + (𝑐𝑒𝑥𝑒𝑐(𝑎𝑢𝑡𝑜) ∗ #𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠) + 𝐶𝑚𝑎𝑖𝑛(𝑎𝑢𝑡𝑜) 

Equation 12: Refactored extended Hauptmann et al. model 

  



 

36 
 

Equation 12 in turn can be rewritten to equation 13. 

#𝑡𝑒𝑠𝑡𝑟𝑢𝑛𝑠 =
𝐶𝑖𝑚𝑝(𝑎𝑢𝑡𝑜) + 𝐶𝑚𝑎𝑖𝑛(𝑎𝑢𝑡𝑜)

𝑐𝑒𝑥𝑒𝑐(𝑚𝑎𝑛𝑢𝑎𝑙) − 𝑐𝑒𝑥𝑒𝑐(𝑎𝑢𝑡𝑜)
 

Equation 13: Finding test case executions using the Hauptmann et al. model 

Then, using the data from table 7, 15 and 16 in equation 16, the number of test runs necessary 

for the different execution techniques to break even with manual testing can be calculated. The 

results can be seen in table 17. 

Test runs necessary to break even 

Selenium WebDriver Capybara Robot Framework 

1888 2064 1918 
Table 17: Number of test runs per update necessary for the automated frameworks to break even with 

manual testing 

  Model 3: Cui and Wang 
The Cui and Wang economic model, as presented in chapter 2.3.3 [36] calculated the Cost-

Benefit 𝐶𝐵(𝑛) of automation compared to manual test execution using equation 6. 

𝐶𝐵(𝑛) = −𝐶𝑡 ∗ 𝛼 − 𝐶𝑠 − (𝐶𝑎𝑒 − 𝐶𝑚𝑒) − (1 + ∑ 𝛽𝑖

𝑐

𝑖=1

) ∗ (𝐶𝑎𝑑 − 𝐶𝑚𝑑) − (𝐶𝑎𝑟 − 𝐶𝑚𝑟) ∗ 𝑛 

Equation 6: Cui & Wang model [36] 

where 𝐶𝑡 ∗ 𝛼 is the cost of licensing or purchasing an automated testing tool or framework for 

the project, Cs is the training cost of the tool. 𝐶𝑎𝑒 is the design cost of the automated framework, 

as 𝐶𝑚𝑒 is for manual execution. c is the number of changes in the software, and Bi is the change 

coefficient of the change. 𝐶𝑎𝑑 and 𝐶𝑚𝑑 respectively are the implementation costs of the 

automated framework and manual execution. Finally 𝐶𝑎𝑟 and 𝐶𝑚𝑟 are the execution costs of 

automated and manual execution and n is the number of test case executions. 

Assuming that manual test case design and implementation costs are zero, and that ∑ 𝛽𝑖
𝑐
𝑖=1  is 

0,35 (35%), then the CB of the implemented automated test can be calculated. The resulting 

CB-value for different numbers of test suite executions can be seen in figure 5. 
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Figure 5: The number of test suite executions that are necessary for an automated test suite to break even 

with manual testing according to the Cui and Wang model [36] 

The number of test suite executions for which the different frameworks breaks even with 

manual testing according to equation 6 can be seen in table 18. 

Selenium WebDriver Capybara Robot Framework 
3430 3528 

 

2747 

Table 18: Number of test suite executions for automated testing in the frameworks to break even with 

manual testing estimated using the Cui & Wang model 

Using the number of executions presented in table 18, one can use equation 8 as a base to 

calculate the maintenance cost factor, i.e. the sum of the software change coefficients would 

provide a specific gain percentage 𝛾. 

𝛾 =
𝐶𝐵(𝑛)

𝐶𝑚𝑒 + (1 + ∑ 𝛽𝑖
𝑐
𝑖=1 ) ∗ 𝐶𝑚𝑑 + 𝐶𝑚𝑟 ∗ 𝑛

 

Equation 8: Cui & Wang projected gains [36] 

However, due to the low number of test cases implemented in relation to the cost of learning 

and setup, and the high implementation cost of the early test cases, the lowest maintenance 

cost factor - zero or no maintenance - only provides a 𝛾 value of 8.6% for Selenium WebDriver, 

7% for Capybara and 9% for Robot Framework. 
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6 Discussion 
This chapter will discuss the result of the case study and the data collected, the method used 

to gather this data, including a discussion about the theoretical foundation. 

 Result of the case study 
The test automation costs for web applications of the StoredSafe platform found in chapter 4, 

were in chapter 5 recalculated as the number of test case or test suite executions were required 

to break even test automation with manual testing. A summary of the result can be seen in 

table 19. 

 Breakeven point – number of executions     

Economic model Selenium WebDriver Capybara Robot Framework 

Ramler & Wolfmaier [26]7 1875 2550 1752 

Ramler & Wolfmaier – worst case 5760 7200 3600 

Hauptmann et al. [35] 1888 2064 1918 

Cui & Wang [36] 3430 3528 2747 

Table 19: Calculated number of test case executions necessary to break even with manual testing using the 

three different economic models. 

The numbers presented differ substantially depending on which method was selected, but all 

but the most efficient test cases required the number of test case executions to be in the 

thousands to break even with manual testing. The one question, however, is how does this 

relate to the real world, and how long before the investment into test automation pays off. 

As written in chapter 4, the StoredSafe platform is a mature application, and it has a rather 

small development team. The platform itself is updated on average five times a week, or once 

every working day. 

Assuming that for each update, the test suite is run once for each browser that the organisation 

need to verify that the application works with. In the case of StoredSafe, as written in the 

requirements in chapter 3.1, there are at least three browsers that the application should be 

tested through: The latest versions of Mozilla Firefox, Google Chrome and Internet Explorer. 

This means that instead of running the test suite, for example, 3600 times, the test suit is to be 

run 3 times at 1200 occasions. 

The number of occasions, or days, that the test suites needs to be run to break even with manual 

testing can be seen in table 20. 

  

                                                        
7 Using the average number of test case executions 
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 Breakeven point – number of days   

Economic model Selenium WebDriver Capybara Robot Framework 

Ramler & Wolfmaier 625 850 584 

Ramler & Wolfmaier – worst case 1920 2400 1200 

Hauptmann et al. 629 688 639 

Cui & Wang 1143 1176 916 

Table 20: Number of days for the test suites built to break even with manual testing calculated using the 

different economic models. 

Assuming a working year of 227 days8, and three test suites ran each day, the number of years 

that the test suits has to be used to break even with manual testing can be seen in table 21. 

  Breakeven point – number of years     

Economic model Selenium WebDriver Capybara Robot Framework 

Ramler & Wolfmaier 2,75 3,74 2,57 

Ramler & Wolfmaier – worst case 8,46 10,57 5,29 

Hauptmann et al. 2,77 3,03 2,82 

Cui & Wang 5,04 5,18 4,03 

Table 21: Number of years that the test suits has to be used to break even with manual testing. 

Comparing the calculated time to break even with manual testing to the time calculated in [34], 

one can see that the times presented in this thesis are similar to those presented in the article. 

6.1.1 Validity of the results 
As mentioned in chapter 4, StoredSafe is a rather mature system, with its first release in 2011. 

This might mean that some of the results might be inaccurate in relation to a real world 

implementation. The sources of inaccuracies in the results may be the implementation times, 

which will be discussed in the next subchapter, the maintenance cost factor and the execution 

of automated and manual tests. Since StoredSafe is a mature system, there is unlikely to be a 

big amount of large scale changes to the system and the interface. This means that the number 

and size of the changes necessary to maintain the test suit is limited and a lower number of 

changes to the test suit relates to a low maintenance cost factor. The maintenance cost factor 

that was used in the calculations in this thesis was 35%. And the maintenance cost factor for a 

mature system could on average be lower than that. In [31], two of the frameworks had a 

maintenance cost factor of about 20%, which might be a more realistic estimate. Alternatively, 

the average maintenance cost factor of the smaller update from [34], 12-20% could be a more 

appropriate percentage. 

Estimating the maintenance cost of a test case based on other test cases is difficult without 

knowing the exact circumstances of the implementation of the first test, exactly what it tested 

in terms of functionality and scope and the organisation and team that built it. 

Another threat to the validity of the results is that it is possible that when executing the 

automated test cases, each test that is executed does not replace a manual test. When doing 

manual testing, it is not as likely that the developer would manually execute the complete test 

suite as it would be if the test suite would have been automated. Rather, it is likely that only a 

few of the test cases would be executed. This means that every automated test case that would 

be executed, if automation would take place, would not replace one manual test case execution. 

How to handle this discrepancy is however beyond the scope of this thesis. 

                                                        
8 The average number of working days in a year for a Swedish worker [110] 
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 Review of the method 
The case study, as it was performed, was limited in scope to three frameworks and 11 test cases 

per framework and the need to calculate the maintenance costs rather than measuring them. 

As discussed in the previous subchapter, estimating the maintenance cost without experience 

and knowledge is an unprecise act at best. One way this could have been mitigated would be to 

do maintenance for the test cases in the same manner as the authors of [31], by implementing 

the test suite for the second to last version, and then updating it to work on the latest version. 

For this project, this was not viable due to that the test cases were tested against the StoredSafe 

development server and not a dedicated platform. 

As also mentioned in the previous subchapter, the implementation costs used to calculate the 

test automation costs may be imprecise if compared to a real implementation. This is because 

during this thesis work, three sets of test cases were developed in three different frameworks. 

Capybara and Robot Framework were used only after two test cases had been fully developed 

using Selenium Webdriver, after learning and setting up that framework. The learning and 

initial development costs of the two first test cases implemented when using these two 

frameworks may therefore have been artificially lowered in comparison to if they would have 

been the only framework used. This means that the reliability of the data presented in this 

thesis may be low, but since the results of the thesis work are within the bounds of the results 

of earlier studies; the time necessary to break even with manual testing is within the bounds 

presented by [31] and [34]. 
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7 Conclusions 
The aim of this thesis was to analyse some of the existing test automation frameworks for web 

applications by implementing a number of test cases for each of them, finding and using best 

practices and design patterns, as well as measuring the costs of test automation. It also aimed 

to answer the following questions: 

What is required to establish and maintain a test suite for regression tests of a web 

application over time? 

What frameworks, methods and tools exist to automate the test automation process? 

How does the frameworks, methods or tools differ in regards to the creation and maintaining 

the test program, including the costs of implementation and maintenance and the benefits 

they provide? 

Test automation for web applications is expensive. In order to establish an automated 

(regression) test suite it is recommended that existing frameworks are used in order to avoid 

double work and make the development easier. While there are many frameworks and tools 

available for test automation of web applications, for this thesis work, three were chosen. These 

were Selenium WebDriver, the Capybara library together with the Cucumber framework, and 

Robot Framework using the Selenium2Library. In order to ensure maintainability and have a 

well-designed testing program, some considerations were made to how one should design a 

testing program. In this thesis, three design techniques and methods have been presented. 

Page Objects is an object oriented design pattern where the interaction with the web 

application itself is encapsulated in objects. These objects are then called on to interact with 

the page when needed. This places the interactions with a page of the application in a single 

place, meaning that if the page changes, the testing program only needs to be changed in a 

single place. Second, note has been taken from the Behaviour Driven Development style of 

writing test cases, or describing behaviours. There, behaviours are described in a specific 

manner using a language that is similar to natural language: Given some conditions, when an 

event or action takes place, then a result is produced. This creates a separation between the 

behaviour of the system that the test verifies and the implementation of the test case. Finally, 

Keyword Driven Testing is an approach to test case implementation where there is a distinct 

separation between the description of a test case and the implementation of it. The test case is 

written or described in a language similar to natural language, made up of Keywords which 

expresses an action, or a set of actions that the can be performed by the test program. Keywords 

can be assembled to create test cases or new keywords, and is as such a flexible way of 

extending an existing test program. 

Using the frameworks mentioned, together with the design techniques described above, three 

sets of test cases, each containing eleven test cases, were implemented for the StoredSafe web 

application as a case study. Knowing if test automation is economically the correct decision 

can be difficult. Three economic models for calculating the costs of automation in comparison 

to manual testing has been used in this thesis: Ramler and Wolfmaier [26], Hauptmann et al. 

[35] and Cui and Wang [36]. Data from Loetta et al. [31] and Alégroth at al. [34] was used in 

order to estimate the cost of maintenance of a test program based on the implementation cost. 

The maintenance cost estimate was used together with the data collected in the case study to 

find if test automation was viable using any of the three frameworks. The main finding was the 

number of test executions that was necessary, according to each economic model, for the cost 

of test automation to be lower than that of manual testing. The resulting recalculated to time 

can be seen in the table 22. 
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 Breakeven point – number of years   

Economic model Selenium WebDriver Capybara Robot Framework 

Ramler & Wolfmaier – Average 2,75 3,74 2,57 

Ramler & Wolfmaier – Worst case 8,46 10,57 5,29 

Hauptmann et al. 2,77 3,03 2,82 

Cui & Wang 5,04 5,18 4,03 

Table 22: Number of years that the test suits has to be used to break even with manual testing. 

This means that the economic benefits of test automation can be expected to be seen after a 

period of time that is between 2½ to over 10 years, with an average of 3½ years, although the 

worst case is based on the worst case estimate for each framework.  

The limitations put on this thesis work in scope and in time may have affected the accuracy of 

the result, making it inaccurate for the circumstances of a real organisation. Some conclusions 

can be drawn from the presented data. Test automation for web applications is an investment 

that will take at least a few years to have an economic return. The models presented in this 

thesis may be used to estimate, using more accurate data for a given organisation, how long it 

will take in order to reach the breakeven point. But if care is not taken, the values used to 

estimate learning, implementation, maintenance, and so on, are faulty. The calculated estimate 

may then be inaccurate and may at worst lead to decisions that are economically unsound, such 

as implementing test automation when the true breakeven point is many years past the 

estimated one, or deciding not to implement test automation due to a breakeven point that is 

too far in the future, when the actual breakeven point is not. 

Finally, the cost of automation should be set against the benefits that test automation brings 

given how the organisation functions and works. There may be situations where test 

automation may not be economically beneficial for a long time but where the benefit of being 

able to often run a set of test cases could provide much higher level of code quality. 

 Further work 
There are multiple aspects of this thesis work that could be improved and elaborated upon. 

One limitation of this work is that there was a single developer writing the test programs for 

all three frameworks. This means that knowledge and experience in one framework could be 

carried over to create better tests in the others which may have influenced the implementation 

and learning times for the frameworks. This could be resolved if a similar study was to be 

performed where the development of the test programs would be divided into distinct groups 

that each develop a test program using a single framework. This also means that the cost of 

learning the frameworks were high in comparison to the total cost of developing the tests. If 

each development group would only focus on a single framework, more test cases could be 

finished in the same time, providing a better balance between learning costs and 

implementation costs. 

Another area of improvement is how to calculate the estimated maintenance cost of a test 

program. One question that could be asked is how using different frameworks and techniques 

affect the maintenance cost, and how does that maintenance cost of the test cases change over 

time in the life-cycle of the system under test? 

Finally, would different ways of working produce test cases with different costs, both 

implementation and maintenance, and would the benefits be the same across the different 

ways of working? Would the benefits be the same, similar or does test automation fulfill 

different niches depending on the way of working? 
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Appendix A: Data on the communities of the Frameworks 

 

 

  Results with no restriction on time     Results since January 1st 2015     

Frameworks search keywords for frameworks Total results >=100 views >=1 answer 

Has 
accepted 
answer All of the above Total results >=100 views >=1 answer 

Has 
accepted 
answer All of the above 

Selenium WebDriver "selenium" 34 667 17 988 28 965 13 808 8 452 15 362 1 914 11 578 5 134 881 

  "selenium webdriver" 8 888 4 691 7 546 3 384 2 115 4 008 575 3 158 1 302 269 

  "selenium 2" 643 569 593 337 307 57 14 46 22 9 

Watir WebDriver "watir" 2 396 1 688 2 157 1 226 936 474 41 394 192 23 

  "watir webdriver" 992 711 888 515 391 221 24 182 97 14 

DalekJS "dalekjs" 73 39 63 25 19 20 1 13 2 0 

CasperJS "casperjs" 1 938 910 1 489 861 478 936 112 591 352 59 

Jasmine "jasmine" 6 744 3 183 5 218 3 060 1 839 3 676 718 2 497 1 361 381 

SahiOS "sahi" 163 109 134 52 42 40 4 23 6 0 

  "sahi os" 8 3 5 0 0 3 0 1 0 0 

  "sahi pro" 15 11 13 8 7 4 1 2 0 0 

Capybara "capybara" 4 356 2 708 3 774 2 222 1 504 1 267 144 1 024 570 74 

  "capybara" + "webdriver" 275 190 224 122 98 81 10 55 24 6 

  "capybara" + "cucumber" 928 696 811 467 368 183 24 147 82 7 

QUnit "qunit" 1 104 724 918 565 422 274 41 180 107 23 

Robot framework "robot framework" 927 396 817 390 192 559 91 464 219 50 

 "robotframework" 372 151 317 145 72 208 20 162 64 7 

  "selenium2library" 161 82 142 69 41 85 15 69 28 6 

Data collected on Stack Overflow (stackoverflow.com) on Thursday the 15th of July 2016        
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Appendix B: Commits to the frameworks 
All data gathered 5th of July 2016 

Selenium Webriver 

Source: https://github.com/SeleniumHQ/selenium/graphs/contributors 

Watir WebDriver 

Source: https://github.com/watir/watir-webdriver/graphs/contributors  

DalekJS 

Source: https://github.com/dalekjs/dalek/graphs/contributors  

 

CasperJS 

https://github.com/SeleniumHQ/selenium/graphs/contributors
https://github.com/watir/watir-webdriver/graphs/contributors
https://github.com/dalekjs/dalek/graphs/contributors


 

50 
 

Source: https://github.com/casperjs/casperjs/graphs/contributors  

Jasmine 

Source: https://github.com/jasmine/jasmine/graphs/contributors  

SahiOS 

SahiOS does not use Github.com, but rather SourceForge.net to host their code, so no fancy 

graph of commits to the code over time can easily be produced. The latest update (and latest 

released version) is for SahiOS version 5, which was uploaded 2014-11-05 

Source: https://sourceforge.net/p/sahi/code/HEAD/tree/  

Capybara 

Source: https://github.com/jnicklas/capybara/graphs/contributors  

  

https://github.com/casperjs/casperjs/graphs/contributors
https://github.com/jasmine/jasmine/graphs/contributors
https://sourceforge.net/p/sahi/code/HEAD/tree/
https://github.com/jnicklas/capybara/graphs/contributors
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QUnit 

Source: https://github.com/jquery/qunit/graphs/contributors  

Robot Framework 

Source: https://github.com/robotframework/robotframework/graphs/contributors  

Robot Framework Selenium2Library 

Source: https://github.com/robotframework/selenium2library/graphs/contributors  

 

 

  

https://github.com/jquery/qunit/graphs/contributors
https://github.com/robotframework/robotframework/graphs/contributors
https://github.com/robotframework/selenium2library/graphs/contributors
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Appendix C: List of Test Cases that were implemented in the Case Study 
 

Test Case ID: 1 
Test Case Name: Login Admin User 
Test Case Description: An Admin User logs into storedsafe to verify that login functionality works 
 
Test Case ID: 2 

Test Case Name: Logout user from system 

Test Case Description: Verifies that the logout functionality works as intended 

 

Test Case ID: 3 

Test Case Name: Create Vault 

Test Case Description: Verifies that the vault-creation functionality works as intended 

 

Test Case ID: 4 

Test Case Name: Create non-file item in Vault 

Test Case Description: Verifies that the create item (non-file) function of vault-page works as intended 

 

Test Case ID: 5 

Test Case Name: Copy object from one vault to another 

Test Case Description: Verifies that the function to copy object between two vaults works as intended 

 

Test Case ID: 6 

Test Case Name: Move object from one vault to another 

Test Case Description: Verifies that the function to move object between two vaults works as intended 

 

Test Case ID: 7 

Test Case Name: Read encrypted information 

Test Case Description: Verifies that function to read encrypted information in object works as intended 

 

Test Case ID: 8 

Test Case Name: Delete object 

Test Case Description: Verifies that function to delete an object in a vault works as intended 

 

Test Case ID: 9 

Test Case Name: Delete vault with any number of objects 

Test Case Description: Verifies that deleting a vault with any number of objects works as intended 

 

Test Case ID: 10 

Test Case Name: Try to delete non-empty vault 

Test Case Description: Verifies that the behavior of system when non-empty vault deletion is 

attempted is correct. 

 

Test Case ID: 11 

Test Case Name: Try to leave vault as last admin 

Test Case Description: Verifies that the behavior of system when the last admin tries to leave a vault 

is correct 


