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Abstract

This thesis concerns advanced code differencing techniques in the context of

automated large-scale refactoring for legacy software systems. Commonly,

differencing compares two artefacts (code, but not only), and is based on the

largest common subsequence algorithm developed by Douglas McIlroy and

James Hunt in 1976. This algorithm considers both artefacts as blobs of text

and outputs the shortest sequence of modifications (adds and deletes) that is

necessary to go from one version to the next. Flat textual comparison like this

does not reflect developer goals and obscures the intent of the changes due to

the excess of low-level information displayed, which can lead to frustrating

and tedious experiences.

We explored ways to enhance the experience of differencing users by cre-

ating new differencing techniques that take advantage of modern techniques

and knowledge of the nature of the artefacts they are analysing. This thesis

was done in collaboration with a company called Raincode Labs. They are

compiler experts and offer various services in the realm of legacy software

and automated refactoring. One of those services, which is the use case of

this thesis, is automated refactoring of generated COBOL code. While this

process is well-known to experts within the company, they have found that,

since the process is fairly intricate and behaves as a black box, clients have

a hard time trusting the newly refactored code. This causes communication

issues, and experts have reported that they wish for a tool that allows them

to better transmit their expertise to their clients.

Combining the new differencing technique and the need present at Rain-

code Labs to better explain their process, many tools and techniques were

created during this thesis, including a log-based behavioural differencing al-

gorithm, a COBOL semi-parser, and a trace equivalence comparator. These

tools are accompanied by visualisation modules, facilitating better communi-

cation with clients and reinforcing trust in automated refactoring processes.

The contributions of this work have the potential to benefit both Raincode

Labs and the wider software engineering community, providing solutions to

challenges in legacy software maintenance and refactoring.
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Introduction 1
1.1 Context

This doctoral thesis is the result of a partnership with the company Raincode

Labs [Rai23]. Theymainlywork in the domain of legacy software systems and

offer various services, among them automated refactoring of generated code.

While they are experts in their domain, they expressed interest in collaborat-

ing with researchers, in order to strengthen some parts of their processes.

The focus of this work is therefore to explore the potential of advanced

code differencing techniques in domains that Raincode Labs identified asweak

spots, where our research could enhance the process via new tools and a dif-

ferent point of view. This work does not aim to replace the established refac-

toring process and tools of Raincode Labs, which have been successfully used

for over 15 years.

To identify areas of improvement within their processes, extensive dis-

cussions were conducted with Raincode Labs to gain a comprehensive under-

standing of their operations and identify their concerns. The primary chal-

lenge highlighted during these discussions was the difficulty of effectively

communicating with their clients. The precise expertise possessed by Rain-

code Labs often proves challenging to convey to individuals, even to those

with some technical background. This is why there is a demand for tools or

methodologies that can provide objective proof and reinforce their expertise

to foster stronger client relationships.

Addressing these concerns and providing solutions in the form of ad-

vanced differencing techniques will be the focal point of this research. By

leveraging these techniques, we aim to develop tools and methodologies that

enhance understanding and communicationwith clients, facilitate knowledge

transfer, and provide tangible evidence of the expertise offered by Raincode

Labs.

1.2 Refactoring in practice

When software ages, it tends to expand beyond the features initially planned,

an effect known as scope creep and defined as "any change in project scope or

pressure to deliver more than what was agreed between customers and vendors

3



4 Introduction

initially" [Kom+20]. Constant introduction of features and bug fixes makes

code less healthy, harder to maintain, less habitable [JF09]. While this is un-

avoidable in the software life cycle, uninhabitable code is difficult to read and

change, making the maintenance process less efficient and more costly.

Whenever code gets harder to maintain, it is good practice to clean things

up through code refactoring, a task nowadays routinely performed through-

out the software life cycle. However, the process of manually applying said

refactorings is known to be tedious and error-prone [CM08]. In response to

this, refactoring tools have been created. These tools can automatically ap-

ply refactorings, which makes it easier and faster for developers to improve

the quality of their code while avoiding the errors that come with repeated

manual labour.

In industry, when dealing with legacy software, refactoring presents a

double challenge: not only does the codebase get smelly, but the knowledge

about its technical specificities gets less and less common among develop-

ers [Kha+14]. This means that it is sometimes impossible to maintain with

in-house developers, requiring companies to employ very expensive indepen-

dent experts.

Another option available to companies is to refactor the code on a very

large scale, sometimes moving entirely away from a previous programming

language or getting away from previous dependencies on ageing technolo-

gies. This is sometimes referred to as re-engineering [CC90; SN02].

In practice, such undertakings can be done in-house but will take a great

deal of time and effort, ranging fromweeks to months as estimated in a recent

survey [Ive+22], a time during which the usual maintenance tasks of creating

features and fixing bugs need to be halted. Since this is not always possible,

the reengineering can be outsourced to experts outside of the company. In

these cases, the exact specifications of what is to be done and the expected

output first need to be determined before the code gets transformed into a

new version that will be rolled into production and then maintained by the

original company.

We see issues with communication and understanding between both par-

ties in such large-scale refactoring projects; the code owners as well as the

refactoring experts. The first step is to determine exactly what needs to be

transformed, as well as how. These decisions will be guided by the experts

but we know requirements engineering needs to be done with care [Mac12]

and experts often find it difficult to convey their knowledge to clients.

The second friction point happens after the refactoring, when the new

code is released. Since none of the code owners were actively involved in

the refactoring, the previously known structures in the code will be entirely

different and unfamiliar. While the new code is arguably more habitable, it

is often completely unrecognisable. Yet, it has to be rolled into production to
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continue its life cycle. This new code is hard to trust, putting the responsibil-

ity on the experts to reassure the code owners.

An obvious way to alleviate scepticism about this new version of the code

would be for the owner to run an extensive test suite. If all the tests that

passed with the previous version still are green with the new one, it should

be safe to deploy. However, test suites can be completely absent or do not

have a satisfying coverage of the code when they exist. Manually creating

new tests is expensive and time-consuming. While the discipline of auto-

mated software testing has seen lots of interest lately, it cannot fully replace

manual testing [BWK05] nor has it been designed for legacy software that

is not well-comprehended in the first place. In practice, we see clients ask-

ing the refactoring companies to provide proof that the two versions of the

code are equivalent and safe for production or to at least provide guidance on

which parts of the new system are most likely to fail.

1.3 Problem statement

We have argued that complex processes like large-scale refactoring are diffi-

cult to understand and trust when they are performed either by automated

tools or third parties. This leads to less usage of automated tools and delays

during large-scale refactoring projects handled by external experts. We have

found that even when working with a company that has over fifteen years

of experience, code owners struggle with trusting the unfamiliar results they

get, asking for proof that it is safe to use and leading to time loss for both

parties.

Therefore, it would be beneficial to help the understanding of the refac-

toring process itself, as well as to show that the behaviour of the code is pre-

served after an automatic refactoring has been applied.

In this thesis, we set out to tackle the problem of trusting and understand-

ing an automated refactoring using advanced differencing techniques. Since

we collaborated with the company Raincode Labs (chapter 4 details both the

company and the use case we chose), the goal of this thesis is twofold. First,

to produce advanced differencing techniques and tools that will be broadly

applicable and add to the state of the art in the domain. Second, to ensure

that the techniques and tools scale to the reality of industrial data and can be

later used by our partner company.

We tackled the project from two angles, using different artifacts from the

refactoring process. First, we analysed the logs of the refactoring process,

comparing two consecutive executions and showing how the process evolves

when the input or the configuration file changes. With this, we aim to help

giving an explanation of the behaviour of the automated refactoring process

itself. We provide our experts with a tool that allows them to show their
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clients the effects of modifying the configuration or input files.

Second, we analyse the code, comparing it before and after the refactoring

process. We identify the code structures most affected by the refactoring pro-

cess, extract them from the code, and then translate them to models that we

compare. This allows us to guarantee, for part of the code, that its behaviour

(possible paths of execution) remains the same after having gone through the

refactoring process.

With both those tools, Raincode experts should be able to better convey

the reasoning behind their processes as well as reassure their clients that the

automated refactoring produces code that is safe to put in production. To en-

sure that this is the case, we performed validations on both tools we produced,

involving Raincode experts and taking advantage of their feedback.

Having set the overall context, we will detail the research questions that

guided our work.

1.4 Research questions

The discipline of code differencing emerged in 1970, but since then, tools have

arguably not evolved much. Therefore, most users performing differencing

tasks do not benefit from the new techniques discovered by the community

and are still treating code as a blob of text, ignoring the structural and se-

mantic dimensions that it is known to have. We set out to use this unused

information and produce tools that would help enhance the understanding of

the changes presented by differencing techniques.

This leads us to the following main research question to guide our re-

search: How can we help code owners and refactoring engineers understand the

process and results of automated refactoring on large legacy code bases? This

big question can then be broken up into smaller research questions:

RQ1 How can we provide insights as to how a large-scale process (e.g. an au-

tomated refactoring) reacts to changes?

One of the reasons for the lack of trust in automated processes is the

fact that they behave as black boxes. Due to their many parts, even a

small change to their configuration or input can have large effects that

are both difficult to understand for an outsider and difficult to explain

by an expert.

RQ2 How can we extract from the code the structural information impacted by

the automated refactoring, and do so in a language-agnostic way?

Extracting parts of code to later analyse it is a very common endeav-

our [Cor+00; DKU17; HH01; CG14]. The first question that presents

itself is: Which parts of the code are necessary for the comparison and

which can be left aside?
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Once the parts to extract have been identified, the next question is:

What technique is best suited to obtain them? Which will most fulfil

our needs of having the most flexible and language-agnostic tool pos-

sible?

RQ3 What models do we need in order to compare them and show that they

are equivalent?

Formally proving that two programs are equivalent in their behaviour

is a subject that has been explored many times [How96; Cio+14; Cra02;

GS10; WD14]. Before we can perform any comparison, we need to ask

what model(s) would be best suited for our needs. Since we also want

to create a visualisation tool, we need a representation of the code that

will be easy to interpret for developers. However, we also need a model

that will be comparable. Are those goals in opposition to each other and

would we benefit from having two models and translating from one to

the other?

The second part of the question requires us to pick a technique to com-

pare our models. We need the technique to prove as much equivalence

in the behaviour of the code as possible as well as provide details on its

process so we can visualise it properly.

RQ4 How can we visualise the output of our tools? How do we manage to scale

to the size of a real industrial use case?

Visualisation is a great way to analyse the information produced by

comparison tools. Taking advantage of well-known colour schemes

(red/green/orange) makes a visualisation tool easily accessible while

intuitive interactions allow guiding the flow of a user’s reflection. How-

ever, the scale of industrial data poses question: Can everything be

shown or is it helpful to hide some information to help users get the

bigger picture?

RQ5 How can the tools produced in this thesis be used, in which contexts within

and outside of the company?

Since this thesis was conducted in collaboration with a company, it is

important to reflect on the techniques and tools produced in terms of

generalisability. Firstly, can the tools be used within the company? If

so, is it only in a very specific context or are the experts able to imagine

several uses for the tools produced within their processes? Secondly, is

this applicable to other contexts outside of the company?
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1.5 Approach

To develop the tools proposed in this research, we employed a systematic

and iterative approach, using the following methodology. The process begins

with comprehensive discussions with experts from Raincode Labs to identify

specific areas within their existing processes that could benefit from the ap-

plication of advanced code differencing techniques. Subsequently, a thorough

analysis of the state of the art is conducted to determine the most suitable

techniques and methodologies.

Once a technique is selected, a detailed plan is presented to Raincode Labs

experts in order to have a transparent and collaborative experience. During

this discussion, their feedback, concerns, and prioritised features are carefully

noted to ensure that tools align with their specific requirements and address

the identified weaknesses effectively. This iterative feedback loop facilitates

the creation of tools that not only meet the research objectives but also res-

onate with the practical needs of Raincode Labs.

The development process comprises two essential components: main al-

gorithms and visualisation modules. Main algorithms are designed to incor-

porate selected code differencing techniques, enabling the identification of

meaningful elements. Those elements are then highlighted in the visualisa-

tion modules, using colours and interaction to guide users in understanding

them. Throughout the development process, the research community’s ex-

pertise and input are sought via the publication of papers and engagement in

academic conferences. This allows for a broader perspective and constructive

criticism, enhancing the robustness and effectiveness of the tools being devel-

oped. The feedback and insights gained from the research community further

refine the tools and ensure their alignment with both industry standards and

academic rigour.

Following the creation of the tools, validation phases are conducted in

collaboration with the Raincode engineers. This is the first time they directly

interact with the tool and provide hands-on feedback. Their reactions, con-

cerns, and suggestions are considered, forming the basis for further improve-

ments and fine-tuning of the tools. Reflections and lessons learned from these

validations are then looped back into the research community through scien-

tific papers, allowing us to share the benefits of having an industrial partner

with real-world experience.

1.6 Contributions

To enhance the understanding of large-scale refactoring processes, we pro-

vide a collection of tools, including two visualisation tools, two advanced dif-

ferencing techniques, and a semi-parser. The development of each element
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entails a dual focus: ensuring scalability for accommodating the industrial-

scale data provided by our partner company and maintaining a level of gen-

erality that allows for broader application beyond our immediate context. Fi-

nally, we provide a validation for each of the tools we created, either via au-

tomated testing and performance comparison or with a validation performed

thanks to the feedback of experts from our partner company.

C1 Application of an existing log-based behavioural algorithm to industrial-

scale data

Goldstein et al. [GRS17] presented a technique allowing to extract rel-

evant information from logs, transform them into a Finite-State Au-

tomaton and compare the models extracted from two successive ex-

ecutions of a process in order to provide insights. We adapted their

log-extraction strategy to the logs produced by our industrial large-

scale refactoring process, reimplemented and applied their comparison

algorithm to the generated models. This contribution tackles RQ1.

C2 Creation of a visualisation tool for log-behavioural differencing

When applying the visualisation proposed by Goldstein et al. to our

industrial data, we encountered limitations that rendered the visualisa-

tion unusable in its basic version. We proposed solutions to overcome

said limitations, implemented them in a visualisation tool and validated

that our solutions did solve the encountered limitations. This partially

tackles RQ4.

C3 Implementation of a COBOL semi-parser

In order to show that the behaviour of the code is preserved after go-

ing through the automated refactoring process, we identified the code

structures that are most affected by the refactoring. We then wrote

a semi-parser using the technique of fuzzy parsing that allowed us

to extract said structure from the code. We remained as flexible and

language-agnostic as possible through the use of a configuration file

specifying in detail what is necessary to extract from the code. This

tackles RQ2.

C4 Implementation of a trace equivalence tool

We transformed the output of our semi-parser into Labelled Transition

Systems, and compared them using a trace equivalence algorithm. We

found that the basic version of the algorithm presented some limita-

tions, and proposed solutions to overcome them. This tackles RQ3.

C5 Creation of a visualisation tool for trace equivalence between two pro-

grams

We augmented the base trace equivalence algorithm to mark states and
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transitions as they are explored, allowing us to then visualise the differ-

ent execution paths explored as well as show when they are considered

equivalent and when they are not. We encountered scaling issues in

this visualisation as well and presented solutions to overcome them.

This tackles RQ4.

C6 Validation of all preceding contributions

For each of the contributions described above, we performed valida-

tions in order to ensure that they scale with regard to the time of exe-

cution or size of the visualisation. We presented in detail why we were

able to apply the techniques that we chose to our use case, as well as

described what are their strength and weaknesses. We finally validated

the tools with Raincode Labs experts to find if and how they could be

used in their specific context. This tackles RQ6.

1.7 Supporting publications

This dissertation is supported by the following publications, all of which have

the doctoral candidate as the first author.

[Dek+20a] This paper "Advanced Differencing of Legacy Code and Migration Logs"

presents early ideas on the application of the log-based behavioural dif-

ferencing algorithm. It was presented at the SATTOSE in 2020, but not

published since we wanted to write a more mature version of this work

thanks to the feedback from the community.

[Dek+20b] In the paper "Improving a SoftwareModernisation Process by Differencing

Migration Logs", we presented our finalised log-based behavioral differ-

encing tool and gave intuitions on how well the tool scales with indus-

trial data. This paper was presented at PROFES in 2020 and adresses

RQ1 with C1.

[Dek+21] In this paper "A Scalable LogDifferencing VisualisationApplied to COBOL

Refactoring", we present the visualisation tool for our log-based be-

havioural differencing algorithm, show the limitations that we found

with the original visualisation and propose a solution to fix said limita-

tions. We then validate with experts that our solution does indeed help

with the limitations. This was presented at VISSOFT2021 and parially

addresses RQ4 and RQ5 through C2 and a part of C6.

[Dek+22a] The paper "Generating Customised Control-Flow Graphs for Legacy Lan-

guages with Semi-Parsing" details the code structures most affected by

the automated refactoring process as well as how we extracted them

from the code through semi-parsing. We compare our semi-parser to
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an industrial-grade full parser in terms of both time of execution as well

as ease of use, highlighting cases in which the use of this technique will

be most useful. This addresses both RQ2 and RQ5 through C3 and a

part of C6.

[Dek+22b] In this paper "Visualising CFG Differences Through Trace Equivalence"

we present how we translated the Control-Flow Graphs that we gen-

erated into models that are compatible with our chosen technique of

trace equivalence in order to compare them. We also justify why the

technique of trace equivalence is the best fit for our use case. This was

presented at ICSME2022 tackles RQ3 through C4.

To be published In the paper "Understanding Large-scale Codebase Refactoring through

Semantic-aware Differencing", we present our trace equivalence algo-

rithm in more detail, as well as explain how we enhanced the base al-

gorithm to better fit our use case of comparing refactored programs.

We also describe the visualisation tool that we created using Roassal

and validate both it and the trace equivalence algorithm. This finishes

to answer RQ4 and RQ5 through C5 and the last part of C6 and has

been submitted to SANER2024.

During this project, we paid special attention to making our work re-

producible, which is why we produced the following artifacts, available on

Zenodo:

■ Log-based visualisation tool, accompanying our VISSOFT paper [Dek+21],

found at: https://zenodo.org/record/5450770

■ Validation of our fuzzy parser, accompanying our ICSMEpaper [Dek+22a],

reciever of the ICSME2022 Best Artefact Award,

found at: https://zenodo.org/record/6806075

While our industrial data is confidential, every tool and technique pro-

duced during this thesis is open-source and can be found in the following

GitHub repositories:

■ Log-based behavioural differencing and visualisation tool:

https://github.com/CelineDknp/CodeDiffNG

■ Fuzzy-parser and trace equivalence tool:

https://github.com/CelineDknp/SemiParsingCFG

■ Visualisation tool for the trace equivalence:

https://github.com/CelineDknp/semiParsingVisualisation
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1.8 Roadmap

In this section, we describe the structure of this dissertation, which is divided

into three parts: preface, analysis of the refactoring process and analysis of

the effects of the refactoring process.

Preface
This first part is meant to provide all the necessary information to ap-

proach the following two parts. We start with an introduction to the prob-

lem, how we approached it and what research questions motivated our work,

chapter 1. We follow this with background information in chapter 2 encom-

passing some details about the industrial context and basic information on

the legacy programming language used in this thesis, COBOL. Next, we pro-

vide a quick history of the disciplines of refactoring and differencing which

are key to our work. We then move on to the state of the art in the domain

with chapter 3. To conclude, chapter 4 presents Raincode Labs in more de-

tail, then explains the different steps and artifacts included in our use case, an

automated large-scale refactoring.

Analysis of the refactoring process
The second part of this thesis focuses on the analysis of the refactoring

process itself, in order to help experts explain it to their clients. In chapter 5,

we present our chosen technique of comparison, log-based behavioural dif-

ferencing, how it applied to the use case and explain how we overcame the

limitation that we found in the base visualisation algorithm. In chapter 6,

we present how we validated our technique and visualisation tool. We start

by showing that the technique is practical to use in the industrial context in

terms of time of execution, then detail howwe validated the visualisation tool

using the help of Raincode Labs experts.

Analysis of the effects of the refactoring process
In the third and last part of this thesis, we present how we analysed the

input and output of the automated refactoring process in order to show that its

behaviour is preserved. We show, in chapter 7, how we analysed the process

in order to find the code structures most affected by it, then extract them

using semi-parsing. The chapter 8 shows how we validated our semi-parser

by comparing it to a full parser available from Raincode Labs, both in terms

of correctness and time of execution.

In chapter 9, we present the models we extracted from the code, as well

as justify why the use of both Control-Flow Graphs and Labelled Transition

Systems is necessary for our purpose. We explain how we applied the base

trace equivalence algorithm to the models and then show the extension that

we made to the base algorithm in order to better fit the use case. We validate

our work in chapter 10, showing how much of the code from the industrial

partner we were able to show as being trace equivalent.
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In chapter 11, we detail how we created the visualisation tool for the

trace equivalence between two programs. We explain how we adapted the

algorithm in order for it to mark the models and how we make use of the

two different models to produce a satisfactory visualisation. In chapter 12,

we present how we validated the previously described visualisation tool with

our experts.

Conclusion and future work
Finally, chapter 13 concludes this dissertation by presenting howwe could

improve the tools and techniques applied in this thesis in the future and dis-

cussing final lessons learned.





Background 2
In this chapter, we provide background information about our partner com-

pany (2.1) as well as a quick overview of the features of COBOL (2.2), the

legacy language we will use in this thesis. Finally, we give a quick history of

the disciplines of differencing (2.3) and refactoring (2.4).

2.1 Industrial context

Our partner company, Raincode Labs, provides various services in the realm

of legacy code maintenance (more details can be found in section 4.1). We are

interested in one of these services in particular: a large-scale automated refac-

toring process. In these projects, the experts from the company take gener-

ated COBOL code and refactor it through manymigration rules, transforming

the unmaintainable generated code into healthier COBOL. Much like smaller-

scale refactoring tools, this process was created internally by Raincode Labs

and behaves as a black box to outsiders.

As described previously, in these projects, Raincode Labs frequently finds

itself in a position where they are unable to provide a clear explanation to

their clients, which sometimes leads to tensions and misunderstandings. The

experts expressed a strong desire for tools that can visually present and facili-

tate a clearer explanation of their work to clients. They seek ameans to bridge

the gap in understanding and demonstrating the details of their process in an

externally accessible way.

Moreover, Raincode Labs expressed a need for tangible evidence that can

support their claims and assertions. While their expertise is unquestionable

within the organisation, the lack of external validation outside of their past

projects poses a challenge when establishing credibility. Indeed, they have

observed that despite being told that they have successfully migrated mil-

lions of lines of COBOL for other companies, their clients always believe that

their particular codebase is different and special in a new way that makes the

migration uncertain.

While clients do understand the COBOL code outputted by the migration

process, they often ask questions about why it is the way it is. These ques-

tions are very difficult to answer by the experts due to the iterative nature

of the refactoring, which applies many different rules on every line of code

15
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in sequence requiring them to dig very deep into logs from the process to

explain the effect of a single rule being triggered. Since the transformation

is never done in one step, it is difficult to answer questions such as "Why did

this specific condition get flipped and not this other one?"

In our case, we approached this use case of large-scale automated refac-

toring from two sides: first looking at the log of the process in order to help

explain how exactly it happened and why one rule triggered rather than an-

other; second looking at the code itself, comparing both versions before and

after the migration to help show what changes were made and that they are

behaviour-perserving. We also created visualisation modules to complement

the algorithm by presenting the results in an intuitive and visually compre-

hensible manner, aiding in the communication and understanding of the dif-

ferencing outcomes. We aim to provide our partner company with a practical

and tailored solution to improve their communication with clients, validate

their expertise, and enhance their overall service delivery.

2.2 A COBOL crash course

The collaboration established with Raincode Labs provides a valuable advan-

tage by granting access to domain experts and the availability of authentic

industrial-scale data (despite the data’s confidentiality due to non-disclosure

agreements).

This partnership necessitated a direct engagementwith legacy code, specif-

ically COBOL code in the context of our use case. While it is not imperative

for the reader to be capable to create COBOL code from scratch, a basic un-

derstanding of this language will prove beneficial.

In this section, we explain essential COBOL concepts that will help the

comprehension of the COBOL code fragments presented throughout this the-

sis. This knowledge will also help the reader to understand the challenges

encountered during this work due to the nature of COBOL itself.

2.2.1 Before computer files: punched cards

When early programming languages like FORTRAN [Ora23] or COBOL [IBM23b]

(COmmon Business Oriented Language) were created, writing code was very

different fromwhat we know today. Back then, programmers first wrote their

code and then handed it to keypunch operators that used machines to manu-

ally create punched cards encoding the created program, each card represent-

ing one line of code. An example of a punched card can be seen on Figure 2.1.

The use of physical cardboard cards for coding presents several chal-

lenges. Firstly, making even minor changes to the code may require the com-

plete re-punching of the cards. Moreover, ensuring the proper order of these
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Figure 2.1: An example of COBOL punched card containing the code IF
MOD-G-JAHR NOT NUMERIC MOVE ZERO TO MOD-G-JAHR. Author: Rainer
Gerhards, image licensed under CC BY-SA 3.0

Figure 2.2: A generated COBOL program fragment: only columns 8–72, also
known as “AreaA” and “Area B”, contain actual code (Image free of use found
on Wikipedia)

cards is crucial, as the sequence of code execution directly impacts functional-

ity. Without sequencing information, a shuffled stack of punched cards could

render the entire set unusable. To address this, a specific portion of each card

was dedicated to storing essential details like line numbers (also called se-

quence numbers) and the program ID. This design allowed for the reordering

of card stacks (at first by hand, then by machine), even when mixed with

cards from other programs. Figure 2.2 shows an example with a few lines of

generated COBOL and illustrates all the dedicated sections in the card.

This means that only part of the card contained actual code, in the case of

COBOL columns 8 to 11 (Area A, used for the start of the declaration of labels)

and 12 to 72 (Area B, used for the declaration of statements etc.). Even if there

is nomore risk of mixing lines of code today, the use of only those columns for

code stayed as all other columns are ignored by the compiler. In generated

COBOL like the one seen on the figure, we still have the line numbers and
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program IDs. We detail how we handled this in subsection 7.3.3.

2.2.2 Structure of a COBOL program

COBOL programs must follow a very strict structure. The most important

component of such structure is also the topmost, the DIVISION. A COBOL

division generally contains several sections which are themselves further di-

vided into paragraphs (they are defined in Area A, the columns before the

code). We will not focus on sections in this work, but we will use the para-

graphs found in one specific division.

There are at most four divisions in a COBOL program:

1. Identification division. This must be the first division. It is meant to

define details about the program like its author name, the date it was

written, etc. It must also specify a PROGRAM-ID, the program name

containing 1 to 30 characters. This will be present in our manually

written examples since it is necessary for the program to be correct,

but not used in practice.

2. Environment division. Specifies the systems on which the program is

executed, as well as its input and output if any. This will not be used in

this work.

3. Data division. Used to declare variables and parameters and specify

their data types, size, etc. It is also not used in this work.

4. Procedure division. This is the main division of a COBOL program,

containing all the logic and executable statements. This is the part of

the code we will focus on when using COBOL code as input for our

work.

Further dividing the divisions and sections are paragraphs. A paragraph

starts with a user-defined name called a label (one paragraphwith label F9520-

C is shown in Figure 2.2) that can be referenced by statements such as GO TO
and contains one or more sentences. A sentence is a combination of one or

more statements and must end with a period. COBOL statements are equiva-

lent to statements in other programming languages, we will present the ones

that we will be using in this work in the next section.

The use of sentences in a programming language might be unfamiliar

to most. As stated, a sentence contains one or more statements and ends

with a period. That period, when met, closes all statements no matter how

deeply nested they are. Changing the placement of a period can thus have

strong semantic effects, which is why we need to pay special attention to

them. We will demonstrate how periods change the semantics of code in

subsection 7.3.5.



2.2. A COBOL crash course 19

2.2.3 Statements that will be analysed in this work

An exhaustive list of all COBOL statements is outside of the scope of this

thesis. However, we will describe all of the statements that will be used in our

work. We will give an explanation as to why those statements were chosen

in subsection 7.3.1.

2.2.3.1 Conditional statements

Two statements exist in COBOL to branch around conditions: the IF and

the EVALUATE. The first one works exactly as in all modern programming

languages, while the second is similar to a switch in Java.

To open and close some statements in COBOL, there are starting and end-

ing keywords, much like the if ... fi that we can find in shell programs.

In the case of IF in COBOL, we have IF ... END-IF.
It is important to note that COBOL allows a lot of variation in its syntax. In

the case of the IF, for example, both IF cond THEN body END-IF and IF
cond body END-IF are valid COBOL statements. In our industrial data, we

found the second form (without "then") to be used exclusively, but we still

made sure to be able to handle both variations. More so, since a period closes

any statement, writing IF cond body . is also possible, and equivalent as

long as the statement is not nested in others.

Finally, the conditions themselves can be expressed in variousways. COBOL

supports contracted expressions, meaning that repeated variable names can

be omitted. It also has keywords allowing to express some specific values

(ZERO, SPACES, etc). The following list contains four variants of a condition
that are all semantically equivalent:

■ IF VAR NOT = ’ ’ AND VAR NOT = 0 ...

■ IF VAR NOT = ’ ’ AND NOT = 0 ...

■ IF VAR NOT = ’ ’ AND 0 ...

■ IF VAR NOT = SPACE AND ZERO ...

Note that combinations of the above are also possible, even ones mixing

AND and OR, rendering both the reading and the parsing of COBOL conditions
challenging. This will be a point of attention in chapter 9.

2.2.3.2 Jump statement

Although less prevalent in contemporary programming languages, jumps are

frequently used within COBOL. Two primary forms of "simple" jumps are

pertinent to our analysis: GO TO and NEXT SENTENCE. The former, always
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employed in conjunction with a label corresponding to a paragraph, contin-

ues the execution from said paragraph. On the other hand, the latter jumps

the execution to right after the end of the current sentence, identifying the

next period and executing the next statement after it. Listing 2.1 shows an

example of the use of both statements (the statement DISPLAY is equivalent

to print).
The NEXT SENTENCE of line 3, will jump all the way to the label P2 on

line 10 due to the period on line 9. The GO TO on line 12 will jump to line

1. Note that the DISPLAY on line 13 is dead code: it will never be executed.

Either the condition B = 0 is false and the execution never enters the body

of the IF, or the GO TO jumps before the statement can be executed.

Listing 2.1: Example of simple jumps

1 P1.
2 IF A > 0
3 NEXT SENTENCE
4 ELSE
5 DISPLAY ’Str1’
6 END-IF
7 IF B = 0
8 DISPLAY ’Str2’
9 END-IF.
10 P2.
11 IF B = 0
12 GO TO P1.
13 DISPLAY ’DEAD’
14 END-IF.

The jumps presented above simply redirect the flow of the execution.

However, an alternative category of jump redirects execution to specific labels

and comes back to its starting point after the execution of said label(s) is fin-

ished (when no other jumps break this flow). This is the case of the PERFORM
and PERFORM THROUGH (sometimes also written THRU). Listing 2.2 is an ex-

ample of the use of PERFORM: it is the same as the previous code sample,

with editions only to lines 12 and 13. In this scenario, upon reaching line 12,

the execution goes to P1 as before. Subsequently, after having executed each

statement within the paragraph P1 for a second time, the execution trajectory

returns to line 13, thus resulting in the execution of the DISPLAY statement.

PERFORM THROUGH behave exactly as the PERFORM, except they redirect the
flow of execution through a series of paragraphs (2 to n), then go back as ex-

plained before. Assuming there are paragraphs P1, P2, P3 and P4 in a program

(in that order), the statement PERFORM P1 THROUGH P3will execute all the
code in P1, P2 and P3, then return to its starting point.

Note that all the statements described in this section do not have an ac-

companying END-.
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Listing 2.2: Example of a returning jump

1 P1.
2 IF A > 0
3 NEXT SENTENCE
4 ELSE
5 DISPLAY ’Str1’
6 END-IF
7 IF B = 0
8 DISPLAY ’Str2’
9 END-IF.
10 P2.
11 IF B = 0
12 PERFORM P1.
13 DISPLAY ’NOT DEAD’
14 END-IF.

2.2.3.3 Loops

The equivalent to a Java for loop in COBOL is the PERFORM VARYING, some-

times called inline perform because it does not exit the paragraph it is in, con-

trary to the two previously shown statements, called outline perform. List-

ing 2.3 shows an example of a loop displaying the numbers 1 to 10. Con-

trary to the outline performs, the looping perform body is delimited by an

END-PERFORM.

Listing 2.3: Example of a loop displaying numbers 1 to 10

1 PERFORM VARYING VAR FROM 1 BY 1
2 UNTIL VAR < 11
3 DISPLAY VAR
4 END-PERFORM

2.2.3.4 Embedded SQL

To interact with databases, it is possible to embed SQL code within COBOL.

The syntax is very simple: EXEC SQL tells the COBOL compiler that the text

followingmust be interpreted as SQL, and END-EXEC returns to COBOL code.
An example of embedded SQL code can be seen on Listing 2.4. We will use

these pieces of SQL in chapter 7 to ensure that the refactoring done by Rain-

code Labs does not alter the semantics of the SQL statements.

Listing 2.4: SQL query embedded in COBOL

1 EXEC SQL
2 SELECT * FROM TABLE USER
3 END-EXEC
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2.3 History of differencing techniques

Code differencing aims at comparing two pieces of data, typically textual

source code. One piece of data is considered as source and one as target. Code

differencing produces difference data that specifies what changes or edits are

necessary to go from the source to the target.

This technique made its first entry into the computer science world in

the early 1970s, under the form of the Unix diff utility. Its first released

version was shipped within the 5th edition of Unix in 1974 and developed by

Douglas McIlroy and James Hunt. The first prototype was presented in 1976

[HM76], describing the original differencing algorithm that is now known as

the Hunt–Szymanski algorithm. The algorithm is based on the problem of

the longest common subsequence, where we want to find the longest subse-

quence of items that is present in both original sequences in the same order.

In other words, we want to find the longest subsequence that can be obtained

by deleting some data in both the source and target sequences.

To obtain a diff output as we know it today from such subsequence, we

mark items that are in the source sequence but not the subsequence as deleted

(-) and items that are not in the subsequence but present in the target sequence

as added (+). For example, if the source sequence is "a b c" and the target

sequence is "b c d", the longest common subsequence is "b c" and the diff

representation will be "-a b c +d".

This technique can be used directly, in version control systems such as

git or the Unix command diff. It is also used indirectly, in the context

of code merging [Men02], compression [HVT96], convergence [Zay11] and

clone detection [ML19].

Even today, many differencing tools still rely on the basic algorithm cre-

ated by Hunt and McIlroy, or variants thereof. These tools treat their input

as simple lines of text or binary data. However, code is more than just a ran-

dom stream of characters. It conforms to quite specific and strict syntactical

structure, ready to be exploited, and it implies a logical flow of control and

dependencies among its components. The same code fragment can also reoc-

cur in multiple places within a file or across multiple files. Such subtleties are

lost when using the Hunt-McIlroy algorithm. Flat textual comparison does

not reflect developer goals and obscures the intent of the changes due to the

excess of low-level information displayed, which can lead to frustrating and

tedious experiences.

Using this algorithm thus often results in outputs that are hard to use or

understand by developers, because they are too detailed or miss important

relationships between the components involved in the change. They neither

communicate nor reflect the intent and ignore the semantics of the changes

— the very thing one tends to seek when looking at a diff.
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When interacting directly with the output of a diff tool, it is often hard to

get a good understanding of what functionalities — if any — changed since

the last version, simply because there is just too much information to process

at once. For example, if refactorings were applied, the behaviour of the pro-

gram was expected to remain unchanged. Yet, the actions taken may result

in changes that span over multiple files, and a developer would need to put

a lot of effort into analysing these changes to understand or verify whether

they indeed still respect the original program semantics.

Even interacting with diffs indirectly, like using a version control system

with a good visualisation frontend (gitk, gitx, Git Kraken, Git Extensions,
etc), can still be frustrating to users. This is because it occasionally forces

them to be confronted with the differences at a fine-grained level and makes

them perform the merge manually. Examples of this are when just a few edits

and moves cause a file to be flagged as completely different, or when there

were simultaneous changes to the same set of lines.

In this thesis, we set out to create differencing tools that take into ac-

count more semantic information about the code or do away with the idea

of comparing text altogether. We will present related work on other forms of

differencing in the next chapter.

2.4 Context on refactoring

As mentioned, ageing software tends to develop bad smells and become less

habitable over time. When that happens, it becomes necessary to refactor the

code in order to keep it maintainable. According to Opdyke, “while refactor-

ings do not change the behaviour of a program, they can support software design

and evolution by restructuring a program in a way that allows other changes to

be made more easily” [Opd92]. Since this changeability is known to be related

to the maintenance cost, it has become part of developers’ everyday practice.

The process of refactoring a piece of code can be performed iteratively by

repeatedly applying simple refactorings until the code becomes habitable.

Since its writing in 1999, Fowler’s book on refactoring [BF99] has grown

very popular, providing a comprehensive catalogue of refactoring techniques

to developers. In parallel, refactoring tools that can automatically apply refac-

toring techniques have also been created.

These tools are available for different programming languages and vary in

automatedness, complexity to use and power level, as shown in 2006 [MS06].

Some are directly included in popular integrated development environments

(IDEs) like Eclipse, IntelliJ, and Visual Studio. Those usually perform refac-

toring at a small scale, e.g. allowing a developer to rename all instances of a

variable. Another popular form for refactoring tools is plugins. Examples like

BeneFactor run in the background, parallel to the development process, sug-
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gesting refactoring tasks that might be relevant to what the developer is do-

ing [GDM12] while JSparrow focuses on smells and code optimization [IDE].

Refactoring tasks are divided into two categories: small and large-scale

refactorings. The first category is also called floss refactoring and refers to

small tweaks applied to a piece of code while making other changes. The

second category is called root-canal refactoring [MB08] and refers to a time

when refactoring is the only object, when correcting unhealthy code is nec-

essary and the creation of new features is halted. It is sometimes referred to

as reengineering [SN02] when the subject system is so deeply transformed

that it is described as being reconstituted in a new form [Men+04].

The automated refactoring process that is the use case of this thesis is a

root-canal refactoring, transforming generated COBOL code so deeply that it

is unrecognisable, even by its owners. An example of how deeply the process

affects the code will be shown in subsection 4.3.3.

2.5 Conclusion

In this section, we gave the intuition of the industrial context of our partner

company Raincode Labs, as well as an overview of the key concepts of the

legacy language that will be used in this thesis, COBOL. We presented the

structure of the language as well as the statements that will be used in the

next chapters to give context to the reader. Finally, we presented a history of

the techniques of differencing and refactoring that are both key to this work.
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In this chapter, we will present tools and techniques that are adjacent to the

work done in this thesis. We will explain how these different techniques are

related to the work we produced and the context in which we created it. Fi-

nally, we justify the choices that we made when deciding on the directions

taken in this PhD.

3.1 Advanced code differencing in general

Two approaches exist when performing code differencing: syntactic differ-

encing, which compares the concrete or abstract syntax of the code, and se-

mantic differencing, which compares the meaning of the code. Syntactic dif-

ferencing identifies the change operations that allow to transform the source

version of the code into the target version. The simplest way to perform syn-

tactic differencing is the edit-distance algorithmwhich is the base of the diff
Unix utility described in the previous section.

While syntactic differencing excels at pointingwhere change happens, the

size of its output, often called delta, grows with the amount of changes made

and tends to become overwhelming to analyse. Many tools doing syntactic

differencing have been developed over the years, addressing the issue of im-

proving the understanding of the output with various means.

The work done by the srcML community [MC04] with srcDiff [Dec+19;

TRB18] aims at arranging changes in what they call edit patterns, that are

structures showcasing changes in a way that is intended to be clear to devel-

opers. Other work focuses on reducing the size of deltas so they are more

manageable, like cdiff [Yan91]. Yet another approach is to enrich the usual

language of differencing, introducing the concepts of move and rename to

the usual add and delete, like in the tool GumTree [Fal+14]. truediff [ESP21]

is another example of syntactic differencing that creates patches (groups of

changed logically linked together), in a similar way to GumTree. This tool

also focuses on type safety, which is not the case of other tools.

Those techniques can greatly improve the quality and readability of deltas.

The nature of refactoring tasks is particularly suited for some of them, for ex-

ample the introduction of the move changes since it is very frequent to move

entire methods when refactoring code. We therefore tried truediff, hoping to
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be able to highlight the effects of refactoring rules. However, the refactoring

process performed by our partner company is at a scale too large to analyse

every program. Even with outputs as concise as the one of truediff, with sev-

eral millions of LOC and over 3000 programs in the example that we have

(which Raincode Labs considers of middling size), it simply is unfeasible to

analyse deltas for every program. This explains why we discarded the idea of

using syntactic differencing in this work.

The other way to perform differencing, semantic differencing, does not

look at the syntax of the code but rather focuses on extracting its meaning in

order to express how it changes. Identifying the meaning of the code requires

at least some background knowledge of the target programming language.

Because of that, semantic differencing tools have been developed for specific

programming languages like Java (JDiff [AOH04], CLDIFF [Hua+18]) or C

(Dex [Rag+04]). While we did not find any tool performing semantic differ-

encing for our target language, COBOL, the analysis of semantic-differencing

tools inspired us to take that route for the second part of this thesis. In chap-

ter 7, we show how we chose the parts of the code most affected by the refac-

toring process and extracted their meaning.

Finally, we found differencing to be used as a means to help developers

perform other tasks, like handling changes in API calls (Diff-CatchUp [XS07]),

bug detection (LSdiff [KN09]) or clone detection (in thework of Kim et al. [KNG07],

in the tool ROSE [Zim+04] or in CloneDiff [XXJ11]). These approaches in-

spired us to look beyond the basic idea of showing what changed in the code

and to use differencing in order to assist in the comprehension of the auto-

mated refactoring process itself.

3.2 Differencing of non-code artifacts

To have more concise outputs, we decided to abstract away from the code

entirely, focusing our attention on explaining the refactoring process itself.

For this, we turned to models.

The modelling community has produced many tools allowing to perform

model differencing. They exist for most of the widely-used model types like

UML (e.g., UMLDiff [XS05]), activity diagrams (e.g., ADDiff [MRR11]) or

feature models (e.g., in FAMILIAR [Ach+12]). Zhenchang Xing even pro-

posed a model-agnostic tool [Xin10]. Some of these tools aim to provide syn-

tactic differencing while others are more semantic-based, with the work of

Maoz [MR15] bridging the gap between them in a tool that proposes both.

However, no model of the automated refactoring process exists within

Raincode Labs. While work has been done on automatically generating UML

models from natural language [DB09] or use case scenarios [Gut+08; YBL10],

another non-code artifact was readily available: log messages.
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We discovered that somework has been done in differencing logmessages

produced by processes and chose to explore this avenue in this thesis. We

adapted the log-based behavioural differencing algorithm proposed by Gold-

stein et al. [GRS17]. Other work in the domain includes Li et al’s work [Li+19],

who have investigated log differencing with the intention to detect unwanted

duplicate log messages, such as those stemming from cloning logging code

without appropriate adjustments. They detected five different patterns of

harmful log message clones and developed a tool called DLFinder [Li19].

Gholamian and Ward [GW20] developed another tool, Log-Aware Code

Clone Detector (LACC), that is capable of differencing two code fragments and

predicting the location of a log point in one version based on the existence

of a log point within another version. Tama and Comuzzi [TC19] have tried

using 20 different classifiers to analyse logs in order to build models to predict

next events by looking at their history. Perhaps the closest to our proposed

approach (see chapter 5) is the paper by Bolt et al. [Bdv18], where the tool

ProM was written with the goal of comparing two processes based on their

event logs and producing concise results. There are more examples like this

in the domain of process mining, such as the work on differential perspec-

tive graphs [Ngu+18] which in software engineering would be analogous to

grammatical inference.

3.3 Comparison of code in the context of refactoring

Since this thesis was done with an industrial partner and in the context of an

automated refactoring tool for legacy systems, related work on refactoring is

relevant to us. A substantial body of academic research exists on refactoring

of legacy systems in particular, with different objectives. The goal that we de-

cided to pursue is to show that the automated refactoring process performed

by Raincode Labs does not alter the behaviour of the programs.

During our analysis, we found several techniques offering refactoring

methodologies for legacy code, which places them closer to the process pro-

posed by Raincode Labs and further fromwhat wewant to achieve. This is the

case of Liu et al. [LBL06] who performed feature-oriented horizontal decom-

position of the code, relating code refactoring to algebraic factoring and creat-

ing a refactoring methodology. Bayer et al. [Bay+99] aim to produce product

lines, Ribeiro and Borba [RB08] made a tool to recommend refactorings for an

already existing product line. Raghavan [Rag02] proposed to separate com-

mon interfaces from components. Chiang and Lee [CL04] moved towards dis-

tributed architecture by putting legacy code in wrappers. Kolb et al. [Kol+06]

specifically wanted improved reusability of code elements without damaging

their performance. Khatchadourian andMatsuhara [KM17] wanted to change

the existing code to make full use of newly introduced language features, etc.



28 Related Work

We did find some works that performed differencing, even though the

actual comparison can be done in different manners and have different goals.

This is the case for Ying and Miller [YM13] who tested the pre- and post-

refactoring versions only for performance. One of the projects closest to what

we did in chapter 9 was the one by Schuts et al. [SHV16] who extracted Mealy

machine models from a legacy system and its refactored version, in order

to demonstrate their equivalence to their industrial partner. In their case,

they aimed at improving the refactoring process itself, more so than showing

that it does not risk creating bugs. Other tools like REdiffs [HTS13] or Ref-

Finder [Kim+10] focus on untangling changes due to refactoring from other

changes made to functionalities, which should not be applicable in our case

since no new functionalities are introduced by Raincode Labs.

In the context of program comprehension and/or source code analysis, it

is often important to detect refactorings from existing commits. There are

many contemporary tools for doing that in C++ [Hem+21], Java [TKD20;

Hem+21; Sil+20; Pre+10], JavaScript [Sil+20], Kotlin [Kur+21] and Python [Atw+21;

Dil+22]. More generic tools targeting the detection of refactoring in object-

oriented programs also exist [DDN00] as well as tools looking to detect a

particular kind of refactoring [SPD13]. Finally, attempts have been made at

a language-agnostic refactoring tool [Tic+00]. While these approaches are

interesting, detecting refactoring is not enough for our purpose.

Instead, we took inspiration fromwork focused on proving that modifica-

tions made to a program are behaviour-preserving [MDJ02], more specifically

work done in the context of refactoring [Men+04]. In the same context, we

found some analysis suggesting that refactoring does not always change met-

rics like cyclomatic complexity [SD10]. Another point of view is to identify

transformations that are not behaviour-preserving and how they are linked

to refactoring [Anq+22].

From the language constructs that we extracted in chapter 7, we created

control-flow graphs and labelled transition systems. We found that compar-

ison of control-flow graphs is a technique commonly used in the domain of

computer security. It is used by Bruschi et al. [BMM06] in the context of de-

tecting self-mutating malware. Both Behera et al. [BSL19] and Nagarajan et

al. [Nag+07] used control-flow to counter obfuscation techniques. Le and Pat-

tison [LP14] have used control-flow graph comparison for the sake of patch

verification, while Awadhutkar et al. [Awa+22] used it to prevent compiler

trap doors. Lim [Lim14] compared control-flow graphs on the level of en-

tire blocks. Comparison of labelled transition systems is an even older topic,

well-investigated at least since the 1980s in the testing context [De 87].

When used in the domain of computer security, many examples of mal-

ware code are often available and can be translated into models that serve

as a basis to create a pattern miner or as training data for machine learn-
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ing algorithms. This does not apply to us, which is why we chose to go the

route of labelled transition system and trace equivalence in chapter 9. In this

context, we found one more work similar to what we did but with another

goal in mind, Ordóñez-Camacho et al. [Cam+10] who used a combination of

lightweight semantic language annotations and bisimulation on control-flow

graphs to verify equivalence of an original program and its translated version

in the domain of spacecraft mission planning. Here again, the main goal was

the creation of an automated program translator rather than the equivalence.

3.4 Visualising differences

In order to scale to the size of the industrial data of Raincode Labs, we worked

with models (Finite State Automatons and Control-Flow Graphs). To best

present the results of our chosen techniques, we created two visualisation

modules. Since both our outputs are models, we analysed the state of the art

on graph visualisation.

The discipline of creating clear and concise visualisations for graphs has

been studied in depth [HMM00; Pur00]. Over the years, several frameworks

have been created to help the endeavour of creating graph visualisations, for

example Tulip [Aub04] or WiGis [Gre+09]. We picked Roassal [Ber+21] as

our visualisation framework of choice because it gave us the opportunity to

collaborate with its creator and visualisation expert, Alexandre Bergel. His

feedback was instrumental in creating user-friendly visualisation tools.

Finally, we found two works on visualisations in the context of refactor-

ing. First, Kanda et al. [KSI22] who visualised changes in program behaviour,

in the context of reviewing bug fixing. They present a view very close to the

standard differencing seen on GitHub for example, but augment it with infor-

mation about the changes in variables (names and types). In the context of the

large-scale refactoring of Raincode Labs, we chose not to work with variables

and therefore this does not apply to our purpose. Second, Van Rysselberghe

and Demeyer [VD04] used visualisation to identify relevant changes before

re-engineering of a large software system. Their approach is very high-level,

aiming to identify e.g. the code structures that are stable and do not change

(much) throughout a software lifecycle. This is again not applicable to our

purpose since no parts of the code is untouched by the automated refactoring

process of Raincode Labs.

3.5 Conclusion

In this chapter, we presented work related to the techniques and tools created

during this PhD thesis. For each of them, we explained how it can be related

to our context of helping Raincode Labs increase their clients’ trust in their
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automated refactoring process. We present the techniques that we used, the

ones that we took inspiration from, as well as the ones we discarded because

they could not be applied to our use case.
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4.1 Partner company: Raincode Labs

Raincode Labs originated as Phidani, a company established in 1990 by Dar-

ius Blasband, who is still CEO today. Initially, Phidani offered a range of IT

services, including development and networking, without specialising in any

specific technology.

Around 1993, as many believed Object-Oriented Programming (OOP) to

be the future of software development, Darius Blasband held a different per-

spective. According to him, COBOL, an imperative language that had been

popular since its creation in 1959, would continue to be relevant. Given the

vast number of COBOL codebases in industrial environments, Darius was

convinced that this technology would persist for a considerable period.

In 1995, Phidani recognised the need to concentrate its efforts on a par-

ticular domain to thrive. Drawing from Darius’s PhD thesis [Bla98] where he

created a programming language called YAFL and his conviction that depen-

dence on ageing mainframe systems would become increasingly costly for

companies, Phidani shifted its focus towards legacy migration.

Their initial significant projects involved code restructuring, which en-

tailed transforming code generated by fourth-generation languages (4GLs)

into plain COBOL, thereby eliminating dependencies on the generator. They

began with IDEAL DATAKOM [IBM23a] and PACBASE [IBM20], initially

performing the work manually and gradually developing automated tools to

facilitate refactoring large volumes of code. Around that time, Phidani re-

branded itself as Raincode.

In 2016, Raincode spawned several subsidiary companies, including Rain-

code Labs, which provides compiler services. In addition to its restructuring

projects, Raincode has developed its own compilers, starting with COBOL,

and then expanding to PL/I and assembly. Their compilers received technical

achievement awards from Microsoft.

Today in 2023, Raincode Labs presents itself as compiler experts, aiming

in part to liberate companies from reliance on 4GLs and other mainframe-

related dependencies. They offer customised services to different companies,

utilising a suite of in-house tools and developing new ones on a case-by-case

basis. Providing a comprehensive overview of their past projects is beyond
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the scope of this thesis, as our focus will be on a specific use case related to

PACBASE migration [Rai18], explained in detail further in this chapter.

Raincode Labs, as a branch of Raincode, also strives to maintain its pres-

ence and engagement in the academic realm, both for visibility and to stay

up-to-date with the state of the art. This is why they have partnered with

universities such as UCLouvain, VUB, KULeuven, ULB, UvA and UTwente

on various master theses, PhD and research projects, seeking to collaborate

and address various challenges they encounter in their processes. In our par-

ticular case, we addressed concerns related to code differencing, specifically

in the context of PACBASE migration.

4.2 PACBASE

We will now shortly describe what PACBASE was at its creation as well as its

status today. Since this technology is the reason for the existence of our use

case for this entire thesis, it was important to give some context to the reader.

PACBASE is a language and tool created in the 1970s. Its original name

was PAC700, for “programmation automatique Corig” (French for “Corig au-

tomated programming”, where Corig was “conception et réalisation en infor-

matique de gestion”, a structured programming methodology popular in the

1970s). Its selling point was offering a DSL to its users that was at a higher

level than available alternatives such as COBOL. The end users would pro-

gram concise PACBASE macros, and COBOL code would be generated for

them automatically. This 4GLwas widely used since its creation and through-

out its life cycle [Alp87], meaning that still to this day, many companies de-

pend on it.

The “Compagnie Générale d’Informatique”, which developed PACBASE,

was absorbed by IBM in 1999. In 2000, PACBASE itself was modernised and

rewritten in Java [Rém00], but this did not suffice to prolong its life. The first

attempt to suspend its support was made in 2005, and its definitive retirement

was announced in 2015 [Hew12]. Hence, in companies that still rely on it,

there is a pressing need to migrate software written in PACBASE to plain

COBOL.

Since 2002, Raincode Labs has undertaken many projects of PACBASE-

generated COBOL to plain COBOL migration, one example being the case of

the insurance broker DVV Verzekeringen reported by Bernardy [Ber02]. The

experts take PACBASE-generated COBOL code and refactor it into a shorter,

more readable equivalent that can be maintained manually [Rai18].

It is important to note that the main focus of this chapter is not on how

PACBASE works but on the migration performed by Raincode Labs and on

how advanced differencing techniques can improve that process. However,

more details on PACBASE and its documentation can be found online [IBM23c].
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Figure 4.1: Example of a migration from PACBASE-generated COBOL to
equivalent COBOL code that is more readable and maintainable.

4.3 The PACBASE migration process

The goal of a PACBASE migration project is to allow the client to get rid of

its dependency on PACBASE and allow them to switch to pure COBOL code.

PACBASE does generate COBOL, but it is not usable as is, as can be seen

on the left-hand side of Figure 4.1. After the migration, the client receives a

new version of the codebase that has been refactored to be more readable and

maintainable, as can be seen on the right-hand side of Figure 4.1.

The PACBASE migration process is performed through a set of about 140

transformation rules that Raincode Labs developed and refined over the last

20 years. Each individual transformation rule can be seen as a local auto-

mated transformation/rewriting/refactoring designed to be simple enough to

not change the semantics of the code; yet making it just a bit more concise,

readable or maintainable.

Most rules alter the statements of the code, while others alter only the

appearance of it, namely ones of formatting. An example of a statement-

altering rule would be Merge IFs. As suggested by the name, it will merge IF

statements if possible. An example of this is shown in Listing 4.1. Since the

body of the first if contains only the body of the second, it would be better to

refactor them into a single if, joining their conditions with an AND as shown in
Listing 4.2. This is a fairly simple but representative example. Other rules like

this include the refactoring of GO TO into loops (explained in subsection 4.3.3)
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and simpler rules like Remove Useless DOT that remove the superfluous . that

are overly-present in PACBASE-generated COBOL.

Most formatting-only rules are optional and designed to make the out-

put best fit the client’s coding standards. Those rules include Comment Line

Before/After Section or Blank line around Loops and IF.

Listing 4.1: An example of code to refactor

1 IF A = 0
2 IF B = 0
3 *statements here

Listing 4.2: The refactored version of the example

1 IF A = 0 AND B = 0
2 *statements here

It is important to note that, while some of those transformations have

been formally proven to maintain the behaviour of the code, most were just

developed to fit clients’ needs and tested internally at Raincode Labs. The

rules that have been manually proven are some of the ones that handle con-

ditional logic, i.e. the grouping of IF shown above. They only represent a

very small percentage of the total existing rules. This lack of formal proof

that no bugs can be introduced by the process tends to worry code owners as

we will see later.

PACBASE migration projects can be described by using several phases,

some involving both clients and experts, some only concerning experts. A

schema of the process and who is involved when can be seen on Figure 4.2:

first, there is a preliminary step where the client picks the set of rules and the

experts generate a first output to test. Then the migration is done exclusively

by experts and finally the post-project adjustments require feedback from the

clients. We will explain all the parts of this process in the following sections.

The artifacts needed and created in this process are detailed in Figure 4.3.

4.3.1 Preliminary steps

The first preliminary step of each migration project starts with meetings,

where the existing 140 migration rules are presented by Raincode’s experts

and selected by the client, to create a custom set for each project. In such

meetings, the client sends both managers and more technical employees.

As mentioned earlier, the available transformation rules include examples

such as the universally appreciated and always selected GO TO elimination

and rearranging control flow for code readability. Other transformations are

more cosmetic and concern data alignment, code formatting or layout — they

can be switched off when incompatible with the customer’s coding standards.
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Figure 4.2: Summary of the steps of themigration process, showingwho does
which task

Raincode Labs’ migration engineers coach the client in choosing which

rules to include, give suggestions about what would work best, and then pro-

vide a sample of a few programs migrated using the current set of rules. This

allows the client to concretely see the effects of the transformations and adjust

the rules if needed. Usually, a few iterations of this process take place.

Once the set is decided, another preliminary step starts, although it is

mainly meant to increase the trust of the client in the migration. While Rain-

code’s engineers are accustomed to the process and confident in its capabili-

ties, the code to be migrated is quite often part of the core business of a client,

making it critical to ensure that no bugs were introduced before putting any-

thing in production. For this, the migration is run for the first time, so the

experts can determine how best to convince the client that all functionalities
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Figure 4.3: Summary of the migration process, showing the different arti-
facts and their transformations

are maintained. Based on this first run, the codebase is then partitioned into

three:

■ 10–30 critical programs to be tested exhaustively (0.3–1%);

■ 80–100 programs to be tested thoroughlywith unit and integration tests

(2.6–3.3%);

■ the rest of the programs, to be tested for integration or not tested at all.

It is verified that in the first partition, all transformation rules that were

triggered in the migration process are applied at least once, ensuring that

all rules get manually tested by the customer. However, since the testing

that needs to be performed is partly manual, the customer will often want to

negotiate this partitioning. Some programs might be too big to test manually,

some might already have a robust test suite, and so on. In practice, most

clients give the green light to go ahead with the real migration without being

completely certain of its effect.

When all parties are in agreement, the customer’s entire PACBASE-generated

COBOL codebase is sent to Raincode engineers, and the project moves on to

the next phase.

4.3.2 The migration process in detail

Once all the files are received, they first go through a manual analysis to

make sure that everything needed is there, then the migration itself is run,

and finally, a quality check is performed by Raincode engineers. All in all,

this process takes from 2 to 4 weeks depending on the size of the codebase.
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During that time, it is common that the client keeps working on the code and

requests the new versions of some files be migrated as well. This is called a

redelivery and will be detailed later.

4.3.2.1 Data collection

This first phase of a migration (shown in Figure 4.4) exists mainly to check

that everyone agrees on what needs to be migrated and that all needed files

are there. Experts perform a cursory analysis of the codebase since it is com-

mon, due to the scale of the codebase (typically 10–200 MLOC), that the re-

ceived files contain uncompilable code or non-code artifacts, or even missing

pieces (often, the missing files are copybooks, files that are imported in the

main code and are needed to compile it). An automated script helps to show

if anything is missing and if needed, emails are exchanged to ask the client

for clarification or updated data.

Figure 4.4: Data collection phase

4.3.2.2 Migration

When all the necessary files are available, the project moves on to the migra-

tion phase depicted in Figure 4.5. It is run on all provided files, outputting the

migrated files, a log of the process, but also a summary constructed from the
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logs that contains all migration rules that were applied and any errors that

occurred.

The logs themselves provide more details about where and when migra-

tion rules were applied as well as all errors or warnings, but are lengthy and

hard to read through, which is why the summary is checked first. The auto-

mated migration process is itself divided into several independent parts called

rea, reb, rec, red and ref. It starts with two preprocessing phases, then themain

migration phase rec, then phases of clean-up and formatting.

In this phase, the engineers focus on the errors and warnings caused

by the migration rules. Both are fairly common since the migration pro-

cess is ever-evolving and every new project brings corner cases that were

not yet encountered and accounted for. Any error or warning might cause

bugs that would be due to the migration itself, so the engineers will manually

go through the summary, fixing every error or warning and re-running the

migration until no more arise during the process. When this is done, they

double-check that no error was missed by performing a grep on the logs,

expecting an empty result to move to the next phase.

4.3.2.3 Quality check

Finally, the project enters the quality-check phase shown on Figure 4.6. Now

that no error or warning was flagged during migration, the engineers take the

time to look at the output of the tool Meld [Sof23], a visual diff utility allow-

ing them to look at changes between the previous and new versions of a few

migrated programs. This is donemanually and is a heavily subjective process.

Armed with years of experience, the engineers check that, using their word-

ing, “the migrated program looks good enough”. After both having observed

and listened to them doing this task and conducted rigorous interviews, we

understood that they try to match the kind of transformations (loop rewrit-

ing, renames, deletions) they have seen in the logs to what they see now. If

it doesn’t look “good enough”, they will again make an effort to understand

why, fix the migration process, and re-run it again. An example of “not good

enough” would be for them to find a piece of code still containing a lot of GO
TO that could be transformed into a loop. They would then investigate why

the migration rule rewriting that kind of structure could not be applied there

and if possible, change it slightly to allow it to trigger.

When the engineers are confident that their migration didn’t produce any

unexpected transformations, they check the rest of the summary mentioned

above. It should contain no more errors but contains a few metrics that will

be sent over with the refactored files, i.e. the file size reduction in terms of

LOC as well as the amount of GO TO deleted. Sending all these metrics and

the refactored code is called a delivery.
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Figure 4.5: Migration phase

Since the three previous phases tend to take 2 to 4 weeks and the codebase

is critical for the client, it is impossible for them to freeze all development for

that long. It is thus likely that, while Raincode is performing the migration, at

least part of the files have beenmodified on the client side. When themigrated

code gets delivered, in the meantime the client often has a new version of a

few programs with bug fixes or new features that they wish to be integrated

as well. This triggers another phase of the project, called a redelivery.

4.3.2.4 Redelivery

When it is necessary, a redelivery is done in a very pragmatic way: rather

than trying to integrate the client’s changes into the migrated code, the new

versions of the files are simply migrated again. Like a delivery, this process

also takes time, meaning that in the meantime the client may have changed

the codebase a bit more. This may then lead to another redelivery, hopefully

with an even smaller set of changed programs. On average, migration projects

contain 2 to 3 of such redeliveries.
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Figure 4.6: Quality-check phase

Since a redelivery is the same process as the first migration or delivery,

it has the same phases. However, a bit more manual work is done to ensure

that everything goes smoothly.

In the data collection phase, the experts check not only that they have

all the necessary files, but also that all the files that they were given have

indeed changed since the last iteration. For this first verification, the Raincode

engineers use Meld again.

The migration phase happens exactly as before, but the experts go a bit

deeper in the quality check when looking at the summary of the migration.

When doing the first migration and a delivery, since we are just after

the first testing phases, all the migration rules triggered have been internally

tested by the client. However, in a redelivery, it is possible that the new code

triggers a rule that wasn’t previously tested, and this information is shown

in the summary. This usually creates issues since the client is often wary of

putting untested code in production. An easy fix would be to thoroughly test

the flagged file(s), but since testing is a lengthy and costly process, clients

are often reluctant to go through a test phase again, potentially sending the

project into an infinite loop of waiting, argumenting, and redelivering.

This is why the engineers often go a step further and perform an extensive
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investigation phase shown in Figure 4.7. First, they manually sift through the

logs to find exactly at which iteration of the migration and on which line the

new migration rule was applied. Then, they use the migration tool to gener-

ate two intermediary versions of the program that need to be tested: a first

version with the program migrated until just before the rule was triggered

(and should therefore be correct) and a second version being the next itera-

tion of the migration with the migration rule applied. The engineers are then

able to pinpoint exactly the lines that are affected and may need to be tested

by the client, significantly reducing the work needed to do so. In that case,

the redelivery is sent with that extra explanation, and it is up to the client to

test or not.

Figure 4.7: Investigation phase

4.3.3 Concrete example

An example of such a COBOL-to-COBOL program transformation is given in

Figure 4.8 (it is an exact copy of Figure 4.1, included for ease of reading): we

can see that all GO TO statements are removed and that the control flow has

been turned into a PERFORM, the COBOL equivalent of a for loop. The logic
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Figure 4.8: Copy of Figure 4.1: Example of a migration from PACBASE-
generatedCOBOL to equivalent COBOL code that ismore readable andmain-
tainable.

allowing to iterate 10 times that was expressed on lines 1 to 9 has been trans-

lated into a more familiar VARYING UNTIL clause, while the concrete action

of the loop that was before on lines 10 to 15 and 17 to 22, was simplified in a

single IF ELSE, performing the same actions. Undeniably, this new COBOL

code is more readable and maintainable than the original generated one.

Transformation rules are applied iteratively. For example, it takes 33 in-

termediary steps to perform themigration from Figure 4.8. Let us take a closer

look at some of them.

The first transformation rule that is triggered is fairly simple as it sim-

plifies the code in “one go”, while others may need a few iterations, as we

will see later. This first rule is called NEXT SENTENCE Removal, and is

applied twice. As the name suggests, it removes the two NEXT SENTENCE in-
structions on lines 11 and 18, replacing them with the instruction CONTINUE.
As a reminder, NEXT SENTENCE jumps to the instruction after the next pe-

riod (here, it jumps respectively to lines 15 and 22), whereas the CONTINUE
instruction simply does nothing and is used as a placeholder where code is re-

quired but nothing needs to be done (here, in the body of an if statement). In

this particular example, we can easily see that this transformation preserves

behaviour, since the period is right after the end of the if statement, where

execution naturally continues.

Some transformation rules remove artifacts that are no longer useful. An
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example of such a rule would be Remove Useless Dots, which is applied

four times to the code a few steps later. Indeed, since we removed our NEXT
SENTENCE instructions, we do not need the periods signalling such sentences
anymore. Therefore, the periods on lines 21 and 14 get removed. At the same

time, the ones on lines 2 and 9 are deleted as well, since they never really

served a purpose. Another example of such a transformation rule would be

to Remove Labels, i.e., delete labels when they are no longer needed (in our

example all labels ultimately get removed).

Some bigger transformations, such as the creation of the PERFORM loop

visible in the resulting code in Figure 4.8, may require applying quite a few

intermediate transformation rules. To remain relatively concise, wewill high-

light only a few of them in Figure 4.9. First, a transformation rule Remove
Idle Instructions is triggered, allowing to flip the condition of the if state-

ments and the corresponding line of code, so that we then can get rid of the

else condition now containing the CONTINUE (Figure 4.9a). Then, a transfor-

mation rule Recognise Loop-like Patterns is triggered twice in a row, and

after some clean-up steps, we can see an if-else structure containing GO TOs
that starts to resemble a loop on lines 9, 10 and 21 (Figure 4.9b). Quite a few

more steps are needed, however, to bring all the conditions into the simple

if-else clause that we get at the end (Figure 4.9c); before the Replace GO TO
by Loop Exit transformation rule can finally create the PERFORM loop that

we can see in Figure 4.9d. The final steps create the VARYING and performs

some cleanups, resulting in the code on the right-hand side of Figure 4.8.

Note that the example that we presented is handcrafted. It is made to be

understandable and not representative of a real PACBASE-generated COBOL

file. The scale of the PACBASE projects that Raincode Labs undertakes varies

greatly. For the purpose of this thesis, we were given an example of such

a project, which the company considers to be of small-to-middle size. It is

composed of 3014 different programs, ranging from 120 LOC to more than 20

KLOC (average is around 2500). Running the migration for the entire project

takes around aweek-endwhen performed on the servers available in the com-

pany. This project had a delivery, then two redeliveries of 39 and 7 files, re-

spectively.

4.4 Conclusion

In this chapter, we have presented our partner company Raincode Labs and

the context in which it operates in the industrial world which is legacy migra-

tion. A part of this is refactoring non-human-understandable generated code

into a maintainable version of itself, in order to get rid of the dependency on

the generator. We have also detailed the industrial process that will be the

use case for both the tools presented in this thesis, PACBASE migration. We
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explained every step of such projects, highlighting both their strengths and

weaknesses.
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(a) Flipped conditions without CONTINUE (b) Start of the if/else GO TO loop structure

(c) Simplified if/else clause doing the
MOVEs

(d) Creation of the PERFORM

Figure 4.9: Snapshots of the loop-creation process
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This part of this thesis is dedicated to enhancing the comprehension of the

migration process itself. The primary objective is to investigate the interplay

of rules during the migration process, notably helping the explanation of how

changes to the input or the configuration file can affect the exact set of rules

being applied during the process. In the context of changing the configura-

tion file, the removal of a single rule can lead to the non-application of other

rules during refactoring due to the removed rule’s role in establishing pre-

conditions for other rule executions. This is really confusing to clients since

it is impossible for experts to foresee and explain every possible interaction

when adding or removing a rule from a configuration file.

To analyse this, we shift the focus away from the code and instead concen-

trate on the logs generated during the migration process. We aim to discern

and comprehend the effects resulting from the alterations in either the input

file or the configuration file.

The initial step involves processing the logs generated by the migration

process. We automatically extract pertinent information, such as the names

of executed rules, while disregarding any error or warning messages since

they are not relevant at this stage of the process. We then translate those logs

into a Finite State Automata (FSA) using an external tool.

Subsequently, we employ a log-based behavioural difference algorithm

that takes as input the FSAs and compares them, enabling a comprehensive

depiction of the entire migration process and the observed changes.

The next phase centers on the visualisation of the identified changes in

an interactive manner. As part of this endeavour, we identify limitations in

a previously proposed visualisation approach. We then address these limita-

tions, accommodate the complexities of our industrial scenario and propose

a more scalable solution.

Finally, we validate our process, both in terms of its time efficiency and

in terms of the practicality of our visualisation tool. We aim to prove that

the changes to the visualisation we propose do solve the issues that we dis-

covered and engage Raincode experts in the evaluation process, conducting

semi-formal interviews.
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5.1 Context

This chapter focuses on the first differencing technique applied in this PhD,

log-based behavioural differencing. Our goal is to show how the migration

process evolves when changing the configuration file (the list of available

refactoring rules), while keeping the input the same. Here, we look only at

the log of said process, not at the COBOL code. We use an already-available

tool to produce Finite State Automatons from the logs, then compare themod-

els using a log-based behavioural differencing algorithm. We finally provide

Raincode Labs experts with a visualisation tool allowing them to show the

process evolution to their client.

The purpose imagined for our tool is to help experts in the early stages

of the migration projects, when they have to explain to their clients why a

configuration is superior to another or why removing a specific rule might

have a broader effect than expected. We mean for our tool to help fulfil their

biggest demand: bridge the gap between them and their client by helping

them show, in an accessible way, the knowledge they have acquired over the

years. As will be demonstrated in chapter 6, other uses were also considered

by Raincode experts when they were presented with the tool.

This strengthens our confidence that our work can be used in various

contexts and not only within our partner company. Since it compares how a

complicated process evolves, it could be used to make sure that maintenance

tasks do not change the behaviour of the process or to help optimise it, for

example by showing which parts of the process are most often executed and

would bring the biggest performance impact. These use cases, along with

the idea of helping people get a better understanding of how changes to a

configuration can affect a specific process, are applicable in all contexts where

a process producing textual logs exists.

5.2 State of the art and background

In this section, we present the base algorithm that we used to compare the

FSAs that we generated from the logs of the migration process.

51
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In order to help Raincode engineers show their customerswhy they should

or should not include a certain refactoring rule, we want to offer a tool that

supports the analysis of different variants of the refactoring process, in or-

der to gain more insights on what and why changes occur when activating

or deactivating a rule. While many tools exist to compare versions of code

artifacts, we want to focus on understanding the evolution of the migration

itself through its logs.

With that in mind, we based ourselves on Goldstein et al.’s log-based be-

havioural differencing algorithm [GRS17]. This algorithm takes two FSAs

models as input, each one having an INITIAL and a TERMINAL node, and

compares the models. We define paths in those models as a sequence of linked

nodes starting at the INITIAL and ending at the TERMINAL node. Common

paths are paths that have exactly the same labels and are present in both mod-

els. Common nodes are then nodes that have the exact same label and are part

of at least one common path. Finally, since we know the common nodes, we

can derive the added and removed ones and colour-code the graph. All of

the concept described above are formally defined in section IIB of the origi-

nal paper. Here, we only give the intuition of the differencing algorithm: its

goal is to highlight changes in two (consecutive) executions of a process. If 𝑝1
and 𝑝2 are two log files representing a process, the result of the differencing

algorithm applied to 𝑝1 and 𝑝2 answers the following questions:

■ What step(s), if any, happened in 𝑝1 but not in 𝑝2?

■ What step(s), if any, happened in 𝑝2 but not in 𝑝1?

■ What step(s) are common to 𝑝1 and 𝑝2?

■ How has the execution of 𝑝2 changed with respect to 𝑝1, i.e. are some

steps present in 𝑝1 happening more or less often in 𝑝2?

This allows us to provide a clear representation of the changes between

two executions and to identify some of those changes as symptoms of issues

or bugs. To support the idea of finding problem-inducing changes, the first

execution 𝑝1 is assumed to be a known normal, stable or bug-free version;

while 𝑝2 has not yet been cleared as correct and needs to be analysed.

As mentioned, such a tool can be helpful in any situation where one

wishes to compare two consecutive executions of a process in order to anal-

yse the changes between them. Many such instances can be imagined. For

example, in the context of analysing an evolving online website, 𝑝1 could rep-

resent the old version of the website, while 𝑝2 would represent the website

including its new features. The goal of the differencing algorithm is then to

highlight what new paths (if any) exist in the navigation to see if the new

features are well-comprehended and used.
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The approach proposed by Goldstein et al. presented a way to use both

versions (𝑝1 and 𝑝2) of the log messages and create Finite State Automata

representing their respective behaviour. Both models are then compared, al-

lowing to identify outliers or behaviours that are different and therefore con-

sidered abnormal.

In our industrial setting, we apply this algorithm to visualise differences

in how and when refactoring rules were applied before (𝑝1) and after (𝑝2) a

change to the rule set, thus giving insights in how or why a change affected

the refactored files.

An illustration of the results obtained by Goldstein et al. on the example

of the usage of a website is shown in Figure 5.1. Nodes considered different

(added or removed) have a specific border, in our example, these are the nodes

PwdReset (added) and Checkout (removed). Edges are adorned with two val-

ues separated by a semicolon. The first value is the time in seconds that the

transition took in the underlying log, which we will not consider in our work

since we are not interested in the performance of the migration process. The

second value is the transition probability evolution. The probability of going

from the first INITIAL node to the Credentials node remains unchanged while

the probability of going to the new node PwdReset evolves from 0 to 0.33.

Figure 5.1: Result of log differencing for the shopping process

As we will see in the next section 5.3, translating this example to our spe-
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cific context is fairly simple. Nodes will correspond to log lines (representing

amigration rule), and the edges and their probabilities will model the iterative

process of the migration.

The use of FSAs in this context has two justifications: first, those models

were used in the original paper and there are available tools to produce them

from the logs. Second, the FSAs states represent every migration rules, and

the links between the states represent the order in which those rules were

executed. The order of the execution is key to understand how the configu-

ration of the migration might affect its execution: we want to visualise the

effect of adding or removing rules and answer questions such as: "Does this

change affect the execution of other rules?". To answer this question, we will

look at both sequences of rules and see if the addition or removal of a rule

had side effects, affecting the order of other rules.

5.3 Our approach

5.3.1 Preparing the log files and getting FSA models

The first step of Goldstein et al.’s method is to extract FSA models from the

logs. This is done in two phases: normalising the logs and then extracting

relevant information from them.

The content of logs can vary immensely from one process to another:

they can contain debug messages, errors, timestamps, hardware information,

etc. It is important to think carefully about what exactly we want to visualise.

Differentiating relevant information from uninteresting information requires

expertise and manual effort.

Reconsider the previous example of logs from awebsite. They can contain

debug messages, information about the clients (language preference, country,

. . . ) and navigation details such as the pages and products visited. Each log

line has a timestamp. We want to analyse the flow of the website to see what

pages or products are visited most by clients, if clients get stuck anywhere

because of a bad design, as well as make sure that page loading times are

within expected limits.

Reaching this goal is possible by using only the part of the logs that con-

tains the timestamps and the page visits, while dropping the rest of the data

to ensure having the simplest possible model. Figure 5.2 shows a truncated

example of the normalised log files obtained this way.

In our case, we analysed the data provided by Raincode Labs for the pilot

study of a specific migration project. Since Raincode Labs does not keep track

of the various iterations that they perform to get the final configuration files,

we could not simulate exactly our target use case of seeing how different

configurations affect the migration process. However, we can use another
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1 Credentials Page 13:53:37.281
2 LoggedIn Homepage 13:54:27.841
3 Search Page 13:55:02.182
4 AddItem Page 13:55:57.283
5 ...
6 Checkout Page 14:15:29.724
7 Logout Page 14:16::37.528

(a) Log file 𝑝1

1 Credentials Page 10:32:02.356
2 PswReset Page 10:33:05.628
3 LoggedIn Homepage 10:35:18.724
4 Search Page 10:35:02.827
5 AddItem Page 10:36:03.924
6 ...
7 Logout Page 10:50:12.656

(b) Log file 𝑝2

Figure 5.2: Log files for two executions of the shopping process, example
from [GRS17]

source to compare the logs: the redeliveries. We can compare the execution of

themigration process on a file in the first delivery, and then againwhen it gets

redelivered. In this case, the configuration stays the same, and the analysis

ports on what the changes within the file caused to change in the migration.

The migration process we analysed concerned about 3000 artifacts in total,

and two redeliveries were performed. The first concerned 47 files, the second

only 8.

Since we are interested in modelling and understanding the refactoring

process itself, we filter out any errors or warnings from the logs, and from

the other log lines, we simply keep the name of the refactoring rule that got

triggered. We discard the idea of keeping track of the transition times since

an analysis of the time needed for the refactoring is something that is already

available internally at Raincode but very rarely used in practice.

The log files generated by the migration process were quite substantial

with an average of around 1200 lines before cleaning up all unneeded infor-

mation (errors and warnings) and around 900 useful log lines after cleanup.

Even if we knew from Goldstein et al.’s experience that this amount could be

reduced further by translating to graphs, we made a design choice early on

to ensure having something small enough that we could analyse.

This choice is that we decided to divide the logs into themain phases: rea,
reb, rec, red and ref. These correspond to naturally independent phases
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(preprocessing, clean-up, etc) which have always been analysed separately by

Raincode Labs engineers. We decided, after discussing this with our experts,

to focus our analysis on the main migration phase, rec, which still contains

upwards of 400 lines, plenty of data to provide an interesting analysis.

In the original paper, FSA models are then extracted from the normalised

logs using the kTails [BF72] algorithm
1
. Many tools applying this algorithm

already exist, and Goldstein et al. chose Perfume [Bes+21a] for its relatively

concise output. The tool takes a normalised log as input, and calculates the

corresponding Finite State Automaton, outputting it to a file in the standard

.dot format accepted by Graphviz [Ell+22]. The file representing an FSA is

simply a list of node IDs and their labels, followed by a list of edges between

those nodes, which allows one to easily recreate a graph representing the

extracted behaviour. However, since Perfume has become abandoned and

impossible to run, we used a substitute called Synoptic [Bes+21b], created by

the same team.

Figure 5.3 shows a graphical example of such a FSA for each of the two

logs of the previously mentioned website example. The first word on each log

line is used as node ID, subsequent lines represent transitions from one node

to the next one, and the timestamps are used to calculate the time required to

perform a transition. If this time varies, minimum and maximum values are

shown using brackets. This execution time can be seen on the edges, before

the semicolon. After the semicolon, we see the transition probability, i.e. the

probability to go from the start node to the target node the edge points to.

Once both FSA models have been calculated, we can compute the differ-

ences between them. The idea is as follows: we want to keep all nodes from

both models (marked either as common, added or removed), but not all edges,

since otherwise most of themwould be duplicated. We do keep all edges from

the second model, to highlight how things changed while keeping only some

from the first model. All edges are still adorned with the metadata, edited to

show the evolution in execution time and transition probabilities.

5.3.2 Applying the base differencing algorithm

To apply the algorithm described in section 5.2 to our FSA models, we reim-

plemented it using Pharo [Ber+13; Pha21]. The latter choice wasmainlymoti-

vated by its companion visualisation framework Roassal [Ber16; Ber+21] that

we wanted to use afterward.

Concerning visualisation, we stayed relatively close towhatwas proposed

in Goldstein et al.’s original paper (as shown in Figure 5.1), with nodes repre-

senting rules linked together by arrows representing the probability of ex-

1
A detailed discussion of what kTails is and why it was chosen, along with pseudo-code

describing the differencing algorithm can be found in Goldstein et al.’s paper [GRS17].
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(a) FSA for log file 𝑝1 (b) FSA for log file 𝑝2

Figure 5.3: FSA graph representation of both logs to compare

ecuting one rule after the next one. We use colour rather than line style

to differentiate the status of the nodes, following the usual colour code of

red/orange/green for a removed/modified/added rule execution, respectively.

To ease readability, we visualise probability changes with line thickness. This

removes cluttering text from the view while allowing for seeing the exact

value of the probability via mouse hover.

The visualisation resulting from this implementation is shown in Fig-

ure 5.4. In order to be able to show all the nodes on a single image, thus giving

an overall impression of the total size of the resulting graph, we used a force-

based layout
2
. This layout differs from the linear layout used by Goldstein

et al. which is arguably more readable as it follows a natural top-to-bottom

reading path, but would not scale up to these sizes of graphs as it would not

fit on a single page or screen.

5.3.3 Limitations of the visualisation

It becomes clear from looking at Figure 5.4, that our data is of a different na-

ture than what was presented by Goldstein et al. [GRS17]. First, due to the

iterative nature of the refactoring process, our graphs are sparsely connected,

with very few or very small cycles. They are also considerably larger than the

ones depicted by Goldstein et al. With a subset of the 140 available refactor-

2
The Roassal visualisation framework is sufficiently versatile to support several other lay-

outs, but none was entirely satisfactory due to the graph size.
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Figure 5.4: First differencing output for one program

ing rules that can be triggered multiple times, even when simplified into an

automaton, our average output graph contains around 120 nodes.

While the nature of our graphs was not an obstacle to the execution of the

algorithm in terms of processing time, their size made them overwhelming

and hard to interpret visually, forcing a user to scroll through a zoomed-in

version and thus quickly lose the bigger picture.

When analysing the nature of the graphs produced for our industrial case,

to see how they could be improved, we made two important observations.

First, our graphs are extremely linear, often displaying long chains of nodes

connected by a single edge with a transition probability of 1, or several edges

with no changes in the transition probabilities, e.g., as shown in Figure 5.5.

Again, this is caused by the iterative step-by-step nature of the refactoring

process: all rules were created with this process in mind, refactoring the code
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by a small step every time one rule is applied. In some cases, the previous

rule prepares the code for the next rule, which means that we can expect to

see sets of rules being applied in a specific order. While this is an interesting

finding, those fine-grained rules do not provide a high-level understanding

of what changed in the overall migration yet they take up most of the space

on the graph.

Figure 5.5: A chain of nodes with no changes in the transition probabilities

The second peculiarity we noticed is that changes often tend to happen in

clusters. We identified two kinds of such clusters. Either a (few) new rule(s)

are triggered or a (few) old one(s) are not appearing anymore, after which

the execution trace returns back to its mostly linear nature, as shown as an

example in Figure 5.6a. The second kind of change, like the one depicted in

Figure 5.6b, is more complex. It presents itself as a cluster of highly connected

nodes with mostly transition probability changes, along with a few added or

removed nodes and edges, after which the graph again goes back to its linear

execution as described previously. In both cases, these clusters are precisely

the kinds of structures we would like to be highlighted when looking at our

visualisation.

5.3.4 Adapting the visualisation

Based on these observations, we decided to address the readability issue by

creating a fusing algorithm to apply after the computation of the original

differencing algorithm. The fusing will collapse long ‘unimportant’ chains

into single nodes, causing more interesting clusters of changes (as described

above) to become more prominently present. The algorithm is quite simple

and is applied iteratively throughout the graph until there are no valid nodes

left to fuse. Two linked nodes are fused if they fit the following criteria:

■ Both nodes are common (neither added or removed, i.e. not in green or

red);

■ No transition edge from or to those nodes is added or removed;

■ No transition edge to or from those nodes has seen a probability change

between the two variants of the process (i.e. in orange).
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(a) An old rule being removed, then return to previous exe-
cution

(b) Cluster of modifications concerning the removal of GO
TOs

Figure 5.6: Two types of clustered changes

Consequently, the algorithm takes the graphs outputted by the log-differencing

algorithm as input and returns the same graphs, without every node corre-

sponding to the previously mentioned criteria (common andwith no coloured

edge in or out). New nodes are added to the graphs to fill in the gaps created

by the deleted nodes and annotated to show how many deleted nodes they

replace (at minimum, 2).
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Since we are using graphs, the fusing algorithm can be defined recursively

as follows:

1 fuse(graph){
2 do {
3 // Keep track of whether or not we fused
4 beingFused = false
5 // Keep track of visited nodes
6 visitedNodes = new Array()
7 // Start at the top
8 fuseRec(graph.initialNode(), visitedNodes)
9 } while(beingFused)
10 }
11

12 fuseRec(currentNode, visitedNodes){
13 // Fuse anything that we can in the current node
14 foreach(child : currentNode.children()){
15 if(canFuse(currentNode, child)){
16 fuseNodes(currentNode, child)
17 beingFused = true
18 }
19 }
20 //Add the current node to the visited ones
21 visitedNodes.add(currentNode)
22 foreach(child : currentNode.children()){
23 if(child not in visitedNodes){
24 //Recursively go through each unexplored node
25 fuseRec(child, visitedNode)
26 }
27 }
28 }

The fuse conditions ensure that no key insight will be hidden from the

user when looking at the resulting graph while minimising the amount of

information shown at once. For example, all nodes in Figure 5.5 would be

collapsed into one single fused node, while only the two last nodes of Fig-

ure 5.6a would be fused, leaving the Simplifying perform thru node visible

because it has two incoming links: one removed and the other added.

Recall the initial example of Figure 5.1: our algorithm would not fuse a

single node in that graph, since each node is either connected to an added or

removed node or one of its edges has seen a probability change.

We decided to differentiate the fused nodes visually by showing them in

grey rather than white as was the case for the normal nodes. As labels, we

simply give them a number describing how many nodes were collapsed into

them and show that label inside the node rather than under it. Finally, a fused

node’s size is proportional to the amount of nodes it contains, enabling amore

“at-a-glance” analysis.

Our fusing algorithm helped us shrink the graph from an average of 120
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Figure 5.7: Adapted visualisation after fusing nodes, for the same input as
Figure 5.4

to 30 nodes (more in-depth metrics are presented in chapter 6). As described,

only plain white unchanged nodes were fused, and they still appear if they

are linked to a change, allowing a user to look for the context or result of a

modification. If needed, a fused node’s internal details can still be inspected

in a new window when clicking on it. As an example, the result of our fusing

algorithm on the graph of Figure 5.4 can be seen in Figure 5.7.

5.4 Generalisability

As mentioned previously, the log-differencing technique presented in this

chapter is applicable in any context where there is a process producing tex-

tual logs, for example the use of a website. A recent survey [Yan+23] suggests

that the issue of analysing and understanding textual logs is very common.

The paper explores the use of logs in a very different context than the one

in Raincode Labs: embedded systems. Such systems come with a few chal-

lenges that do not exist in the use case we explored, for example the cost of

generating the logs being high and the fact that those systems are concurrent.

Nevertheless, the authors identify a similar use of logs as what we see within

Raincode Labs: the logs are analysed using grep or self-made scripts due to

a lack of proper tools. The authors of the survey also found that the develop-

ers using the logs had the same goals as our Raincode Labs experts: getting

context about what happens at a specific point of the project and using the

logs to better understand a process that they see as a black box.

While particular attention to the concurrency aspect would be necessary,

the technique presented in this chapter should be able to provide key in-

formation in the context of embedded system analysis or any other domain

where textual logs are available that describe a process in some level of detail,
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strengthening our claim that it is general.

5.5 Conclusion

In this chapter, we focused on the comparison of two consecutive executions

of a process, to see how the change in input or configuration affected the

process itself. We used the log of the said process as input, sanitised those logs

and transformed them into FSAs using an external tool. We then compared

those models using an existing algorithm and visualised the results.

Finally, we identified some limitations in the original visualisation, caus-

ing it to not scale when applied to our industrial scenario. We then proposed

solutions to those limitations and implemented them in our visualisation tool.

The work about the extraction of information from the logs and the dif-

ferencing itself is a direct application of Goldstein et al. [GRS17] with no

change to the algorithm. The visualisation as well as the fusing algorithm

we created are new contributions, allowing the original technique to scale to

industrial-size data. The analysis of logs, in general, has been identified as

highly relevant [Yan+23], which means that several other tools exist, some

among them being focused on the visualisation of log differences. This is

the case of SnortView [KO04], created to detect network intrusions, and Pro-

cessProfiler3D [Wyn+17], a log-differencing visualisation framework that is

geared towards analysing how different cohorts of people use a process and

how their use could affect their performances.





Validation of the log
visualisation tool 6
In this chapter, we first present a few metrics regarding the results produced

by our visualisation tool. Second, we analyse the execution time of the model

creation and the differencing and fusing algorithms, validating that the orig-

inal algorithm does apply to our industrial-scale data. Third, we discuss the

size of the input logs and graphs and compare the size of the resulting graphs,

for both the original and fused graphs. Fourth, we present how we vali-

dated our visualisation tool with two Raincode Labs engineers involved in

PACBASE migration projects, and analyse the results of this user study.

6.1 Metrics

Asmentioned, since Raincode Labs did not have an ongoingmigration project,

we had little or no data from the rule selection step available. Therefore, the

metrics of our algorithm shown in this section were applied to the redelivery

step instead.

Goldstein et al. stated that the creation of the .dot FSA models is the

most time-consuming step of their algorithm. With normalised logs (see sub-

section 5.3.1) containing hundreds of nodes, Synoptic can take hours to gen-

erate the corresponding models on an Intel i7-9750H processor with 16GB of

RAM, requiring around 20 hours to compute the models for both versions of

39 migration logs of an example redelivery. Note that this model-generation

step would require companies to have a server that can run the script out-

side of office hours for more efficiency (Raincode Labs does have suitable ma-

chines).

Once the models have been created, the time required to obtain the diff

graph is minimal: on the same processor, calculating output graphs for our

example redelivery of 39 files takes only 0.77 second, with only an additional

0.58 second needed to apply the fusing algorithm, increasing the total execu-

tion time to 1.35 second in that case.

Regarding scalability, the model-creation step could become a bottleneck

because its execution time and memory consumption grow superlinear with

input size. With our biggest log of almost 800 lines, we need 12 out of the 16

GB of memory of the machine we used. Therefore, to scale up even more than

65
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what we have now (which was sufficient for the industrial case at hand), we

would need to create a more efficient model-creation tool, instead of reusing

the existing solution.

In terms of size, the transformation to FSA models already shrinks the

logs quite a bit: we go from an average of 282 lines (see Table 6.1) to only 119

nodes in our input graphs.

Log lines Graph nodes

Mean 282 119

Min 72 61

Max 779 198

Table 6.1: Size of inputs (logs and graphs) for all 39 programs

Applying the differencing algorithm to show information from both vari-

ants of the process increases the number of nodes by just a bit, from an aver-

age of 119 to one of 123. As illustrated by Figure 5.4, this amount of nodes is

overwhelming to be visually analysed. The second column of Table 6.2 shows

the improvements gained by the fusing algorithm.

Full graphs Fused graphs

Mean 123 33

Min 74 1

Max 201 80

Table 6.2: Graph size in nodes

Fusing reduces the average amount of nodes by around 75%, resulting in

much more readable graphs. The minimum graph size consisting of a single

fused node is also an interesting find. In fact, this file slipped through the first

analysis of the engineers: it was refactored even though it had not changed.

This explains the single fused node representing no changes.

6.2 Interview with the engineers

Given the size and style of the company, only two people are working on

PACBASEmigration at Raincode Labs. One of them ismore customer-oriented,

having as main responsibility to assist in sales and accompany customers in

the first step of selecting the refactoring rules. The second person is more

technical and the main developer of the entire refactoring process. For our

validation, we interviewed both engineers, resulting in varying answers due

to their different focus and backgrounds. In the remainder of the text, we

will refer to them as participants 𝑃𝐶 and 𝑃𝑇 respectively, for customer- and
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technical-oriented. Inwhat followswewill first present our validationmethod-

ology, then discuss the different points on which both engineers agreed, fol-

lowed by the ones on which they have a diverging opinion.

6.2.1 Interview set-up

Since we had only two engineers available for our study, we conducted a

semi-structured interview [AST13; Ada15] with each of them individually (a

full interview taking around 45 minutes).
1
Before the interview, they received

a one-page manual describing each component in our visualisation tool and

its meaning. The engineers could refer to this manual at any time during the

meeting. During the interview, we first showed them our tool and let them

explore it for a bit (𝑃𝐶 : 6 minutes; 𝑃𝑇 : 5 minutes) while answering any ques-

tions they had regarding the use of the tool or the inputs it takes. Once they

got situated, we asked them to give us their interpretation of the graphs they

were shown. We then had a semi-structured discussion with them, driven by

a set of guiding questions that we prepared beforehand. We included some

open questions to provide them the space to present us with their own sug-

gestions along with their opinions. Our accompanying repository [Dek21]

contains the manual that we presented to the engineers, our list of guiding

questions to structure the interviews, along with our analysis of the reactions

and answers of the engineers. The usermanual is also included in Appendix A

and the question summary is in Appendix B.

6.2.2 Methodology

To structure the presentation of our results, we took inspiration from the

work of Sillito et al.[SMD08]. In addition to examining the participants’ re-

marks and answers to our questions, we also analysed the questions theywere

asking themselves while thinking out loud. Wewanted to study not only their

opinions on the tool, but also how well our tool supports the actions they had

to perform for the tasks we gave them. We classified these questions into four

categories:

■ Questions about the domain (input, output, inner representation of

data in the tool);

■ Questions about tool usage (often the starting point of a series of con-

crete actions they undertook to answer that question, without requiring

further help from us);

1
Due to restrictions imposed by the COVID-19 pandemic, we necessarily had to conduct

the interviews virtually using screen sharing.
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■ Questions about themeaning of a visual component (they either asked

us directly or used the one-page manual to look for the answer);

■ Questions leading to ideas for future work (when they asked if some

feature would be possible to implement).

We adopted this question-oriented format for three reasons. First, we

wanted to get as much feedback as possible from our two users, hence the

open questions. Second, we wanted to highlight the strong and weak points

of our tool: what part of the interface is so intuitive that it does not raise any

questions? What part is less easy to understand (gives rise to more questions)

and would thus require improvement of the tool or better training? Finally, to

validate if our fusing algorithm is an improvement over the non-fused graphs

we asked them direct questions about this aspect.

6.2.3 Results of the study

We refer to the file InterviewCommonQuestions.csv in our accompany-

ing repository [Dek21] and Appendix B for all questions highlighted in the

following descriptions. We limit ourselves to presenting the most significant

items here.

Domain
There were only a few questions in this category, yet they were quite specific

and common to both participants. Both of them asked: “What does this tool

take as input?" and “Can a node be repeated in the graph?"

Tool usage
Since we asked the engineers to think aloud while exploring the tool, ques-

tions regarding tool usage were the most common. This category of questions

showed us that the most performed actions were moving nodes and zooming

into the graphs. Every time any of our engineers opened a new graph, their

first reaction was to zoom in, then sometimes move nodes. Those actions

were translated by questions like “How can I see/arrange this better?"

Meaning
The second-most frequent category of questions was about the meaning of

specific visual components. Two questions were common to both partici-

pants: “Can you clarify the meaning of the orange/gray nodes?"

Future work
Both participants provided concrete ideas about where in the migration pro-

cess they would apply our tool, gave a few suggestions about our layouts, and

presented at least one proposal for new features.

Open questions
For the open questions we asked our participants, we were mostly interested

in knowing whether they perceived our fused graphs as more useful than the
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full graphs. For this, the participants were requested to open a non-fused

version of a graph of which they had previously analysed the fused version.

We then asked them questions regarding the similarities and differences of

the information shown in this graph with respect to the previous one.

6.2.4 Analysis of the results

Domain
The first thing that we observed is the fact that the engineers did not pose

many domain questions. This is not surprising since they have been working

on PACBASE migration projects for over 15 years and are therefore experts

in this domain.

This is confirmed by the fact that they both asked the same detailed do-

main question very early during the interview. Indeed, both participants are

used to working with and looking at the logs and wanted to know exactly

what parts of it we selected before proceeding with the analysis we asked

them to perform. Once they had this information, they had no trouble recog-

nising the things they are so used to work with.

Still concerning the domain, both engineers asked us if it was possible

to have a node repeated in a graph. Both of them seemed to have trouble

visualising and understanding that. They felt it might be confusing for an

end user. 𝑃𝑇 said that “it would be less useful that way". Having no concrete

example of a graph with a repeated node at hand during the interview, it was

impossible for us to show them and get further feedback on this issue. We

keep this in mind for future work: while we feel that a repeated node should

not threaten the usability of our graphs, we should test this further. It may

be necessary to adapt the visualisation so that repeated nodes occur together,

and analyse whether that yields a better visualisation or not.

Tool usage
We observed that the most performed actions were moving nodes and zoom-

ing into the graphs. This may suggest that despite our fuse algorithm, the

generated graphs are still not easy to analyse to understand “at a glance", re-

quiring engineers to zoom in on a specific section at a time, then move over to

the next one. Their systematic moving around of the nodes may also suggest

that the default layout we chose might not be ideal for this specific use case.

However, when asked about this, the engineers assured us that, while the

overall placement of the nodes was certainly not perfect, the tool itself re-

mained usable. Moreover, some of the layout issues were due to the length of

the labels of the nodes, and are inherent to Raincode Labs’ use case. For exam-

ple, a particularly lengthy and fairly common label isIfThenElseGotoRemoval
deletedgoto=FALSE. This label-length issue could easily be fine-tuned by

changing the logs themselves and is something that the engineers would be
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willing to do when using our tool on a regular basis.

Meaning
Questions regarding the meaning of visual components arose mostly at the

beginning of the interview when the engineers were still unfamiliar with the

visualisation or unsure about how to do something. Yet they were able to

answer most, though not all, of those questions by themselves by referring to

the one-page manual we provided. This means that the most unclear compo-

nents should probably be explained better when presenting the tool to new

users. We found that the meaning of the orange links is the least easy to un-

derstand. This is probably because its description in the manual remains too

high-level, referencing varying probabilities, causing both engineers to need

clarification of this description. Second, the use of the grey nodes might not

be very intuitive either: one engineer did not click on it to open the inside

representation, and the second one needed us to tell him how to do so, even

though it is mentioned in the manual.

Future work
As described previously, the selection of what to keep from the logs is critical

to having useful outputs. In this case, we chose to keep only the rules names,

which seemed sufficient to the engineers. We also choose to focus on themost

fine-grained level of the logs, while we could summarise some of the informa-

tion and present the visualisation on another level of detail. This was noted

as something that could interest 𝑃𝐶 . Another round of interviews on a more

coarse-grained level would have been useful to compare which level would

be more suited for which analysis, or simply preferred by the participants and

is an avenue for future work.

As for feature requests, we want to highlight two that seem quite inter-

esting. 𝑃𝐶 would like to have, attached to a fused node, details on where in

the process changes start to happen. For example, he would want a label on

the right-hand side of the node, noting that he can look at log line number

42. 𝑃𝑇 had a simpler request: he would like to highlight a node that is new

to a file. For example, if rule A was not triggered in the first execution of the

migration but is in the next, he would like it to be not in green for "added",

but in yellow for “added and new to this file".

Open questions
We focus here on the comparison between the non-fused and fused graphs.

When shown a non-fused version of a fused graph they had analysed before,

we asked the engineers if, at first glance, this was something they had seen

previously. Both of them said they thought they recognised it, thoughwithout

certainty. We then confirmed that it was indeed the same thing, visualised

differently, and asked them if they could find the same information as was

presented in the previous graph they analysed before. They agreed that they

could but that it would take them longer. 𝑃𝐶 stated “Yes, I could find the
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same information, but I don’t really care about all those white nodes, they don’t

give me any interesting information". 𝑃𝑇 disagreed that the white nodes were

uninteresting. He liked the idea of being able to look at a broader context

if needed, but did agree that this did not necessarily require the full graph,

instead having the option of opening the inside of a fused node would be

sufficient for his needs. When asked if they thought that the used graphs

were an improvement over the non-fused ones, they both agreed that the

fused graphs were a strict improvement. They also said that no features from

unfused graphs would be missed.

6.2.5 Discussions

To conclude, we observed that, even if they had fairly different points of view

due to their backgrounds, both engineers used the tool in a very similar fash-

ion (excluding the idiosyncrasies of who prefers scrolling and who prefers

dragging). When presented with our visualisation, they looked at the graph

from left to right, stopping on clusters of changes and guessing at what might

have caused that change. It is in their interpretation of the changes that they

differ. 𝑃𝐶 views everything in terms of “what did the customer do to initiate

this change?”, while 𝑃𝑇 goes directly to reflect on the interaction between the

refactoring rules themselves.

Because of those different inclinations, they also have a different idea of

how they would use our tool. 𝑃𝐶 , due to his very frequent interactions with

the customer, wishes to use it as an aid in a conversation to convince his cus-

tomer or to help him understandwhy a rule should be picked over another. He

does not, however, see how the tool could be used in the context of working

on the refactoring process itself. On the other hand, 𝑃𝑇 said that our visuali-

sation might help him when he is maintaining the rules and the process: he

would like to see if the changes he made to a refactoring rule influence the

execution of others, to ensure nothing gets obsolete.

Later in the thesis, another use for our tool was proposed by another Rain-

code Labs employee who was not part of the validation described here. He

wished to optimise the migration process, which currently tries to apply ev-

ery rule in order from top to bottom until one that is applicable is found, then

goes back to the very first rule and tries again in the same order. While this is

an easy and reliable implementation, it does not take advantage from the fact

that some rules are preconditions to others and that when a rule is triggered,

there is a small set of other "candidate next rules" that are very likely to be

next. This causes significant time loss, which could be fixed with a smarter

algorithm to pick the next rule to try. This employee heard of our tool and

came to us to see if we could collaborate and help him with his task. In this

case, the visualisation would be less necessary, but the log-based behavioural
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differencing algorithm could easily be modified to output the rules occurring

most often together, providing him with a valuable basis to implement the

new rule-picking strategy.

This suggests that our tool is quite versatile: depending on the inclination

of the person who is looking at it, it can prove useful in several different

ways. We validated this claim further by presenting this work at conferences,

where we got interest from researchers in other domains, who came up with

use cases for this tool completely outside of the context of Raincode Labs.

In particular, the use case of comparing dependencies in Unix installation

was proposed: comparing logs from the booting process of these OS could

help show if it would be possible to migrate from one distribution to another

without losing compatibility with certain tools.

Finally, we want to note that our fusing algorithm seems satisfactory:

neither of our participants missed any information from the previous graphs,

and both agreed that they would rather work only with the fused graphs.

6.3 Conclusion

In this chapter, we presented our methodology and observations in regards

to the validation of the tool presented in chapter 5. We showed that it scales

both in terms of time of execution and with the new version of the visualisa-

tion. We validated our created tool with Raincode Labs engineers, who gave

positive feedback as well as came upwith other use cases for our tool, proving

that the work shown here can be applied to many different scenarios, both

inside our partner company and in other industrial contexts.



Part III

Analysis of the effects of the
refactoring process

73





75

In this next part of the thesis, we aim to approach the issue of under-

standing the migration process from a different perspective. While previous

analyses have focused on explaining exactly how the migration rules interact

with one another through the logs of the process, this study intends to delve

into the specific details of what precisely occurred during the migration.

For this part of the work, the COBOL code itself serves as the input for our

analysis. Specifically, we compare the version generated by PACBASE with

the refactored version resulting from the migration process. However, due

to the substantial differences between the two versions, a standard textual

diff proves inadequate for comparison. To give concrete numbers, a file pre-

migration is on average 2680 LOC, while it gets down to 1719 LOC after the

migration. A standard diff outputs on average 4402 LOC, which means that

almost all lines of the file are modified. Furthermore, the automated refactor-

ing is not applied to a single file but to many (3014 different files in our use

case data), rendering manual analysis of all the files impossible. As a result,

our primary effort is directed towards extracting the most relevant parts of

the code to reduce the amount of data to compare and make it more manage-

able as well as allow the comparison to be partially automated and provide a

summarised version of the information.

Once the important elements have been extracted, they then have to be

arranged into a model. In this part, we will have two separate models: first,

Control-Flow Graphs that will be used in a visualisation. We chose them for

their user-friendliness, because they are familiar to developers and therefore

easy to read and understand. However, CFGs are not suitable for our com-

parison, which is why we will present a second model, Labelled Transition

Systems. LTSs are simpler in nature than CFGs and therefore compatible

with comparison algorithms, but much less destined to be analysed by hu-

mans. While the use of both models adds a bit of overhead from translating

one to the other, it allows us to both have automatic analysis and present

human-readable data.

The final element of this part of the thesis is the trace equivalence al-

gorithm that allows us to match the various paths present in the LTS models

before and after refactoring, it allows to further sort the data to get to themost

important parts: all of the structures that can be proven to be trace equiva-

lent do not need to be manually analysed, leaving experts with the task of

only looking at the edge cases where the automatic analysis could not prove

equivalence.
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7.1 Context

As mentioned, the crucial aspect of this research is to provide evidence that

the migration process maintains the program’s behaviour, ensuring that the

two versions remain semantically equivalent after refactoring. To achieve

this, certain assumptions will be made, and implementation choices will be

discussed and justified based on expert consultations.

In light of the migration’s nature and after a long discussion with Rain-

code Labs experts (detailed in subsection 7.3.1), we have identified the struc-

tural and conditional aspects of the code as the most significant elements to

consider. Consequently, we opt to abstract all the statements away, focusing

solely on the more crucial components. Once we have successfully extracted

the pertinent parts of the code, we proceed to transform them into a model

representation using Control-Flow Graphs (CFGs).

In this chapter, we delve into the first step of our analysis, where we ex-

tract the relevant information using semi-parsing and generate the CFGmod-

els, while chapter 8 validates our approach. The subsequent chapter will fo-

cus on the comparison of those models on an algorithmical level and the next

one will provide validation of the comparison. Finally, chapter 11 presents

the visual tool that we created, and chapter 12 presents the validation that we

performed with the help of our experts.

We will also argue that the ideas and methodologies presented in this

chapter can be generalised beyond the specific context of our partner com-

pany. Demonstrating that a program retains its behaviour after undergoing

refactoring is pertinent in numerous scenarios where code is continuously de-

veloped and maintained over extended periods by various individuals. This

is a prevalent situation in both industrial and academic settings. While cau-

tion must be exercised in analysing each unique situation and the associated

assumptions, the ultimate objective remains universally applicable.

Special attention will be given to explaining the rationale behind the de-

cisions made throughout this project. The clarity of these explanations is

of utmost importance to facilitate the understanding of this work by other

researchers, should they wish to conduct similar investigations. We will be

transparent by explaining exactly why this is applicable to our use case, so
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others can determine if it would also be useful for their situation.

7.2 State of the art and background

In this section, we present the background knowledge necessary to compre-

hend this chapter as well as some related work. We start by presenting the

general concepts of parsing and semi-parsing and explain which technique

exactly we selected as well as why it is a good fit. Secondly, we talk about

the model we chose as output of our semi-parser, Control-Flow Graphs. Our

choice was motivated by the user-friendliness of said model since it will later

be used as a base for our visualisation.

7.2.1 Parsing

Parsing as the analysis of the syntax of computer programs has been an in-

tegral part of automated compilers since their beginning. In a broader sense,

it can be understood as the process of eliciting the structure that was ex-

pected to be found in a software artifact and making this structure explicit

as preparation for further processing [ZB14]. The syntactic commitments of

an artifact can be as strict or as loose as the situation dictates, and the ex-

pectations are usually expressed in some explicit form: a grammar, a regular

expression, a type, a schema, etc., sometimes collectively being referred to

as “grammars in a broad sense” [KLV05]. Grammars can have vocabularies

ranging from several distinct symbols to over 5000 of them [Zay15]. When

the syntactic expectations are expressed in a form close to that of a context-

free grammar, many parsing algorithms are readily available [GJ08]. Most of

them expect the program either to comply to these expectations fully, or be

declared invalid.

Parsers are metaprograms that typically take a program in textual form

as input and produce a more structured representation of the program in

the form of a tree, a graph, a table, and so on. There is a spectrum of such

metaprograms, but we can roughly separate them in two groups: full parsers

and semi-parsers.

Full parsers [GJ08] have a complete overview of the syntactic expecta-

tions of a language, and expect the input to fully conform to all of them. In

exchange, they produce a fully structured (“parsed”) version of the input. It is

common for abstract syntax trees to contain information about variable types,

name scopes and other complex matters useful for figuring out the semantics

of the parsed program afterwards.

Semi-parsers [Dea+03; Zay14] admit to having only a partial overview

and embrace it by handling uncertain portions of the input tolerantly or not

at all, and yield only an estimation of the full structured representation. In the
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industrial practice of language processing, one often comes across situations

where a full definition of a legacy language is unobtainable or unreliable, or

when the investment in the development of a full parser cannot be justified.

Semi-parsing offers an interesting alternative. Depending on particularities,

the output from semi-parsers can be a normal full tree/graph constructed un-

der a set of assumptions (e.g., “a semi-colon is expected, so let us assume it” or

“a variable is undefined, but it seems like its type could be string”), or a par-

tial tree with explicit gaps (e.g., one does not need to fully understand HTML

to be able to extract all CSS snippets from it). Fact extractors [LHM03] can

be seen as extreme forms of semi-parsers that only collect imported module

names to construct a dependence graph, or only handle comments and line

continuations to count the logical lines of code.

As wonderful and omnipresent as full parsers can be, they have at least

three disadvantages in the context of software modernization. Firstly, they

are very complex to write, and literally take years to complete [Mas98]. Many

legacy codebases contain a language cocktail, and it would be a major invest-

ment to develop a full high-quality parser each time a new fourth-generation

language (4GL) enters the scene. Also, handling hard-to-parse exotic 3GLs

like REXX or RPG can in many contexts be inexpedient. It has been estimated

by one of the experts on the Y2K problem that in 1998 there were at least 200

proprietary 4GLs in active use [Jon98], and many of them are still active to-

day. Secondly, in a world where just handling COBOL (the most used legacy

language, and one of the 700 that can be found on mainframes) means being

ready to encounter up to 300 different COBOL dialects [LV01] and to deal with

various versions of competing compilers that accept diverging syntax, strict

adherence to the syntactic expectations is not only undesirable, it is highly

unrealistic. There are always “uninteresting” syntactic deviations in spelling

keywords or using the preprocessor to handle non-existing statements as ex-

tensions. On top of that, modernization engineers often need to deal with ob-

fuscated code (sometimes up to the point of it not being executable) or partial

code (e.g., COPY books in COBOL serve the same function as libraries in other

languages, but with lexical parameterization — such a COPY book is never a

fully parsable compilation unit). Thirdly, language embedding [Ren10] is still

an open problem, especially in technology-defined grammar classes. Legacy

languages like COBOL, PL/I, FORTRAN or 4GLs, often contain fragments of

embedded SQL queries, JCL requests or CICS commands, and we indeed see

that appear in our industrial use case. Each such language boundary must be

manually programmed and thoroughly tested, and even then without a full

parser of the embedded language, the EXEC block containing the embedded

queries will stay unparsed. Interestingly, this is a well-known phenomenon

in semi-parsing, which refers to such unparsable regions as “lakes” [Zay14].

Semi-parsers have a number of disadvantages aswell, such as overapprox-
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imating the input language — we will address them concretely in the follow-

ing sections. The industrial state-of-the-art attitude is to accept semi-parsers

in program analysis, but not in program transformation [Bla16]. However,

they have three advantages that are worth mentioning up front: (1) since

their development effort is much lower, it is possible to create them in an

agile way, catering fully to customers’ needs and using them in early stages

of the project during joint workshops and feasibility studies; (2) due to their

built-in tolerance, semi-parsers are often naturally applicable to a range of

language dialects, and have the capacity to skip over embedded fragments

just as easily as they skip over other “uninteresting” input parts; (3) it is of-

ten possible to overstep the formal limitations of language composition and

grammar modularity, and develop a bespoke “grammar” (in a broad sense)

for each scenario. Semi-parsers are uniformly accepted also in interaction

situations where responsiveness is more important than precision — such as

syntax highlighting or contextual code completion in an IDE.

The core of the particular algorithm we use in this part of the thesis is

based on the idea of fuzzy parsing [KOP97] with anchor tokens. In short,

the semi-parser scans the input in search of one of the anchors it knows

(e.g., EXEC, IF, etc.) and skips all other tokens. Once the anchor matches,

the actual parsing begins. Formally speaking, this is a form of event-based

parsing [Zay19] where parse actions are executed reactively after witnessing

something specific in the input, and not dictated by the grammar. For our

approach, which will be described in full in section 7.3, the “actual parsing”

can mean one of two things, depending on the anchor: it could lead to an in-

vocation of an external full parser (for embedding SQL and incorporating full

parse trees of each query into the result); or to amodification to a control-flow

graph that we are constructing instead of the parse tree. Thus, it is a bespoke

setup combining semi-parsing [Zay14] ideas of fuzzy parsing [KOP97] with

parsing in a broad sense [ZB14]. We decided to pick fuzzy parsing for its high

flexibility: since every anchor token can be handled separately, it is easy to

implement a prototype and then add to it as needs arise. It also works the

other way around: if we wanted to remove an anchor, it would be as simple

as deleting it from the list in the configuration file.

7.2.2 Control-Flow Graphs

Control-Flow Graphs (CFGs) are a representation of all the paths that could

be followed during the execution of a program [All70]. Each node of a CFG

represents a code statement, and edges connecting nodes represent steps in

the program’s control-flow. Such graphs can be useful when one needs to un-

derstand a program at a glance, or when the language that was used to create

the program is not well known to the user. In the context of our industrial
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use case, the focus is less on understanding the entirety of a legacy program,

but more on allowing the user to zoom in on and compare the control-flow

around interest points. This can be achieved more easily using a graph than

through highlighted code since when generating that graph, we can pick and

choose what to show or not, i.e. keeping only the most important parts of the

control-flow to shorten the output. This can be seen as a kind of intentional

slicing [Wei84].

The most generic way of creating a CFG is by using a full parser: given

the parse tree of a piece of code, generating its corresponding control-flow

graph is a relatively straightforward traversal of the tree, creating nodes and

connecting them as needed. Another way to generate CFGs is to use one of

the many existing tools. The issue with that approach is that those tools are

only available for some languages, mostly widely used ones.

Popular CFG-handling tools includeGrammaTech’sCodeSonar (previously

known as CodeSurfer) [Gra20] andGhidra (and the entire GTIRB-based ecosys-

tem) [Nea19], UCLA’s Aurora [UCL03] and UniLeiden’s JShowFlow [Mui09],

Eclipse plugins EclipseCFG [Ali09] and Atlas SDK [EnS22], Python modules

StatiCFG [Coe+18] and PyCFG [Gop17], etc.

Using a ready-made tool presents the advantage of being a very fast way

to obtain a CFG, but may limit the ability to tune the tool’s output to one’s

particular needs. Also, when dealing with less widely known languages, and

legacy languages with multiple dialects, it is possible that no quality tools

exist that are freely available. This is the case for COBOL. For some more

confidential languages, it even happens that no parser is available at all.

Yet another way to generate CFGs is to use a language workbench with

a meta-programming language like Spoofax [KV10] or Rascal [KSV09]. They

come equipped with their own way of analysing the control-flow of code, for

these examples called FlowSpec [SV17] and DCFlow [Hil14]. While these are

generally of higher quality and abstraction level, all language workbenches

require a good deal of background knowledge and often a steep learning curve

from their users, which in the context of this project was not sufficiently avail-

able within Raincode Labs. While the researcher could have learned one of

the described technologies, our ultimate goal is to have a tool that can be used

internally in the partner company so we discarded this option.

While each of the above techniques is interesting, we chose an approach

that did not require any meta-programming or DSL, and chose to go with

a semi-parsing technique since it is both lightweight and accessible, while

providing the advantage of allowing to generate CFGs of the desired structure.

We discuss further the advantages and drawbacks of our CFGs in section 8.1.



82 Semi-parsing

7.3 Creation of a configurable fuzzy parser

In this section, we describe in detail the approach we used to create our fuzzy

parser for extracting CFGs from our COBOL files. To allow it to be flexible,

we divided it into two parts: the parsing logic and a configuration file, with

the idea being that in most cases users of the parser should only edit the

configuration file to be able to adapt the parser to their needs.

The semi-parser is the first step in our endeavour to show that two pieces

of COBOL code are semantically equivalent before and after refactoring. The

first step is to identify, through discussion with the experts and analysis of the

rules, the code constructs that we want to compare. Next, the parser needs

to be created to extract them from the code. The secondary purpose of our

parser is to arrange those structures into CFGs, the model we have chosen to

help visualise the structures we extracted. The parser takes as input a piece

of COBOL as well as a configuration file and outputs a CFG containing all

the constructs specified in the configuration that were found in the inputted

code.

In this section, we first present and justify our choice of constructions to

extract, then the parser configuration, followed by a preprocessing phase, the

intuition of how the parsing algorithm works and finally we explore some

results we obtained by applying it to a few small handcrafted examples.

7.3.1 Choice of constructs to extract from the code

Since the code it outputs was never really meant to be manually altered, the

PACBASE generator has no consideration to make pretty or even readable

code. Everything is dumped into paragraphs and the various pieces of code

are not written in any particular order, causing GO TO to be not only numer-

ous, but to jump all over the file.

Raincode experts explained during a brainstorming session that, due to

this generated nature of the input, the migration rules were created to mostly

restructure the code: removing useless empty paragraphs and unnecessary

jumps, grouping things together, going towards more user-friendly PERFORM
VARYING loops and restructuring heavily-nested IF structures. The process

does alter some statements, but far less than it does alter structure. Further-

more, when statements are altered, the changes are small, localised and fairly

easy to explain. One rule, for example, groups variable declarations into a

single line if possible, so instead of using 5 lines to declare 5 different vari-

ables containing integers, the code uses only one and declares them all at the

same time.

After our discussion with experts, we were given an exhaustive list of all

140 migration rules and analysed them. We came to the same conclusion as
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the experts, finding only 17 out of the 140 rules that impact statements di-

rectly. Moreso, most of them handle the removal of dead code or perform

renamings. Consequently, we opt to abstract all the statements away, focus-

ing solely on the more crucial components of GO TO, loops and IF structures.

7.3.2 Parser configuration

The configuration is a Python file that contains a set of arrays, each defining

a type of language structure we are looking for in the code. Each element of

those arrays is a specific definition of that structure, e.g. an IF statement is a

specific definition of a condition as illustrated by Listing 7.1. As a reminder,

the syntax for an if statement in COBOL is IF condition (THEN) body
(ELSE body) END-IF.

Listing 7.1: Extract of our parser configuration file for COBOL.

1 conditions = [
2 {"start": r"\sIF(\s)+",
3 "condition_delimiter": r"\sTHEN(\s)+",
4 "mandatory_delimiter": False,
5 "single_branch": r"ELSE\s", "end": r"\sEND-IF"},
6 ...
7 ]

Using this file, users of the semi-parser can both pick exactly what struc-

tures they are interested in seeing in the output control-flow graphs, and de-

fine what is the syntax of those structures. The content of this configuration

file would therefore change mostly in function of the language that is being

parsed, but one could also omit a certain type of structure if they do not want

to have them in the output. Whereas such omissions can result in CFGs that

do not fully reflect the language semantics yet, it does help in building the

fuzzy parser incrementally, by adding one language construct at a time, until

reaching the full language semantics that one wants to cover.

After our discussion with experts and analysis of the migration rules, we

chose to extract the following structures from our industrial COBOL code:

Condition The COBOL statements IF/ELSE and EVALUATE ... WHEN.

Loop The COBOL statements GO TO, PERFORM, PERFORM THRU, PERFORM
VARYING and NEXT SENTENCE. As explained in section 2.2, most of

these are not conventional loops, but behave more like jumps through

the code that either return to where they started (PERFORMs) or do

not return at all (GO TO and NEXT SENTENCE). The only exception is

PERFORM VARYING, which is equivalent to a standard Java for-loop.

It is present only in the post-migration files, but its inclusion was re-

quested by Raincode Labs engineers.
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Parsable This structure is used to define program fragments to be analysed

by an external parser, in our case EXEC SQL, since we want to delegate
the parsing of embedded SQL fragments to a separate parser.

Ignorable structures that we do not want to see in the generated CFGs, but

that are sometimes needed to disambiguate the rest. In our case, strings

and comments. It is important to specify those two because it is possible

(and even common) to find a comment or string containing one of the

structures we are interested in, e.g. a string containing the word "IF". If

we did not specify this to our parser, we risk falsely identifying pieces

of comment or string as actual code structures and result in false CFGs.

Special This structure groups special language-specific cases that need to be

dealt with. In the case of COBOL, we need to handle the special period

statement (.) which closes all open statements. In the context of our

industrial case itself, we decided to parse only the procedure division of

COBOL programs and therefore added a special anchor to skip to that

division, which helps us save execution time.

Every element of the arrays found in the configuration file can be edited

or removed, and new ones can be added. In case of adding a new element,

some edits to the actual parsing code may be necessary to implement the

new structure’s logic.

A concrete example of such a configuration file for COBOL can be found

on GitHub [Dek22]. To define the syntax of the statements we are looking for,

we decided to use Python’s regular expressionmodule re [Pyt22]. This choice
was motivated both by its ease of use and by COBOL’s inner complexity.

Indeed, some statements can have multiple correct syntaxes, like the well-

known GO TO which can also be written as just GO while having exactly the

same semantics.

7.3.3 Preprocessing

Before being able to parse our COBOL files, we need to preprocess them.

Not in the sense of using the COBOL preprocessor, but rather altering the

input of our parser. Since the files used in our use case are generated by

PACBASE, they contain line numbers and program identifiers, which are a

part of the line-by-line structure, but not a part of the core syntax. An ex-

ample of what a PACBASE-generated file looks like prior to such cleaning

has been shown in section 2.2. Technically columns 1–7 and 73–80 can be

ignored by the fuzzy parser itself reacting to pseudotokens (similar to how

most Python parsers work with indent/dedent pseudotokens), but that would

bias our parser too strongly towards position-based languages which often

https://github.com/CelineDknp/SemiParsingCFG/blob/main/src/Utils/config.py
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require drastically different parsing techniques anyway [Zay17]. Thus, we

opt for a gentle preprocessor that replaces everything outside Areas A and B

with spaces and keeps the COBOL code syntactically correct and semantically

equivalent. This also allows us to deal with line continuations and comment

markers at column 7.

7.3.4 Parsing the SQL

Since we are relying on semi-parsing (see subsection 7.2.1), the core of our

algorithm is relatively simple. First, when our parser is instantiated, it goes

through the configuration file to define the anchors. To simplify the parser’s

code, the different regexes are compiled and passed to another object that will

keep track of which ones are active (i.e. still present in the rest of the input).

The parser only handles the actual matches of the regex, keeping both a list

of the next match for each anchor and one with iterators that allow us to

retrieve the next matches when needed.

The parser moves through the input considering it as a long string with

an index, starting at zero and jumping from anchor to anchor. At each step,

our parser finds the anchor that has the earliest match in the input and passes

it to a handler that processes it differently according to its type (Condition,

Loop, Parsable, Ignorable or Special, see subsection 7.3.2) and according to its

exact match. This process creates Node objects that will form the final CFG,

and analyses any needed additional information like an IF’s condition.
It is important to note that our Ignorable (comments and strings) matches

are used only when they are needed to disambiguate. When looking for the

next anchor, if we find a match for an IF, but find that an Ignorable anchor

overlaps it, we pick the string or comment instead of the if and do not add

any node to the graph.

The only other special case worth mentioning regarding the computation

of additional details about a node is the case of Parsable nodes. To parse

the embedded SQL statements it encounters, our parser simply calls the SQL

parser generated from an open-source ANTLR grammar [KK15].

Our Parsable node objects have access to the SQL grammar and a func-

tion allowing them to parse a string using the antlr4 Python module. After

retrieving the SQL code, conveniently contained between the EXEC SQL and

END-EXEC statements, they pass it to ANTLR to create a parse tree that is

stored inside the Node object for later use.

The parser’s iterative processing of the input, anchor by anchor, continues

until either the end of the file is reached or no more matches are found for

any of the anchors.

To finish fully constructing the final CFG, we make a pass through our

loop nodes to make sure that they point towards the right children. Indeed,
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given the jumpy nature of COBOL code, it is common to have GO TO or

PERFORM statements pointing towards a label that is further down the code,

and that we did not have knowledge about yet at the moment of parsing the

loop itself. For simplicity, we resolve all of these after the first parsing phase,

when we are guaranteed to have found all the correct labels to point to.

At the end, we obtain an object representation of a CFG corresponding to

the given file. It can be serialised into a file to be visualised later, although we

do not use those files in our final tool. For this, we use the GraphViz [Ell+22]

library, which has the advantage of being directly connected to Python and

easy to use to produce a visualisation of such graphs.

7.3.5 Example

We now illustrate concretely how the parser works on the small handcrafted

COBOL example of Listing 7.2.

Listing 7.2: A small handcrafted COBOL code example

1 IDENTIFICATION DIVISION.
2 PROGRAM-ID. Example1.
3 ENVIRONMENT DIVISION.
4 DATA DIVISION.
5 PROCEDURE DIVISION.
6 IF A > 0
7 NEXT SENTENCE
8 ELSE
9 DISPLAY "First if branch"
10 END-IF.
11 IF B = 0
12 DISPLAY "Second if"
13 END-IF.

After loading all anchors and searching for all their first occurrences, the

fuzzy parser will be left with only the following: the special PROCEDURE
DIVISION anchor on line 5 to start the parsing, the condition anchors IF,
ELSE and END-IF, the loop NEXT SENTENCE anchor and finally the ignor-

able string anchor.

Let us analyse the parser operations line by line:

■ Even though we start at line 1, there is nothing of interest to parse

until line 5, where we find the first PROCEDURE DIVISION anchor.

This does not produce any node, but advances the parser’s index up to

the start of line 6.

■ On line 6, we find a match for one of the condition anchors. A node

denoting the start of an IF is created, and the parser also takes note of

its condition A > 0. To allow us to keep track of how the nodes are
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embedded, we also increment a depth variable. All nodes created after

this point will be inside the IF, at a depth of 1.

■ On line 7, a match is found for a loop anchor. A node is created, and a

new anchor is added to the list: the parser now looks for a period (.),
which will indicate the end point of the loop.

■ On line 8, there is again a match for one of the condition anchors, this

time for a branch. No new node is created in the graph, we simply mark

the “True” branch of the first condition node as closed (new nodes that

we parse next will no longer be added as its children).

■ Line 9 does contain a string, but it does not overlapwith another anchor,

so it is ignored by the parser.

■ On line 10, there are two separate entities to parse: first, the END-IF
which is a match for one of the condition anchors and will result in

the closing of the first condition node. The internal depth variable is

decreased by one and this closure is matched with the nearest open

condition of the same depth. The second match concerns the period,

which is processed to act as the end point of the loop node, adding a

temporary node in the graph to mark its position.

■ Finally, another IF node with the condition B = 0 is created for line

11, line 12 is ignored and line 13 closes the second condition node.

As described above, after this first parsing phase is done, we make sure all

loop nodes present in the graph point to the correct place. In our example, we

suppress the previously created period node, pointing the NEXT SENTENCE
to where that node was, and the graph is complete.

The CFG produced by parsing the program of Listing 7.2 is shown on the

left side of Figure 7.1. We represent the start and end points with a diamond

shape, and show the COBOL statements in ellipses, with some edge annota-

tions.

Note that due to the syntax of COBOL, very slight changes to a COBOL

program can change its CFG greatly. For example, if we transfer the period

seen on line 10 to the end of line 13 (i.e. after the second END-IF and not

the first), we change where the NEXT SENTENCE jumps to, and therefore the

CFG itself. The CFG output corresponding to this variation of code Listing 7.2

is shown on the right side of Figure 7.1. The parsing itself is almost the same,

except for the step at which the period is parsed, which is now the last one.

The last feature of our fuzzy parser is its ability to make use of an external

parser to analyse an embedded language, in our case the SQL code present

in between an EXEC SQL and END-EXEC statement in a COBOL program.

Consider the code of Listing 7.3.
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Figure 7.1: Generated CFGs for code example from Listing 7.2 and its varia-
tion with the DOT only on line 13

Listing 7.3: A small COBOL program with embedded SQL code

1 IDENTIFICATION DIVISION.
2 PROGRAM-ID. Example2.
3 ENVIRONMENT DIVISION.
4 DATA DIVISION.
5 PROCEDURE DIVISION.
6 IF A > 0
7 EXEC SQL SELECT * FROM TABLE END-EXEC
8 END-IF.

The parsing happens in a very similar way as described earlier with the

addition of a Parsable anchor in the anchors found present in the program (on

line 7, instead of the loop anchor found previously on that line in Listing 7.2).

As before, the parsing starts with the PROCEDURE DIVISION and the IF.
When arriving at line 7, the handler for the Parsable anchor creates a node and

extracts the SQL code between the delimiting COBOL statements. This SQL

is stored in the node as plain text for ease of representation with Graphviz,

but it is also passed to an ANTLR parser, which creates a parse tree of the

code that we will be able to use when we need to compare the SQL code pre-

and post-migration of a COBOL program. The parsing is finished with the

processing of the END-IF at line 8, and for this program we do not have any

loops to clean up after the first phase. Figure 7.2 shows the resulting CFG for
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Figure 7.2: Generated CFG for the code example from Listing 7.3

the code of Listing 7.3, with the embedded SQL shown in boxes to visually

differentiate it from COBOL.

7.4 Generalisability

Wedesigned our semi-parser to be as generic as possible, achieving this through

the configuration file. For COBOL itself, the flexibility of using regular expres-

sions allows us to handle the slight differences that exist within the various

dialects (of which there are over 400), which is one of our main motivations

for our choice of using a custom fuzzy parser and not a full parser.

Furthermore, handling other languages that are close to COBOL concep-

tually (i.e. that are imperative and procedural) should be light work, adapting

the regular expressions to match the syntax of the new target language. In

the case of FORTRAN for example, the if statement is fairly similar: IF cond
THEN body END IF. The end marker needs to change to have no dash (in

COBOL, it is END-IF ) and the "THEN" is mandatory and not optional. The

comments are also different, we no longer need to ignore lines with * at the

7th column, but any character after an !, and so on.

Adapting the semi-parser to handle a language conceptually further from

COBOL, like Java for example, will require to modify the code of the parser

itself and not only its configuration file. This is because in its current form,

the semi-parser can handle only one file at a time, and and would not be

able to capture object-oriented concepts like inheritance, method overloading

and method overriding. In general, the technique of fuzzy parsing matches
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well the paradigm of imperative programming which is how we scoped our

use case. We do note that control-flows have been extracted from various

languages and paradigms, like the case of Prolog [Luo+92] or Java [Ami+12],

although Prolog control-flows represent the flow but no longer the structure

of the program and are therefore too far away from what we are doing here

and from what the industrial case required.

7.5 Conclusion

In this chapter, we presented the part of our research that focuses on the

extraction of significant constructs from COBOL code and their translation

into CFGs, which are our chosen models. We explained why the constructs

we extract are most appropriate for our specific use case, then detailed how

we developed a semi-parser capable of extracting the desired information.

We paid special attention to keeping our parser as flexible as possible, both

in terms of picking exactly what will be extracted and the languages it can

handle.

While fuzzy parsers are not new (dating as far as 1997 [KOP97]), they

were not used previously in the context of creating control-flow graphs (full

parsing being the most common method). As mentioned, many tools exist to

create CFGs, but none were able to do so for our target language, COBOL.

We did find one extension for Visual Studio Code, called COBOL Control

Flow [Mic23], but it did not produce complete control flows for our industrial

data, instead creating only a few connected nodes and many disconnected

ones.
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In this chapter, we present how we evaluated our semi-parser and CFG gen-

eration both from a qualitative and a quantitative point of view. We first go

over the methods we used to ascertain that the produced CFGs are correct,

and then compare how the performance of our fuzzy parsing approach fares

against using a full parser instead.

8.1 Qualitative Results – Correctness

The first step we took to ensure that our control-flow graphs were correct

was to manually write small pieces of COBOL code to act as test files. We

wrote some containing basic forms of the structures we wanted to analyse,

along with some interesting edge cases, or cases that generated bugs during

development. Using those as a base, we wrote a test suite to examine and

verify the details of what was found during the parsing phase: which anchor

was triggered when, what nodes did it create, and whether or not the content

of those nodes was what we expected.

We also took care to test the produced CFGs, i.e. contained nodes and

links between them. Listing 7.2 was part of this test suite, as well as its vari-

ation in Listing 7.3. One of our tests makes sure that both variants indeed

produce the two different outputs shown in Figure 7.1. In total, we wrote 95

tests over 121 different handcrafted files, considering nested conditions and

loops, some EXEC SQL to test our integration with ANTLR, the inherent case
insensitivity of COBOL as well as difficult cases where strings or comments

contain fragments that could be mistaken for parsable code.

For all of our handcrafted files, we test them in several phases: first, we

test that our parser extracts the expected amount of anchors from the file. Sec-

ondly, we ensure that, once the CFGs are constructed, they have the correct

number of nodes, and then that those nodes are of the correct type regarding

to the constructs they originated from. Finally, we look at all of the links of

the graphs and make sure that they are labelled correctly.

While this test suite was very useful during the incremental development

phases of our fuzzy parser, it was still limited in a number of ways. Since our

collaboration with Raincode Labs gave us access to their industrial-strength
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Figure 8.1: Outputted CFGs for code example Listing 7.2 and its variation
using Raincode Labs’ parser

full parser for COBOL, we took advantage of that.

We wrote a script to transform the parse trees created by their full parser

to CFGs and compared these CFGs to our own. The comparison itself was

done manually by probing diverse programs. We found that the CFGs were

semantically equivalent in all cases, even if the syntax used was not always

exactly the same. COBOL contains a lot of synonyms, which the Raincode

Labs parser normalises (e.g., characters like < and = in the input appear as

GREATER and EQUAL in the tree). The resulting CFGs produced from the

Raincode Labs parser outputs for the code in Listing 7.2 and its variation can

be seen on Figure 8.1. Apart from the small syntactic differences mentioned

above, they are equivalent to the CFGs in Figure 7.1.

8.2 Quantitative Results – Efficiency

To compare their performance, we applied both our fuzzy parser and the full

parser of Raincode Labs to four sets of files: our test files, the NIST COBOL

test suite [Nat22] (a well-known open-source test suite for COBOL85), and

all COBOL files both pre- and post-migration of one of the recent PACBASE

migration projects. In total, that gave us 32 small handcrafted files, one open-

source project of 410 files, and two sets of 3014 files each. Whereas the first
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Av. #LOC Fuzzy tot. (s) Full tot. (s) Speedup fuzzy/full

Test files (32) 15 0.03 9.35 312

NIST (410) 781 37,45 127.87 3.4

Post-migration (3014) 1715 273.01 959.12 3.5

Pre-migration (3014) 2675 1272.29 947.53 0.7

Table 8.1: Execution times on all file sets

two sets are available to reproduce our experiment, the files of the PACBASE

migration use case are confidential.

The setup of our experiment is as follows: for each COBOL file we run

the first phase of our fuzzy parser (creating the nodes, but not linking them)

and Raincode Labs’ full parser. This is the fairest comparison we could come

up with: at that point, our fuzzy parser has not fully generated the CFG yet,

but from Raincode’s side, we are left with a full parse tree that still needs to

be transformed to a CFG as well. We chose not to measure the time it would

take to obtain a CFG for both methods because in the case of the full parser,

getting the CFG requires the parse tree to be written to disk in XML form and

then be read from disk again.

The alternative would be to modify their parser so that it creates CFGs

immediately, but this would have required substantial help from someone at

Raincode Labs, for no other purpose than this performance comparison.

Also note that our fuzzy parser uses ANTLR to parse the embedded SQL

code found inside the COBOL files, while the full parser leaves EXEC blocks

untouched. We performed our comparisons both with and without parsing

the embedded SQL, and found that running the ANTLR parser does not pose

toomuch of an overhead, taking roughly 20 seconds for all 3014 files of our in-

dustrial use case (only those files actually contain EXEC SQL statements with

embedded SQL code). The execution times reported in this section were com-

puted with ANTLR parsing turned on, presumably giving our fuzzy parser a

slight unfair disadvantage in the comparison with the full parser. There are

limits in comparing tools in practice, and we hope our explanation helps the

readers to interpret the results.

The Raincode parser reports its parsing times in a database while our

fuzzy parser uses Python’s time.time() to obtain the execution time. For

each file, we run each parser 20 times and then calculate its average execution

time. All of our tests were performed on a 12-core, 24-thread 3.70 GHz proces-

sor, with 32 GB of 3500 MHz RAM.We did a few experiments with a warm-up

phase of 20 runs, but saw no significant changes in our numbers: neither for

the fuzzy nor for the full parser. We therefore do not include warm-ups in

our final reported numbers. The summary of our findings can be found in

Table 8.1. The average file size for each codebase is included, as it turned out
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to be relevant for the discussion to come. We then give the sum of the aver-

age execution time over the entire codebase for both the fuzzy and the full

parser, and finally the speedup of using our fuzzy parser versus the Raincode

full parser, for each codebase.

When analysing these results, we observe that the fuzzy parser offers a

significant speedup when the files are small, but loses its advantage as the

average file size grows larger. A likely explanation for this phenomenon is

that the Raincode Labs full parser is I/O bound, meaning that reading a file

of any size is a fairly costly operation for them, while the parsing task itself

has become very optimised over their parsers’ 20 years of existence. On the

other hand, our fuzzy parser, implemented in Python, scans the input files

faster, but sees its execution time grow as the files become longer and more

complicated due to the number of regex matches to find, and the complexity

of keeping track of embedded conditions and loops to generate the CFG. This

explains why the full parser actually outperforms the fuzzy parser in the last

line of Table 8.1. The files pre-migration are quite large and contain lots of

embedded structures (their inappropriate nestedness levels is one of the rea-

sons for refactoring), providing a worst-case scenario for our fuzzy parser,

which then becomes slower than the full parser. Both parsers seem to have

near-linear performance.

To confirm this phenomenon, we created a synthetic test set. We took

a base file of 1000 lines and grew it in size by copying parts of its contents

up to 30K lines. We then ran both parsers on these manually-generated files

to observe their behaviour. The resulting graphs are shown in Figure 8.2.

On the top graph, we can observe that the fuzzy parser is faster when the

files remain under 10K lines, but that execution time keeps growing with the

file size, while the full parser’s execution time grows more slowly, beating

the fuzzy parser’s execution time for files larger than 10K lines. The bottom

graph plots each parser’s execution time normalised by the file size, i.e. the

“cost” of running a parser. As expected, running the full parser on small files

has a very high cost, but this cost decreases sharply as the file size grows to

5000 lines, and keeps decreasing slowly afterward. In a contrary fashion, the

fuzzy parser is less costly to run on files smaller than 5000 lines, then roughly

equivalent to the full parser’s cost up to files of 10K, but then gets slightly

costlier as file size increases.

To obtain these numbers, we did some initial optimisations on our fuzzy

parsing code, and pre-compiled it using theNuitka Python compiler [Hay+22],

which eventually allowed us to get a performance roughly equivalent to (or

better than) that of the full parser for most files in our experiments. We would

like to emphasise here that we are comparing the current implementation

of our fuzzy parser prototype to an established highly-optimised industrial-

strength parser. Further promising optimisations of the fuzzy parser exist, in
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Figure 8.2: Graphs comparing both parsers’ performance on various file sizes

particular to get rid of the slow regex module in favour of something faster.

While the execution times are significant (20 minutes for our longest run),

this is not how our parser would typically be used in the industrial use case.

In our experiment, we ran every file one by one in order to be able to compute

the average execution time for all of them. The fuzzy parser would be used

either while in a meeting with a customer, or run on servers overnight after a

full migration task. In the first case, the files would still be computed one by

one, but only two at a time during discussions, requiring 0.42s on average for a

pre-migration file, and 0.09s for its post-migration equivalent, which is more

than acceptable and lower than the time that would be needed by the full

parser (respectively 0.31s and 0.32s on average for pre- and post-migration
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files). In the second case, on a server, the process would be run in parallel

to a very computationally heavy rewriting system for COBOL refactoring.

The execution of our fuzzy parser is fairly lightweight and thus multi-thread-

friendly, requiring only 5% of the processing power and 40 MB of RAM on the

computer used for the experiment. This means that, putting the refactoring

processes aside, up to 20 threads could be run in parallel on that specific ma-

chine, resulting in a total execution time of 77.2s to compute both sets (threads

are fully independent), or just over a minute. For an overnight process, this

overhead is again more than acceptable.

8.3 Discussion

In this section, we discuss the viability of using semi-parsing techniques like

fuzzy parsing, versus using full parsers, to generate CFGs; criteria of cor-

rectness, efficiency and modularity; as well as the semi-parser’s ability to be

dialect-agnostic and its applicability to partial or non-compilable code.

8.3.1 Efficiency and Correctness

Both these criteria were discussed at length in the previous section. While

our CFGs generated with a semi-parser were found to be correct when we

analysed them in detail, using the fuzzy parser will not always result in faster

execution times as compared to using the industrial-strength full parser we

had at our disposal, especially not for larger programs. We already proposed

a few solutions to this issue, the easiest one being to parallelize the execution

of the CFG creation process when dealing withmany files of larger size. How-

ever, execution time is not the only factor we should consider when talking

about efficiency. The time resources that need to be invested before getting

results are also of importance. Of course, if a full parser is already available

for a given language, writing a script that extracts CFGs from its parse trees

may indeed not be more complicated than writing a semi-parser. However,

whereas we did have access to such a full parser for the case of COBOL (and

welcomed it because it allowed us to compare the correctness and efficiency of

our fuzzy parser with that full parser), especially when working with legacy

languageswe do not always have access to such a full parser. When no parsers

are readily available, the time and expertise required to write a semi-parser

will be far less than what is needed for writing a full parser. In our case, it

took us a few months to obtain satisfying results for our fuzzy parser versus

the estimated 2-3 years it could have taken for writing a full parser [Mas98].
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8.3.2 Modularity

We can distinguish two important modularity concerns: the ability to cherry-

pick what we want to be contained (or not) in the produced CFG, and the abil-

ity to parse other embedded languages. When creating CFGs from parse trees,

picking what will be included in the final graphs is fairly easy, although less

flexible than the configuration file that our semi-parsing solution proposes.

In regard to parsing embedded languages, combining two grammars into a

single one is often difficult to impossible as explained in subsection 7.2.1. As

we experienced, at least for the case of parsing embedded SQL in COBOL,

semi-parsing makes this possible relatively straightforwardly.

8.3.3 Dialect agnosticism

It is well known that many languages, and legacy languages in particular,

have multiple dialects or versions, COBOL being a particularly impressive

case with up to 300 language dialects [LV01]. Using a fuzzy parser, as long as

the syntax of the structures we are interested in remains roughly the same,

the dialect used would not interfere much with the CFG generation. In case of

a diverging syntax for one of the control-flow structures considered, the only

change needed would likely be to modify the regex expression describing it in

the configuration file, making the adaptability of our fuzzy parser to language

dialects very high.

8.3.4 Ability to handle partial or non-compilable code

When using a full parser, the code needs to be complete and syntactically

correct in order to be processed. With fuzzy parsing, this is not required

(although severe syntax errors within chosen structures will of course yield

incorrect CFGs). In our industrial use case, this proves very useful in cases

where the code is confidential, and the customer wishes to give away as lit-

tle as possible of their codebase. Imagine a contract by which the customer

agrees to give only the procedure divisions to Raincode Labs, but not the data

divisions, which can be seen as more critical to the customer because they

contain all variable definitions and values, while the former “only” describes

the execution. In this case, a full parser would need to be partly rewritten

to analyse this code, while with a fuzzy parser, we would be able to do so

without any modification.

8.4 Conclusion

In this chapter, we demonstrated the accuracy of the CFGs created by our

semi-parser by checking their equivalence to CFGs generated from full parse
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trees. We then evaluated the performance of our semi-parser to gauge its ef-

ficiency. The results indicated that for smaller files (less than 10K LOC), the

semi-parser outperforms a fully optimised industrial-strength parser. How-

ever, it was acknowledged that optimisation is needed to enhance its compet-

itiveness with industrial-level parsers when dealing with significantly larger

files. We then discussed the advantages of using semi-parsing: it is lightweight

and lower-effort to create, and proves useful when the need arises to parse

partial code or several different dialects.



Trace equivalence 9
This chapter serves as a direct continuation of the preceding one, wherein we

focus on comparing the Control Flow Graphs (CFGs) generated through our

semi-parser using the concept of trace equivalence.

9.1 Context

In this chapter, we describe how we compare the CFGs of a COBOL program

before and after the migration process by way of a trace equivalence algo-

rithm. Initially, we encountered a challenge, as the CFG format contains in-

formation at both the node and edge levels, which is not compatible with the

base algorithm for trace equivalence which wants labelled edges only. More-

over, certain details present in the CFGs are irrelevant to the comparison,

e.g. the names of the labels; their exact names do not contain any semantic

meaning and we know from experience that many labels found in the code

before the refactoring will be removed in the new version. Consequently, we

address this issue by automatically translating the CFGs first into Labelled

Transition Systems (LTS). This translation effectively condenses relevant in-

formation, such as conditional statements, onto the edges, leaving the nodes

empty except for their id.

With the translated models in hand, we then proceed to compare these

LTS models using trace equivalence. We start with the base algorithm, iden-

tify its limitations, and then present our proposed solutions to address these

limitations effectively.

In addition to the binary outcomes of the trace equivalence algorithm

(i.e., the two models are either equivalent or non-equivalent), we recognise

the need for a more nuanced representation of the results. By marking the

nodes explored during the comparison, we enable a more granular view of

the points where the graphs diverge. We then create a visualisation tool that

enables a detailed presentation of the locations where the non-equivalence is

identified, again using Roassal as for the tool presented in subsection 5.3.4.

Finally, we conduct a comprehensive validation of both the trace equiva-

lence algorithm and the visualisation tool, involving feedback from Raincode

experts for the latter.

Once again, while this work is targeted towards our specific industrial
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use case, the tools we developed were conceived with maximum flexibility

and generability in mind. Furthermore, the process of comparing two ver-

sions of a program before and after refactoring is prevalent throughout both

academia and industry. Our tool is capable of processing any input as long as

it respects the LTS format, and while it might not give the best results out of

the box due to the specifics of every refactoring process (see our discussion

in section 10.4), it is easily extendable.

9.2 State of the art and background

In this section, we present the background knowledge necessary to compre-

hend this chapter as well as some related work. We start by defining the mod-

els that we will use, Labelled Transition Systems (subsection 9.2.1) and then

detail the algorithm that we use to compare those models, trace equivalence

(subsection 9.2.2).

9.2.1 Labelled Transition Systems (LTS)

Labelled Transition Systems (LTS) is a graph format used, among other things,

in model-based testing [Tre08]. It presents the advantages of being both fairly

close to our initial CFGs and having been used previously in the context of

our goal of trace equivalence [TPB97]. It is often used in computer science

to describe the behaviour of systems, which is our goal here. Conceptually,

it is close to FSAs, although there are a few differences. First, FSAs accept a

certain language, meaning that they have accepting and non-accepting states.

This is not the case for LTSs, which do not have to have an accepting state.

Secondly, LTSs do not have to be finite while FSAs do. Note that the LTS that

we will use are always, in practice, finite since they represent a finite set of

code instructions, the program we are analysing.

LTSs are often presented as simple models of communication systems.

They are composed of states, describing information about the system at a

certain moment of its behaviour. In our case, each state represents one of the

code structures we extracted from the COBOL code and has a 1:1 match with

a node in our initial CFGs. Their labels or transitions stand for observable

actions of the program or process they represent. Those match with the links

of the CFGs, but with more formality. Since the states are not annotated, an

IF statement that would be represented in a CFG with a node labelled IF A =

0 and two outgoing links True and False would become a state with no label

in of itself and two outgoing links: A = 0 and NOT(A = 0), Figure 9.1 shows a

simple visualisation for this example, CFG to the left and LTS to the right.

LTSs have two types of links:
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Figure 9.1: CFG (left) and LTS (right) representation of our small example.

1. Those with a specific label that is destined to be matched in the trace

equivalence like we exemplified above and

2. Links that exist just to represent the flow of execution, denoted with an

INTERNAL label.

During the verification of trace equivalence, those internal links are ig-

nored, meaning that 0 to N INTERNAL links on one graph can be matched to

0 to N on the other.

In the next section, we will explain howwe translated our CFGs into LTSs

in order to use them to perform the trace equivalence.

9.2.2 Trace equivalence

Calculating equivalence between LTSs is not a novel idea [De 87] and the

algorithm of trace equivalence has been used before to do so [Lev06]. In-

tuitively, two LTSs are considered trace equivalent if they cannot be distin-

guished by interacting with them. As described above, the LTSs are composed

of states and transitions, and two states are considered trace equivalent if they

can perform the same finite set of transitions.

The trace equivalence then takes the two LTSs corresponding to our pre-

and post-refactoring versions and traverses them recursively. One full path
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from the starting to the end state is called a trace and is considered valid if

and only if it is composed of only trace equivalent states.

Consider the small example of a graph having a start state and then a

state S1, as described above, with two outgoing links A = 0 and NOT(A = 0),

both linking to the end state. This LTS would have two traces, as shown in

Figure 9.2 in red and blue. Note that traces can include the same state several

times due to looping structures.

Figure 9.2: Traces in the LTS corresponding to our small example.

The algorithm will branch and generate new traces every time several

paths can be explored, like in the case of a condition. All traces found in the

first LTS must have a match in the second for the two graphs to be consid-

ered trace equivalent. The base algorithm for calculating trace equivalence

between two graphs goes as follows, starting with the two start states of each

graph:

1. Start at a corresponding state of each graph.

2. For each outgoing link of these states, look at each of their labels, gen-

erating new traces if there are more than one:

■ If it is INTERNAL, it can be consumed (skipped) and the algorithm

goes back to step 1 with the target state as the starting one.

■ If it has a specific label, we must find an exact match for it in the

other graph. In other words, both of the current states we are
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analysing must have a copy of the exact same label. To come back

to our small example, to match state S1, the other state must have

both a A = 0 and a NOT(A = 0) link.

3. When a link is skipped and/or matched, relaunch the algorithm recur-

sively with its target state. If no match can be found for a link, the trace

is invalid and therefore the graphs are not trace equivalent.

4. If a state with no outgoing link (end state) is reached or if a couple of

states previously considered is explored again, the trace we are follow-

ing is valid.

5. If all possible traces are valid, the entire graphs can be considered as

trace equivalent.

To summarise, the trace equivalence algorithm takes two LTSs as input.

As output, it gives a boolean answer: either the input graphs are equivalent

or they are not. In addition to this boolean ouput, the version of trace equiv-

alence that we implemented also marks every explored link from the graphs

taken as input. Every path that exists in both input graphs is explored pair-

wise (one path from each graph). Along those paths, every link explored is

marked "matching", if it is INTERNAL or if a link with the exact same label is

available in the other path. The explored labels are marked "unmatching" if

neither of the previous conditions are true. For the input graphs to be con-

sidered trace equivalent, no link must be labelled "unmatching".

In this base version of the algorithm, all labels that are matched between

the graphs must have an exact correspondence, and states must be matched

exactly one-to-one. This does not take into account any of the specificities

that a refactoring can have and is fairly limiting. However, those limitations

can be partially overcome, as we will demonstrate in the next section.

9.3 Calculating trace equivalence between two CFGs

In this section, we show how to compare COBOL programs before and after

refactoring. We will present both the models used to represent the code, how

we obtained them and the algorithm that compares those models. Finally, we

will present the limitations of the algorithm and how we overcame them.

9.3.1 Transforming CFGs into LTSs

We start with the CFGs generated by our semi-parser, presented in chap-

ter 7. As a quick reminder, they contain the following structures (as deter-

mined with the experts): the conditions IF and EVALUATE (switch/case style

of multiple branching), the jumps GO TO, NEXT SENTENCE, PERFORM and
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PERFORM THROUGH, the looping structure (“in-line PERFORM”). SQL calls are
found between EXEC SQL and END-EXEC keywords. As PERFORM and GO
TO make use of COBOL’s paragraph names, they are also included.

However, as stated before, the generated CFGs are not yet in the right

format for trace equivalence since they contain information both on their

nodes and links. We did not find prior work on translating from this format

to LTS, so we wrote the conversion script ourselves. While this translation

might seem cumbersome, it is necessary for our purpose: we not only seek

the guarantees given by the trace equivalence algorithm, but we also wish to

visualise the results. For that, CFGs are preferred since they aremore readable

by humans.

Translating a CFG into an LTS requires thinking about how to replicate

the flow that will be followed by the execution of the program and translat-

ing it to labelled links. For conditions, i.e. the IF statement, we label the

branches with the base condition and its negation. For the jumps GO TO and

NEXT SENTENCE as well as the labels, they are replaced with a single INTER-
NAL link: what the node was exactly does not matter in the execution, only

where its link went and what link goes to it. Finally, for SQL nodes, the entire

SQL statement becomes the label of the link. Listing 9.1 shows a small hand-

crafted COBOL code fragment, featuring most of the described constructs,

and Figure 9.3 shows its equivalent CFG (on the left) and LTS (on the right).

The numbering shown on the nodes is not included in either model and was

simply added there to ease the reader’s comprehension.

Listing 9.1: A small handcrafted COBOL code example.

1 IDENTIFICATION DIVISION.
2 PROGRAM-ID. Example1.
3 ENVIRONMENT DIVISION.
4 DATA DIVISION.
5 PROCEDURE DIVISION.
6 P1.
7 IF A > 0
8 NEXT SENTENCE
9 ELSE
10 IF B = 0
11 EXEC SQL OPEN DB END-EXEC
12 END-IF
13 END-IF.

The various PERFORM statements have to be carefully designed. As a re-

minder, PERFORM A and PERFORM A THROUGH B behave as follows: when

encountered during the execution, they jump to the labelled paragraph A, exe-
cute everything contained in it, then the execution goes back to the PERFORM
and continues. In the case of a THROUGH clause, one jump results in executing

everything in paragraphs A and B and everything in between.
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Figure 9.3: CFG and LTS representation of the code of Listing 9.1.

To handle this, we created two specific labels on the LTSs: the PERFORM

and the GO BACK. A PERFORM node has both a PERFORM and an INTERNAL

outgoing link. The PERFORM link has to be followed first, leading somewhere

else in the LTS. The paths are then followed as normal until we reach the

corresponding GO BACK that will lead back to the PERFORM node, allowing

to proceed with its other child (INTERNAL link). The logic is the same for

a PERFORM THROUGH, the placement of the GO BACK link being the only

thing that changes. Note that, in the CFG, only the PERFORM link is shown,

counting on the user’s understanding of COBOL to infer when the execution

returns (omitting the GO BACK links also reduces clutter). In a model meant

to be automatically analysed such as the LTS, this link needs to be explicit. A

CFG and corresponding LTS of this can be seen on Figure 9.4. In the example,

the PERFORM is met first, then P2 and its IF, then the execution goes back

to the PERFORM node and keeps following the normal path, performing the

test IF A < 0, then the IF B = 0 a second time. For example, for non-zero

value of B, the execution would be: L0-L1-L2-L4-L5-L7-L2-L3...

The in-linePERFORM UNTILworks similarly to the regular in-linePERFORM
but with conditions instead of jumps to paragraphs. If its base condition is

true, the body of the loop is entered and if it is the negation of the condition,

the loop is exited and execution continues. An example of such a construct

can be seen on the right-hand side of Figure 9.5 (CFG) and Figure 9.6 (LTS).
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Figure 9.4: CFG and LTS representation of a PERFORM statement.

9.3.2 Calculate the trace equivalence between two LTS

Applied on the graphs shown on Figure 9.6 (which are the LTS version of the

graphs of Figure 9.5), the base trace algorithm described in subsection 9.2.2

will perform as follows (some steps are combined for conciseness):

1. The INTERNAL outgoing links from nodes L0, L1 and L2 are skipped,

meaning that node L3 is the next node. On the other side, the INTER-

NAL outgoing links from nodes R0 and R1 are skipped, making node

R2 the next node.

2. Both sides contain two links, labelled 50 < J02IIR and NOT (50 <
J02IIR). The execution continues and two separate paths are put on

the stack: the result of following the links labelled 50 < J02IIR: node
L4 and node R3, and the results of following NOT (50 < J02IIR):
nodes L5 and R2.

3. Let’s start with the NOT (50 < J02IIR) path: since node R2 has la-

belled links, the execution is paused. On the pre-refactoring side, after

L5 we follow nodes L6, L1 and L2, each time skipping their INTERNAL

links. We are then once again comparing node L3 with R2, and since
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Figure 9.5: CFGs for a piece of code pre- and post-refactoring.

we have already considered them and matched their links, this path is

valid.

4. Now looking at the 50 < J02IIR path, we are at nodes L4 and R3. The
INTERNAL links from nodes L4 and L7 are skipped, while the outgoing

link from node R3 is skipped on the right-hand side. We are left with

nodes L8 and R4 which both have no outgoing links, meaning that this

path is valid.

5. Since both paths are valid, the graphs are considered trace-equivalent.

9.3.3 Handling conditions through semi-parsing

While this basic algorithmworks for handcrafted examples as we have shown

so far, it lacks a few things to be able to handle the reality of our use case of

automated COBOL refactoring. The first thing missing is some awareness of

how conditions work. E.g., when refactoring, it is common to flip the con-

dition of an IF statement to swap the code contained in its else branch to

the main branch. In this case, A < 0 would become A >= 0 and both ver-

sions would not be considered equivalent since their string representations

are different (NOT (A < 0) versus A >= 0).
With COBOL in particular, this problem is very prominent since, as ex-

plained in section 2.2, it supports contracted expressions and some specific

values are expressed with keywords. This flexibility of COBOL means that

many semantically equivalent conditions would not be detected as such with

the base algorithm.

This is an issue since generated COBOL tends to shorten conditions, choos-

ing not to repeat variable names and operators as much as possible, whereas
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Figure 9.6: LTSs corresponding to the CFGs of Figure 9.5.

code owners would prefer the longer more human-readable versions, mean-

ing that we encounter such mismatches fairly often.

To circumvent this, we wrote a linear semi-parser [Zay14] focused on

COBOL conditions only, allowing us to handle all cases mentioned above and

more. It is based on a COBOL-compatible tokenizer and a parsing automaton

shown in Figure 9.7. The semi-parser works in linear time and expands all

contracted expressions to their full canonical form, allowing us to compare

them.

Our way of dealing with contracted expressions is another example of

how we use the semantics of the chosen language (COBOL) inside our differ-

encing algorithm. With some creative use of parentheses, a counterexample

that our condition semi-parser cannot successfully identify can theoretically

be constructed, but since such parenthesised expressions do not occur in gen-

erated COBOL code, the semi-parser is correct enough for its practical use.

Let us exemplify how the condition semi-parser works on a very con-

densed condition: VAR NOT = ’ ’ AND 0. Tokens are simply considered

to be separated by a space so we have 6 of them here.

■ We start on state 1, and we have three options: either we find an opera-

tor, a word or a not. Our first token is VAR, which is neither an operator

nor a not, so we move to state 2.

■ Our next token is NOT, which means we follow the link to state 6.

■ In state 6, we need to either have another not or an operator, which
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Figure 9.7: The parsing automaton for contracted expressions: connectors
are AND and OR, and operators are =, >=, etc.

corresponds to our = token and takes us to state 3.

■ State 3 expects only aword, which is the token ’ ’ and takes us to state
4.

■ State 4 again has only one exit state requiring a connector, in this case

AND and going to state 1.

■ We are back to state one and parse the token 0 as a word, leading us to

state 2.

■ There are no more tokens to parse, however, state 2 is not a state we

can stop at without doing some more work, although we will obtain a

valid condition (which is not the case for states 3, 5 and 6).

■ Wedetected thatwe have a left part of our condition that is fully formed,

then an operator, and then a condensed condition. We will therefore

copy the word, the not and the operator that we found on the left side

to the right side, giving us our final condition of VAR NOT = ’ ’ AND
VAR NOT = 0.

The use of this condition semi-parser does make our approach more spe-

cific to COBOL, but it also greatly improves the quality of our output. Anyone

wishing to reproduce our work should reflect on how much effort would be

necessary to implement a version suitable for their purpose and reflect on

the tradeoffs. It is also important to note that this is independent and our

proposed solution can work without it, although with inferior results.
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9.3.4 Error recovery

The last piece necessary for the trace equivalence algorithm is error recovery.

Sometimes, the COBOL generator produces code that does nothing, such as

PERFORM statements jumping to paragraphs containing only an EXIT state-

ment, which is an equivalent of pass in Python. When refactored, these para-

graphs are deleted altogether. In such cases, the trace equivalence would try

tomatch the PERFORM andGOBACK links, but since they have no equivalent

anymore in the refactored version, the path is considered as non-equivalent

and is not explored further. In other cases, the generator created redundant

IF conditions, e.g. IF A < 0 AND A < 10, that get refactored to only the

stronger condition, IF A < 0. In those cases as well, the traces would be

marked as invalid even if this is the only difference there is.

To handle this better, when no match is found for a link, the trace equiv-

alence algorithm enters the error recovery mode: it is allowed to skip up to

N links (where N is defined in a configuration file), considering them as if

they were labelled INTERNAL, until it can find a match again. If no match

can be found after exploring N links, the path is declared invalid. If there is a

match further on, all skipped links are marked as “unsure” (to be checked by

a human afterward) and the execution continues as before.

Figure 9.8: CFGs for our small example, before (left) and after (right) refac-
toring

Figure 9.8 shows the graphs for our example of IF with the condition

refactored (we have chosen to show the CFGs for ease of reading). In this case,

the error recovery will provide better results. On the left side of Figure 9.9
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(showing the LTS corresponding to the left-hand side of Figure 9.8), we show

the way links are matched by the trace equivalence without error recovery:

the first INTERNAL link is matched, but both links coming from the first IF
are not matched, and the graphs are not explored further. On the right side,

the execution with error recovery is shown: both links of the first IF are now

marked in orange as unsure since the algorithm could find a match further

down, for the second IF.

Figure 9.9: Trace equivalence execution on graphs from Figure 9.8, without
(left) and with (right) error-recovery.

9.3.5 Special cases

Even equipped with the contracted expression parser and the error recovery

mode, the trace equivalence algorithm still occasionally produced unsatisfac-

tory results. This is due to the fact that it needs to match links one to one,

making the consideration of some more elaborate refactorings impossible. In

particular, there are two specific cases that the COBOL generator tends to

create which are then refactored.

The first case concerns several nested IF statements that get refactored

into a single IF having all conditions linked by AND keywords, as illustrated

in Listing 9.2 (pre-refactoring) and Listing 9.3 (post-refactoring).

Since both conditions A > 0 and B = 0 are on different links in the pre-

refactoring version of the graph while being on a single link in the refactored

version, the base trace equivalence algorithm will not find a match between

both graphs for the presented snippets.

Listing 9.2: Nested IFs before refactoring.
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1 IF A > 0
2 IF B = 0
3 (...statements...)
4 END-IF
5 END-IF

Listing 9.3: Refactored nested IFs.

1 IF A > 0 AND B = 0
2 (...statements...)
3 END-IF

To handle this situation, which appeared frequently in our use case, we

implemented a strategy that allows the algorithm to match several links to a

single one, constructing the more complex condition by linking the smaller

ones with the AND keyword. We move through the IF links as long as we find
them nested into each other, testing at each step if we succeed in construct-

ing a condition equivalent to the longer one. If we do, all explored links are

matched to the first one and the trace equivalence continues from there.

The second special case that we implemented, is the refactoring of several

IF statements testing different values for a same variable into an EVALUATE.
The technique is similar to the first described, except that every branch of

the EVALUATEmust have its equivalent in an IF while all the False branches

of the IFs are matched to the WHEN OTHER (equivalent of default) from
the EVALUATE. A concrete example of this refactoring pattern can be seen on

Listing 9.4 (pre-refactoring) and Listing 9.5 (post-refactoring).

Listing 9.4: Successive IFs before refactoring.

1 IF A = 0
2 (...statement 1...)
3 END-IF.
4 IF A = 1
5 (...statement 2...)
6 END-IF.
7 (...statement 3...)

Listing 9.5: Refactored successive IFs.

1 EVALUATE A
2 WHEN 0
3 (...statement 1...)
4 WHEN 1
5 (...statement 2...)
6 WHEN OTHER
7 (...statement 3...)
8 END-EVALUATE
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These structures are currently the only special cases that we have imple-

mented. While other such cases could have been identified and implemented,

we decided not to do so because the risk of making our tool less general out-

weighs the benefits of having a few more matches.

9.4 Generalisability

To maintain a broad applicability for the trace equivalence comparison, our

approach focuses on representing COBOL behaviour primarily through the

LTSs. This approach enhances the generalisability of our technique, since it

allows to focus on only the models in order for the comparison to work on a

new target language. Outside of the LTSs, the elements of the trace equiv-

alence algorithm that are heavily dependent on COBOL are the condition

semi-parser, a component that can be deactivated or exchanged for a con-

dition parser of the target language. Furthermore, since the condition semi-

parser is based on an automaton describing the way conditions are handled

in COBOL, it would be light work to create a new automaton describing the

conditions in the new target language and adapt the semi-parser we created.

The extensions related to if factorization and if-to-evaluate translation

can be readily customised for a different programming language by specify-

ing the appropriate keywords, corresponding to the equivalents of AND and

EVALUATE in the target language. These extensions can also be easily deac-

tivated as needed.

The sole COBOL-specific aspect of the trace equivalence algorithm in-

volves the use of a stack to track the PERFORM links and determine when it

is appropriate to follow the corresponding GO BACK links. This aspect will

require to be adapted when transitioning to a new target language. Note that

any new language will most probably also have its own specificities that will

need special handling, for example, dynamic binding in object-oriented lan-

guages.

9.5 Conclusion

In this chapter, we presented how we translated the CFGs generated by our

semi-parser to LTSs, in order to be able to use them in the trace equivalence

algorithm. This translation algorithm is original work, as we did not find

prior work that could the conversion. We have given an intuition on how

the trace equivalence algorithm works in its most basic version, and demon-

strated how it limits the amount of successful matches that we can obtain

when comparing code before and after an automated refactoring. As shown

in a survey [AlO+21], showing that refactoring does not alter the behaviour

of an artefact is common and often done using techniques of model checking
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like we did in this work. But code is not the only kind of artefact that can be

refactored and analysed; models like UML have been the target of techniques

similar to ours [HA23; HA08].

We proposed custom improvements to the base algorithm in order to im-

prove the amount of states matched in the LTSs and implemented these im-

provements. We paid attention to keeping the solution from reimplementing

the refactoring rules created by Raincode Labs. Indeed, we want to avoid this

for two reasons: first, we want to keep the tool as generic as possible and

second, implementing every refactoring rule risks introducing bugs in our

tool.
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10
In this chapter, we first provide somemetrics about our use case itself, discuss

how we designed our validation process, then explain the results from both

our manual and automatic validations as well as threats to validity.

10.1 Partitioning the dataset

From the refactoring experts, we received a corpus of 3014 COBOL files vary-

ing greatly in length, with files as small as 128 LOC and as big as 22’246 LOC.

Whereas the mean file size pre-refactoring was 2680 LOC, after refactoring

it became 1719; and in total respectively 8 084 770 and 5 184 942 LOC. On

this amount of data, it was impossible to perform a full manual qualitative

analysis. We therefore started the validation process by partitioning our files

into representative categories.

We chose to create partitions according to how significantly the auto-

mated refactoring affected the files. For this, we analysed the decrease of the

file sizes in lines of code due to the refactoring process, simply calculated by:

(𝐿𝑂𝐶𝑖𝑛𝑖𝑡 − 𝐿𝑂𝐶𝑛𝑒𝑤)/𝐿𝑂𝐶𝑖𝑛𝑖𝑡 . This means that if a file went from 200 to 150

LOC, its size was reduced by 25%. Applying this formula to our entire corpus,

we obtain the distribution shown in blue on Figure 10.1.

We observed that the most common diminution is 21% to 30%, but it can

go up to 86% for some files. On the other extreme of the scale, we can see files

with a negative percentage, meaning that their size in LOC was increased by

the refactoring process. This can be explained by the fact that, while it aims

mostly at simplifying the generated code structure, the refactoring process

also targets code readability. For this, generated comments are sometimes

added to the program. We manually checked those files with a negative per-

centage, and confirmed that their size increase was indeed caused by the ad-

dition of comments.

Comments are ignored by our tool as they cannot contain code — being

originally a punchcard-based language, COBOL only supports full-line com-

115
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Figure 10.1: Percentage of decrease in LOC in files after the refactoring, with
and without comments included

ments. Thus, we normalised the previous data, excluding comments from our

LOC count to get the distribution shown in orange on Figure 10.1. The lowest

amount of LOC decrease is now 5%, the highest 93%, and the most common

range between 31% and 40%.

The second metric that was analysed was comparing the evolution of the

size of our LTSs to the normalised version of the evolution of the size of the

LOC presented above. Ideally, we want the difference between the two to

be as low as possible so that the LTSs reflect the changes as accurately as

possible. This was calculated by applying the same formula described above

to both the file and LTS size, then taking the absolute value of the subtraction.

This is shown on Figure 10.2. We can see that more than half the files have a

low difference of less than 12%, but there are some files that have variations

up to 50%.

Wemanually analysed the two files having the most variation and noticed

that they both had the same kind of refactoring patterns. A shortened version

of our findings is shown in Listing 10.1 and Listing 10.2. This is a particular

variation of the IF to EVALUATE that we presented above. While the two

pieces of code do not differ much in amount of LOC, they vary in the amount

of nodes they will create in the LTSs. The pre-refactored version generates 3

nodes: the IF having two links, the NEXT SENTENCE and the GO TO, totaling
4 links. The refactored version is only a single EVALUATE node and one link,

which explains why we have such a discrepancy between variations of LOC

and links.
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Figure 10.2: Difference in evolution between LOC and links

Listing 10.1: Generated If statement.

1 IF A = 0
2 NEXT SENTENCE ELSE GO TO PX.
3 "Statement

Listing 10.2: Refactored evaluate.

1 EVALUATE A
2 WHEN 0
3 "Statement
4 END-EVALUATE

This analysis allowed us to separate the files into five partitions regard-

ing their percentage of decrease, each partition of more or less equal size,

containing between 500 and 600 files each (see Figure 10.3). For our manual

analysis, we then picked 5 files at random from each of these 5 partitions.

10.2 Manual analysis

Themanual analysis that we performed, can be split into two phases: first, we

ran the equivalence algorithm with no error recovery, analysed the results,

then re-ran it with error recovery set to skip up to 20 nodes. We chose this

number experimentally by running the algorithm for different values of this

threshold and found that a value of 20 provides the best trade-off between

time of execution and increase in amount of matches. With a low amount

of skipped nodes (5 to 10), the amount of matched nodes grows very little,

meaning that the algorithm does not allow enough additional exploration

for the error recovery to become effective. With a much higher amount of
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Figure 10.3: 5 partitions for the files

skipped nodes (40), the execution time explodes while only gaining a few

more matches, meaning that time is lost backtracking with no benefits. The

final number of 20 nodes corresponds to an allowance of 5% of states to be

skipped at maximum, but this analysis should be repeated if this technique is

applied in other contexts. We analysed the output of the algorithm via logs

from the trace equivalence.

In the first phase, our first step was to check if the files could be shown

to be trace equivalent. If so, we moved on. If not, we looked for a reason-

able explanation as to why the two versions (pre- and post-refactoring) could

not be matched to find further limitations in the implementation of our tool.

In cases where the files could be declared trace equivalent without error re-

covery, we did not perform the second phase of the analysis. In the other

cases, we performed a similar analysis on the output given from running the

algorithm with error recovery.

Out of the 25 manually analysed files, only 4 (16%) were detected as trace

equivalent without error recovery. Adding the error recovery allowed us to

show equivalence for 6 more files, increasing our total number of files shown

trace equivalent to 10 out of 25, or 40%. For 8 more files, the error recovery

greatly increased the amount of links that we were able to match, indicating

that it is indeed very helpful to the process.

Going into more detail, our analysis showed that the easiest files to show

equivalent are the smallest in size, although the partition they belong to does

not seem to be of much influence. Indeed, when looking at our manual anal-

ysis, we got files that can be shown equivalent in all 5 partitions we created.

The size of the file (both in terms of LOC and of LTS transitions) seems to be
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a more important factor than how much of the file size was affected by the

refactoring.

This validation also allowed us to both find limitations in our tool and

report insights to Raincode Labs: when refactoring a complex condition, its

various members mostly stay in the same order as they were in the original

file, but we encountered one occurrence (in our 25 files) in which the order

of the variables was changed (from A = 0 OR B = 0 to B = 0 OR A =
0). While these two conditions were indeed semantically equivalent, the cur-

rent version of our condition parser did not detect them as such, although

error recovery did allow us to consider the file as trace equivalent. Since this

happens only a very small fraction of the time, we reported the behaviour to

the company who explained that they indeed do not guarantee that variables

will remain in the same order as they were before. We recommended them to

restructure the refactoring rules to respect the original order in the future.

Finally, we noticed a limitation in our custom if-factorization implemen-

tation: we designed it to look for IFs that are strictly contiguous. However,

we found cases where jumping structures (i.e. NEXT SENTENCE) were found
in between the IFs. In that case, our implementation could not match the

conditions. The error recovery algorithm allowed us to skip those nodes and

show equivalence in some cases, but not in all of them.

10.3 Automated analysis

For our automated analysis, we ran our trace equivalence algorithm on all of

our 3014 files, first without and then with the error recovery set to skip up to

20 nodes. For each file, we reported how many LTS links each version of the

file had, how many of those were explored, how many were matched and if

relevant how many were skipped by the error recovery.

Without the error recovery, only 139 out of the 3014 files were shown

to be equivalent (before and after refactoring). The number of files found

to be equivalent grows to 902 with error recovery. Unfortunately, this still

means that we can show equivalence only in respectively 4.61% and 29,92%

of the files. Keeping in line with our expectation that smaller files are easier to

prove equivalent, the biggest file for which we matched equivalence without

error recovery was 8782 LOC, and 19907 LOC with error recovery activated

(both values are the size pre-refactoring).

Note that not all links from the pre-refactored version of the code need to

be matched for the graphs to be trace-equivalent. Indeed, this first version of

the code often contains dead code that is present in themodel but is not reach-

able from anywhere andwill therefore never be explored. Since the refactored

version should not contain any dead code, we based our automated analysis

on the percentage of links explored and matched in this post-refactored ver-



120 Validation of the trace equivalence algorithm

sion.

Figure 10.4 shows the amount of links explored for the files with (orange)

and without (blue) error recovery activated. Activating error recovery in-

creases the amount of links explored overall, as well as significantly increases

the amount of links matched. The amount of links explored increased in 2843

cases (94,28%), and the number of matched nodes augmented in 2128 cases

(70,64%). We also noted that the number of nodes that were skipped by the

error recovery algorithm remained fairly low, meaning that when nodes are

ignored, the algorithm is able to find its bearing fairly fast.

Finally, we can see that with the error recovery on, 912 or 30.21% of the

files have more than 40% of their links shown as equivalent, giving an indi-

cation that the refactoring was behaviour-preserving.

Figure 10.4: Percentage of links explored by the trace equivalence algorithm
with and without error recovery

10.4 Threats to validity

Before turning our attention to the lessons learned from this study, let us first

identify some of its threats to validity:

■ Construct Validity: The use of LOC as a metric to measure the impact

of refactoring might not be the best approach as it does not account for

the complexity of the code nor of the quality of the code.

■ Internal Validity: Our manual analysis of only 5 files in each partition
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may not be representative of the entire dataset, leading to potential bias

in the results.

■ Internal Validity: The validation was performed by a researcher, play-

ing the role of code owner. While the identity of the code owners is con-

fidential information, the refactoring experts could have been a better

choice to act as a proxy for their code owners. However, the researcher

used their software engineering knowledge to assess equivalence of the

refactored and original version of the code. The fact that this was possi-

ble using this technique on code completely unknown by the researcher

points towards the fact that code owners should be able to benefit from

it as well.

■ External Validity: The results of this study may only be applicable to

refactoring of COBOL programs and may not be generalisable to other

programming languages or systems. However, we did pay special at-

tention to making all parts of our tool as generic as possible.

■ External Validity: The dataset used in this study is not representative of

all COBOL programs, as it was obtained from a single client company,

which may limit the generalisability of the results.

Finally, we would like to highlight some points of attention to keep in

mind when designing and implementing such tools:

■ Carefully pick the language construct to extract

It is important to consider carefully what language elements need to

be extracted from the source code in order to produce a useful output.

Taking into account too few elements will be too abstract to be useful in

an analysis, while extracting too many will make the trace equivalence

harder to perform; both computationally and timewise. In our case, we

used the expertise provided by Raincode Labs to pick the most relevant

language constructs.

■ Understand the language semantics

When translating from CFG to LTS, one has to be careful to deeply

understand the semantics of certain language constructs in order to

craft graphs that correctly describe a program’s behaviour. Consider

for example COBOL’s PERFORM statement. When it is executed, it first

jumps to the specified paragraph(s), executes all of it (them), and then

jumps back to the regular execution. Furthermore, when such a state-

ment is found while executing code from another PERFORM, it creates
an execution stack, meaning that all statements from the inner perform

will be executed before going back to the initial one. However, GO TO
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statements can take the execution out of range of the current execution

context, eliminating the capacity of the PERFORM to go back to where

it started.

■ Focus effort on what matters

A lot of the initial limitations of our trace equivalence algorithm were

linked to our inability to parse the conditions. While the implemen-

tation of our condition parser was an extra effort specific to COBOL,

it did improve our results greatly while not impeding our efficiency

because of its linear time execution. Furthermore, the same principle

could be applied to another language, even though it would require

reimplementing the condition parser for that language.

10.5 Conclusion

In this chapter, we have learned that, while it is possible to show trace equiv-

alence for some files, it will not be the case for all of them and should not be

expected, hence the technique we presented is more suited to point out areas

of concern in refactored code which should be tested more thoroughly before

releasing it, rather than asking someone to blindly trust that the new code is

behaviorally equivalent to the original one.

However, thanks to the error recovery, our algorithm does allow for hav-

ing some gaps in the nodes that can be matched between two graphs and to

find more overall matches. This mechanism allows for graphs to be matched

partially, and those gaps are good points of entry to be looked into by the

code owner to verify whether they are indeed equivalent as well. Moreso, by

implementing additional special cases in the algorithm like we did in subsec-

tion 9.3.5, we could augment the amount of successful matches further.

There may always be cases that remain uncovered because of intricacies

of the particular programming language or dialect considered, or because of

particularities of the refactoring rules that were applied. We aimed to have a

generic tool, as opposed to one that reimplements the semantics of each of the

individual refactorings. This would defeat the purpose of the tool which is to

provide guarantees that two versions of the code remain equivalent, regard-

less of how these versionswere obtained. Furthermore, the implementation of

many intricate special cases could introduce possible bugs in the implemen-

tation of the verification algorithm, render it more complex, and lowering our

confidence in its capabilities.

We found that the trace equivalence algorithm excels when comparing

structural changes, such as those shown on Figure 9.6. Even when the code

or CFG of a program may look very different to a human before and after

refactoring, and would be difficult to compare side by side or with a regular
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differencing algorithm, they are shown to be equivalent upon the very first it-

eration of our trace equivalence algorithm. Cases containing more structural

than logical changes are best for our tool, which is the case for the large-

scale refactoring process we analysed. This can be generalised further to any

use case where proving equivalence between two programs that have been

heavily restructured could be useful, which should be applicable to other (au-

tomated) refactoring tools in other programming languages.
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In this chapter, we present the goals that we set for the visualisation that we

created and detail howwe adapted the trace equivalence algorithm in order to

create a basis for the visualisation tool. We then show how we implemented

this visualisation tool, the limitations we found regarding the scale of our

industrial data and the techniques we applied to overcome those limitations.

11.1 Requirements for the visualisation

A first pragmatic requirement we have for the visualisation tool is to make it

using the same framework as the tool we presented in subsection 5.3.4. This

presents the advantage of keeping both user interfaces similar and therefore

easier to use for Raincode Labs users. Furthermore, it allowed us to get in-

put from and consult Alexandre Bergel, an expert in using this visualisation

framework, on the usability of our tool.

In the context of visualising trace equivalence, we have established two

main goals of the visualisation tool. The first goal is to provide a compre-

hensive project overview, allowing users to see at a glance the status of all

migrated files within a project. Given the size of the PACBASE migration

projects handled by Raincode Labs, this overview is intended to be scalable

and usable with thousands of files. To achieve this, we would like to show an

itemised list of all migrated files, offering a summary of their status. This sta-

tus summary serves to inform tool users about the extent to which the nodes

of each file are matching, unmatching, skipped or remained ignored by the

trace equivalence. The challenge is to organise this list in a way that facili-

tates the analysis for tool users. We imagined two approaches: either sorting

the list by alphabetical order (allowing to easily find a specific file) or sorting

by the amount of nodes matched (allowing to easily find the files that have

the most or least amount of nodes matched). Both sorting methods will be

implemented in the final tool.

In addition to the broader project overview, the second goal of the visuali-
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sation tool is to provide users with a detailed visualisation for every analysed

file. This detailed view will include the CFGs of both versions of the code, be-

fore and after the migration. The emphasis here is on making these visualisa-

tions informative and easy to interpret. To this end, we used colour coding to

distinguish elements in the graphs, clearly indicating whether each node and

link has been matched, unmatched, skipped, or ignored in the trace equiv-

alence process (same colour scheme as the status summary). This colour-

coding mechanism will enhance the comprehensibility of the visualisation,

making it easier for tool users to identify where and why the code was con-

sidered unmatching.

In addition to the use of colours to convey information, this second goal

requires to pay close attention to the graphical layout of the graphs, striv-

ing to emphasise key information effectively and hiding uninteresting nodes

and links whenever possible. For this, we used the fusing algorithm that we

presented in subsection 5.3.4. Finally, we wanted to make our visualisation

interactive to further facilitate the exploration and analysis process. From our

analysis of the graph, we found ourselves often looking at a node in one of

the two CFGs and wondering where its equivalent was in the other. This is

where we created the interactive features: it highlights corresponding nodes

in the two graphs helping to compare what changed on a smaller scale. With

all of the features we described, we aim to provide users with a powerful tool

that offers both a high-level project overview and a granular file-level analy-

sis, enhancing their ability to understand and act upon the results of the trace

equivalence process.

11.2 Marking the models

As explained in subsection 9.2.2, the trace equivalence algorithm compares

LTS models through their execution paths. In its basic version, it simply gives

a binary answer: either the models are trace equivalent or they are not.

Since we want to create a visualisation allowing for more granularity, the

algorithm needs to be modified. We decided to record every step of the trace

equivalence algorithm by marking the transitions and states of the LTSs.

We start by marking the transitions between the states. Before the start

of the trace equivalence, every transition is marked as "unexplored". Then,

during the execution of the algorithm, we mark the transitions as follows:

■ If both transitions currently considered have the same label or when a

INTERNAL link is ignored, we mark the transitions as matched;

■ If the two transitions currently considered have a different label but

further matches can be found by skipping them with the backtracking

algorithm, we mark them as unsure;
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Figure 11.1: CFGs for a simple piece of code to compare.

■ If both transitions currently considered have different labels andwe can

no longer backtrack, we mark them as unmatched.

Let us exemplify with a very small example. On Figure 11.1, we show the

CFGs corresponding to two simple pieces of code with very few differences

between them. All the links of Figure 11.2, which shows the LTSs correspond-

ing to the CFGs of Figure 11.1, start out as unexplored. The marking of links

follows the execution of the trace algorithm and goes as follows:

1. On the left side, the INTERNAL outgoing links fromnodes L0, L1 and L2

are skipped and all marked as matched. On the right side, the INTER-

NAL outgoing link from node R0 is skipped and marked as matched.

2. Since node L3 and node R1 both have a link labelled A > 0 and another
labelled NOT (A > 0), all four links are marked as matched.

3. Following the path of the labels NOT (A > 0), on the left side, the

INTERNAL links from nodes L4 and L5 are marked as matched. On the
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right side, the INTERNAL link from node R2 is also marked as matched.

We arrive at nodes L6 and R3 which are both end states, so the path is

valid.

4. When the algorithm considers the path A > 0, it detects that the nodes
L4 and R2 have already been explored together and the second path is

also valid.

5. Since both paths are valid the graph is trace equivalent and all the tran-

sitions were marked as matched.

Figure 11.2: LTSs corresponding to the CFGs of Figure 11.1.

Note that this example is exempt from cycles for ease of comprehension.

This is not the case with our industrial data, since its nature is far more com-

plex. A detailed explanation of the inner workings of the algorithm on cycles

from the real data would require several dozen of steps, rendering it over-

whelming. We therefore only provide illustrations of examples containing

cycles (see Figure 11.5). We decided to handle cycles as follows: when we

meet a transition that has already been visited and marked, we simply add
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more marks if necessary (i.e. if they are different). This means that any tran-

sition can be marked with all of the four "base values": unexplored, matched,

unsure or matched, or a combinaison of the last three (the "unexplored" mark

gets removed when the algorithm explores a node). The following list details

all possible matches:

■ unexplored

■ matched

■ unsure

■ unmatched

■ matched + unsure

■ matched + unmatched

■ unmatched + unsure

■ matched + unsure + unmatched

This allows us the maximum precision to describe the execution of the

trace equivalence in our visualisation.

To allow us to make our visualisation tool interactive, we also marked

the states of the LTS models. When the trace equivalence explores execution

paths, it does so in both models at the same time. In essence, it creates groups

of nodes that are matched together on either model, i.e. nodes from the pre-

refactoring LTS are matched with nodes on the post-refactoring LTS and vice

versa. We identified both perfect matches, states that are exactly the same,

like the IF from our example above and group matches. Group matches are

nodes that have been explored together but cannot be linked specifically to a

corresponding node in the other graph since their transitions are INTERNAL.

Going back to the example of Figure 11.2, we get the following matching of

states:

1. Nodes L0, L1 and L2 are all explored at once and therefore form a

group. On the other side, the only node explored is R0. These are group

matches.

2. Since node L3 and node R1 both have a link labeled A > 0 and another

labeled NOT (A > 0), we stop to mark the state matches as being per-

fect matches. Node R1 is marked as the equivalent of node L3, and vice

versa. Node R0 is marked as the equivalent of nodes L0, L1 and L2 and

vice versa.
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3. Following the path of the labels NOT (A > 0), nodes L4, L5 and L6

form a group on the left side. On the right side, nodes R2 and R3 form

a group. Since we reach the end of the graph, the nodes are marked as

explained before, in a second group match.

4. Once again, the algorithm detects that the nodes L4 and R2 have already

been explored together and stops there.

5. We now know that the graphs are trace equivalent, have marked all the

transitions and grouped all the states.

Figure 11.3 shows the evolutions of the match groups and the transition

marking for the example of Figure 11.2. All match groups start empty and all

transitions unexplored (no icon), a green tick marks a link as matched.

(1) (2) (3)

Figure 11.3: Matching of transitions and states on the example of Figure 11.2.
Numbers (1), (2) and (3) correspond to the steps described in both numbered
lists above

11.3 Visualisation tool

To present the results of the trace equivalence algorithm, we created a visu-

alisation tool using Roassal [Ber16]. We chose to keep the technology and

therefore style of visualisation consistent with the tool that we created for

the log-based behavioural differencing presented in subsection 5.3.4.

The goal of this visualisation tool is to present the result from the trace

equivalence algorithm and make it easy to interpret. We achieve this by pre-

senting a clear colour code, as well as using our CFGs models, a format that
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is familiar to developers. Our tool is composed of two views: the menu

and the detailed view. The menu shows an overview of the entire refactoring

project and is shown in Figure 11.4. On the left-hand side are two fields used

to specify the files that will be shown (one points to a directory containing

the COBOL files, the other to the output directory from our trace equivalence

algorithm). Clicking on the visualise button will populate the right-hand side

of the view. This panel also allows the user to order the files displayed on the

right: either alphabetically or by most or least transitions marked as matched.

Figure 11.4: Menu of the trace equivalence visualisation tool.
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Since transitions can have multiple markings, we introduced colours be-

yond the usual red/orange/green of common differencing tools. Our colour

scheme works as follows:

■ Unexplored nodes and links are in grey

■ Matched nodes and links are in green

■ Unsure nodes and links are in orange

■ Unmatched nodes and links are in red

■ Matched + unmatched nodes and links are in dark green

■ Matched + unsure nodes and links are in brown

■ Unmatched + unsure nodes and links are in purple

■ Matched + unsure + unmatched nodes are in black

Note that a node is always the colour of its outgoing links. On the right-

hand side of the menu window are the files from the refactoring process. We

display both the file name and a summary of the result of the trace equiva-

lence. We calculate the percentages of every match type over both models

and display a bar divided into areas of colours corresponding to their amount

in both models, using the colour code described above. This summary, along

with the available sorting buttons, helps users quickly find what is important

to them.

To obtain the second view of our tool, the detailed view, the user simply

selects the desired file from the list on the right. This opens a new window

showing the two CFGs corresponding to the file pre- and post-refactoring

side-by-side (pre-refactoring on the left, post-refactoring on the right), with

colour-coding as explained above. Figure 11.5 shows the result of applying

the trace equivalence algorithm to a portion of a file being refactored, in a

simple case where the models are trace equivalent. We added a start node,

shaped differently than the others (triangle) to help our users find where to

begin their analysis. To avoid clutter, we also denoted nodes that can result in

the end of the execution with a thick black border (instead of a link towards

an end node).

When presented with a detailed view, a user can interact with it by hover-

ing the mouse on the different nodes. In the case of a node, it shows its label,

e.g. PERFORM F94FT. In the case of a link, it reminds the user of the meaning

of its colour (in our previously shown example, all link tooltip would show

matched). It also shows the match group for the node, as explained in sec-

tion 11.2. If nodes are highlighted in light blue, it means they do not have an
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Figure 11.5: Detailed view on the refactoring of a portion of COBOL code.

exact equivalent in the other graph (group match). If they are highlighted in

dark blue, they are a perfect match to each other. Examples of group match

(left) and perfect match (right) are shown on Figure 11.6. Note that perfect

matches are not always one-to-one since the trace equivalence algorithm de-

tects both if factorization and if-to-evaluate transformations.

The example that we have shown so far is fairly small in terms of size:

40 LOC and no more than 20 nodes for the larger pre-refactoring CFG. While

it helps in understanding the visualisation tool, it also shows that we will

encounter scaling issues when looking at detailed views of entire files. This

is indeed the case, as shown in Figure 11.7 (we apologise for the size of the

picture). Here, our goal is to give an intuition of the scale of the full-size

graphs, not to allow the reader to analyse them).



134 Visualisation of the trace equivalence

Figure 11.6: Highlighting of a group match (left) and perfect match (right)
on the example from Figure 11.5

When analysing our results, we noticed that we had graphs of similar

shapes as the ones generated by the log-based behavioural differencing in

section 5.3. Due to the nature of COBOL and its construction based on para-

graphs, we once again see long lines of nodes that are all matched and clutter

the view, distracting from the important information. An example of this

(zoomed in to be readable) is shown on Figure 11.8.

To solve that issue, we applied the same fusing algorithm that we de-

scribed in subsection 5.3.4 and obtained similarly satisfying results, as shown

in Figure 11.9 (pre-refactoring) and Figure 11.10 (post-refactoring)which show

the fused version of both sides Figure 11.7.
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Figure 11.7: Detailed view on file ALCB025, no fusing
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Figure 11.8: A succession of matched labels from file ALCB025

We also implemented buttons allowing users to show or hide the dead

code present in the pre-refactoring version of the code, which added further

clutter to the graph. The dead code-free version of Figure 11.9 can be seen on

Figure 11.11.
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Figure 11.9: Detailed view on the pre-refactoring version of file ALCB025,
with fusing

The goal of this tool is to be easy to use with a simple interface and well-

known colour-coding, as well as helping a refactoring expert or the code

owner to find points of interest in the code. Since we include the labels in

the graphs, and since labels (paragraph names) in COBOL code are unique, it

is very easy to find the exact place in the code where we detected a mismatch,

and start a deeper analysis from there — e.g., by inspecting two non-matching

conditions. Moreover, for the visualisation we chose to go back to the form

of CFGs and not the LTSs that we use to perform the trace equivalence since

CFGs are designed to be read by developers and are more natural for them to

interpret.
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Figure 11.10: Detailed view on the post-refactoring version of file ALCB025,
with fusing

11.4 Conclusion

In this chapter, we explained how we modified the trace equivalence algo-

rithm in order to mark the LTS models and visualise the parts of those models

that can be shown to be equivalent and the ones for which it is not possible

with our algorithm. We have shown how we implemented a visualisation

tool using Roassal, making use of colours and interactions to help convey the

information to users. In the next chapter, we will describe how we validated

the tool presented in this chapter.
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Figure 11.11: Detailed view on the pre-refactoring version of file ALCB025,
with fusing and dead code hidden
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In this chapter, we first describe the methodology that we used to validate

the trace equivalence visualisation tool that we created, enlisting the help of

Raincode Labs experts. We paid attention to validate that the tool is under-

standable and usable, that the interactions it offers are satisfactory and that

the fusing algorithm we applied helps with scaling, while not hindering the

comprehension of the graph. Finally, we discuss the satisfaction of our users

as well as explore other use cases for this tool within Raincode Labs.

12.1 Interview set up

In this section, we detail how we conducted the validation interviews. We

start by explaining the preamble and three phases of the interview and we

will describe the results in the next sections. As was mentioned before in

section 6.2, only two Raincode Labs employees are involved in PACBASE-

migration projects and participated to this validation. In this section, we will

once again refer to them as participants 𝑃𝐶 and 𝑃𝑇 , respectively for customer-

and technical-oriented.

Note that we performed the two rounds of validation during two different

weeks. This allowed us to implement feedback from the first interview with

𝑃𝐶 and present it to our second participant, 𝑃𝑇 .

12.1.1 Preamble

Before showing the visualisation tool to our participants, we took a few min-

utes to contextualise how it came to be. We started by listing the code struc-

tures that we extracted from the COBOL code, reminding them that they

were decided upon in a previous meeting. We then explained that we ex-

tracted them from the code using a semi-parser and arranged the structures

into Control-Flow Graphs (a model familiar to both participants). Finally, we
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told them that we transformed the CFGs into LTSs and compared them us-

ing trace equivalence, giving an intuition on how the algorithm works with

execution paths.

We explained that they were going to interact with a visualisation tool

showing the result of the trace equivalence and prompted them to look at a

user manual for the tool (found in Appendix C). This manual focuses on the

meaning of shapes and colours shown in the graph, detailing the base colours

(grey, green, orange and red), the compounded colours (dark green, brown,

purple and black) as well as the highlighting (light and dark blue for group

and perfect matches).

Finally, we asked them to "think aloud" during their use of the visuali-

sation, in order for us to get the most possible feedback from the interview.

We recorded both the screen of the laptop used along with the sound of our

conversation.

12.1.2 First phase – Tutorial

In the first phase of the interview, the participants were presented with five

small handcrafted example files and the fusing algorithmwas turned off in the

visualisation tool. They were instructed to open them one after another, anal-

yse them in order to familiarise themselves with the tool and ask questions

whenever something was unclear to them.

The examples presented all of the base colours, showing an example of a

file fully matched, one where a node was marked unsure and one where there

were unmatched and unexplored nodes. They were then shown an example

similar to Figure 11.1, familiarising them with group and perfect matches.

Finally, they were shown Figure 11.5 and asked to manually analyse it us-

ing the interactions, explaining why everything was matching. After this, we

concluded the first phase by explaining that if we were to keep to tool config-

ured as it was, we would not be able to analyse full files, and explained that

we were going to turn on the fusing algorithm for the rest of the interview.

12.1.3 Second phase – Unsupervised exploration

After activating the fusing algorithm, the participants were presented with

the five first files from a migration project and asked to explore them and

narrate their experience, again asking questions whenever they felt it was

necessary.

In this phase, we let them analyse without any directions from us until

they expressed that they had seen enough and had nothing more to say.



12.2. Methodology 143

12.1.4 Third phase – Closing questions

We concluded the interviews by going over a set of pre-defined questions

that we will detail in the next section. Finally, we asked them if they had any

further remarks or feedback to give.

12.2 Methodology

To structure the presentation of the results of our user validation, we once

again take inspiration from the work of Sillito et al. [SMD08]. We used the

vocal description of the actions performed by our participants to analyse not

only the answers they gave to our specific questions but also the questions

that arose from them. We can split our observations into four categories:

■ Questions about the domain (input, output, inner representation of

data in the tool);

■ Questions about technical execution (linked to the way we extracted

things from the COBOL file or how we computed the execution paths);

■ Questions about themeaning of a visual component (they either asked

us directly or used the user manual to look for the answer);

■ Questions leading to ideas for future work (when they asked if some

feature would be possible to implement).

This methodology allows us to get the most feedback, both in terms of qual-

ity and quantity and compensates for our low number of participants in the

validation.

12.3 Results of the validation

In this section, we present the questions that arose during the interview as

well as the ones that we asked our participants. We present the answers to

those questions in the next section.

Domain
We had a very low amount of domain questions, 𝑃𝐶 being the only one to ask

during phase 2: "Are you sure the graphs are not flipped? Since the right graph

is bigger than the left, I would expect that one to be the pre-refactoring"

Technical execution
While 𝑃𝐶 seemed satisfied with the technical information that we gave in the

preamble of the interview, 𝑃𝑇 had two technical questions. One refers to the

constructs that we extracted from the COBOL: "Do you handle the periods?"

and the other was about our handling of the way COBOL works: "Can you
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deal with the fact that a perform comes back, but only if the execution does not

jump outside of its boundaries?".

Meaning
𝑃𝐶 had a question regarding the meaning of the large border denoting and

ending node : "Does this mean that the execution always stops there, or that

it can stop there?". 𝑃𝑇 felt overwhelmed when reading the user manual and

when first interacting with the full graphs. He had to refer to the manual a

few times to remember the meaning of colours, although he did not ask us a

direct question.

Future work
𝑃𝐶 had many ideas and questions on how he could use the tool in different

contexts. We retain the two most significant: "Could we use this tool at a

smaller scale so it can be less overwhelming to analyse its output?" and "What

kinds of results would we get if we were to apply it to the migrated code before

and after a redelivery?". 𝑃𝑇 was more focused on how we could tailor the tool

to improve the amount of matches, asking: "Why not implement a few more

of the specifics of our process in order to not have so many things flagged as

unmatched?"

Open questions
We also had a set of questions allowing us to validate specific aspects of our

tool:

1. We asked if the colours we chose were easy to differentiate visually as

well as understandable.

2. We wanted to make sure that our choice of highlighting group and per-

fect match was accessible.

3. We asked if anything was missing from the main menu and if the sum-

mary of each file was a useful feature.

4. We asked if the layout of the graphs was satisfactory and if the amount

of information shown on screen was not overwhelming.

5. We asked both participants if they felt it would be appropriate to show

the visualisation tool to their clients.

6. Finally, we asked if the participants were surprised by the results they

were shown.

12.4 Analysis of the results

Domain
We explain our very low amount of domain questions by two factors: first, our
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validation participants are experts in their field and therefore are very familiar

with the domain, they had no trouble comprehending any of the extracted

structures, nor with our chosen format of control-flow graphs. Second, the

fact that we took the time to contextualise how we obtained the result that

was presented, probably helped answer most questions regarding the input

or output of our tool before they happened.

𝑃𝐶 ’s confusion about which graph corresponds to which version of the

program is easily answered: while it is true that the amount of nodes found

in the CFG before refactoring is always larger than the amount of nodes in

the CFG after refactoring, this is no longer guaranteed in the visualisation,

when the fusing algorithm is applied. To prove our point, we showed 𝑃𝐶 the

same graphs without fusing, which clarified things for him. We asked if this

was a downside of the visualisation for him, and he answered "No, now that

I understand that it is because some of the nodes are hidden, I am no longer

confused".

Technical execution
The respective client and technical orientations of our participants help ex-

plain why only 𝑃𝑇 had technical questions. When 𝑃𝐶 looked at our visualisa-

tion, he saw exactly what he expected and assumed that we had done our due

diligence. For 𝑃𝑇 , since he has been working on the automated refactoring

process, he is deeply aware of the challenges of COBOL and wanted to make

sure that we did as well so he could trust our tool.

We answered his question of "Do you handle the periods?" by explaining

that yes, we do extract every period from the COBOL files, but they "disap-

pear" from our visualisation as their only use is to serve as an anchor for the

links in our models. This answer satisfied him, as he confirmed that "Yes, it

makes sense to not show them as individual nodes then".

When he asked "Can you deal with the fact that a perform comes back, but

only if the execution does not jump outside of its boundaries?", we explained

the strategy that we implemented to handle the PERFORM statements, telling

him that we based it directly on the COBOL documentation. Again, he was

satisfied with this answer and from this point onwards, trusted that our tool

did correctly reflect the behaviour of COBOL.

Meaning
The only question we received regarding the meaning of the things on screen

concerned the end nodes: since several nodes can lead to an ending state, we

chose to remove the dedicated end node and instead change the border of all

nodes which could result in an ending state to reduce clutter in the graph.

This was slightly confusing for 𝑃𝐶 who asked if a black border meant that the

execution always ended or if it meant that it could end. We explained that,

if the node had no outgoing link, it meant that the execution always ended

while if the node had (at least) one outgoing link, it meant that the execution
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could end there. This answer satisfied 𝑃𝐶 and could be included in a new

iteration of the user manual to avoid all confusion.

While 𝑃𝑇 said he felt overwhelmed at first by the amount of colours and

nodes in the full graphs, he did not need our help to get over the issue. Fur-

thermore, he felt more comfortable after a few minutes and did not express

further confusion.

Future work
𝑃𝐶 ’s questions about future work lead to several ideas on how the tool could

be applied in different contexts. First, he told us that he expected the output

to be more accessible if we focused not on the entire automated refactoring

process, but on the effects of a singlemigration rule. It is possible for Raincode

Labs to run the process with a very limited amount of rules activated, and 𝑃𝐶
thinks this visualisation could help convince a client that a specific rule will

not alter the behaviour of the code. Furthermore, it could be used in the

context of the extra analysis performed when a redelivery triggers a new rule

(see subsubsection 4.3.2.4). Since it is already part of the process to generate

the version just before and just after the application of the new rule, those

two versions could be used as inputs. The ability to say that an automated

process showed the two versions to be equivalent would strongly benefit 𝑃𝐶 ’s

interactions with clients.

Second, he asked us if it would be possible to analyse the code not at the

level of an entire file, but at a smaller scale, for example focusing on a few

paragraphs. He felt that this would make the analysis easier since it would

greatly reduce the amount of information shown at once. We informed him

that this would require some tweaking of our fuzzy parser but would be easy

to achieve and he said that it would be a useful feature to have.

Finally, 𝑃𝐶 wondered what kinds of results we would get if we compared

not the generated code to its refactored version, but two refactored versions

of the code together, in the context of a redelivery. 𝑃𝐶 ’s expectations were

that this would lead to a higher percentage of nodes matched thanks to our

backtracking algorithm. Since we had the data available to us, we ran the

experiment and found it to have mixed results: some files are shown to be

equivalent with a few nodes marked as unsure, corresponding to features

added in between the delivery and redelivery, while others have changed too

much and render the comparison more confusing than it is helpful.

Nevertheless, we showed the results of this experiment 𝑃𝑇 whowas inter-

ested. He said that he was not surprised that comparing the two refactored

versions as we did had mixed results. However, he had an idea to go fur-

ther in that direction. He would perform a meta-comparison, by comparing

the pre-refactoring versions and the post-refactoring version separately, then

looking at both comparisons to see if we find similar amounts and kinds of

changes in them. This approach was also tested: we see the expected results,
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but it requires more manual analysis. We do not have a meta-comparison

tool allowing us to compare the result of the visualisation for both versions,

requiring us to manually switch between the two views.

During his interview, 𝑃𝑇 conducted a detailed analysis of a node flagged as

unmatched. We believe this to be a perfect example on how our tool could be

useful, and therefore detail the process (we took screenshots of the recorded

interview to do so). His analysis started in our tool. He opened the first file,

scrolled to a red (unmatched) node on the pre-refactoring side and decided

that he intended to understand why it was marked as not matching. The

node in question, IF SQLCODE = -803 can be seen in Figure 12.1.

Figure 12.1: The chosen node and its surrounding

To continue, he hovered his mouse on every node linked to the red node,

looking for the first perfect match. There is two labels and a fused node (con-

taining more labels), then another if, IF SQLCODE = +100. It is a perfect

match (with the IF SQLCODE = 0 above) to an EVALUATE SQLCODE on

the post-refactoring side, as can be seen on Figure 12.2.

This information was enough for 𝑃𝑇 to move to looking at the code. By

using the find feature of the text editor, he started by confirming that the

IF SQLCODE = -803 was indeed not in the post-refactored version. Once
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Figure 12.2: Perfect match in the pre- (left) and post-refactoring (right) ver-
sions of the graphs

he did, he looked for the IF SQLCODE = 0 and IF SQLCODE = +100 in

the pre-refactored version, as well as the EVALUATE SQLCODE in the post-

refactored code. We show an extract of the pre-refactored version of the code

on Listing 12.1 and its post-refactored version equivalent on Listing 12.2.

Listing 12.1: Pre-refactoring version of the code analysed (PROGRAM-IDs were re-

moved to ease the comprehension)

1 ...
2 014260 IF SQLCODE = 0
3 014270 MOVE 0 TO IK
4 014280 GO TO F98BD-FN.
5 014290 IF SQLCODE = +100
6 014300 MOVE 1 TO IK
7 014310 GO TO F98BD-FN.
8 014320 MOVE 2 TO IK.
9 014330 F98BF-FN. EXIT.
10 014340*N98BI. NOTE *INTERCEPTION SQLCODE NEGATIF *.
11 014350 F98BI. EXIT.
12 014360 F98BI-FN. EXIT.
13 014370*N98BJ. NOTE *ERREUR SUR INSERTION *.
14 014380 F98BJ. IF SQLCODE = -803
15 014390 NEXT SENTENCE ELSE GO TO F98BJ-FN.
16 014400 F98BJ-FN. EXIT.
17 ...
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Listing 12.2: Post-refactoring version of the code analysed

1 ...
2 F98BD.
3 EVALUATE SQLCODE
4 *--------------------------------------------
5 *N98BF. FIN DE LECTURE
6 *--------------------------------------------
7 WHEN 0
8 MOVE 0 TO IK
9 GO TO F98BD-FN
10 WHEN 100
11 MOVE 1 TO IK
12 GO TO F98BD-FN
13 WHEN OTHER
14 CONTINUE
15 END-EVALUATE
16 MOVE 2 TO IK
17 DISPLAY ’--------------------------’
18 ...

When looking at the code, 𝑃𝑇 started by confirming he was at the correct

place, which he was able to do by referring to the label names shown in our

tool. In the graph, he identified labels F98BJ (pre-refactoring) and F98BD
(post-refactoring), then confirmed their presence in the code. Once he was

certain he was looking at the correct code snippet, 𝑃𝑇 started his analysis. He

came to the following conclusion: the refactoring process completely deleted

the if statement because it was doing nothing (his wording). This entire pro-

cess, from picking the node to analyse to opening the files and coming up

with the answer, took him around five minutes.

Indeed, we can see that the statement IF SQLCODE = -803 (line 14 and
15 of Listing 12.1) only contains jumps: a NEXT SENTENCE and a GO TO
F98BJ-FN. Both jumps lead the execution to the same point (the very end

of line 15 for the first one and line 16 for the second), meaning that the com-

putation of the statement did not, in fact, perform anything useful. This is

why there is no IF SQLCODE = -803 in the refactored version of the code.

Instead, we can see the result of refactoring both IF SQLCODE = 0 and IF
SQLCODE = +100 into the EVALUATE SQLCODE of line 3. The WHEN 0 of

line 7 corresponding to the body of the first if, and the WHEN 100 of line 10

to the second if. After this (line 16), we see the same MOVE statement as on

line 8 of Listing 12.1, then the code continues further with the DISPLAY (not

shown in the code of Listing 12.1, but present several lines after).

After his analysis, 𝑃𝑇 asked why our tool was flagging this as unmatching.

We explained that, due to the partial nature of our semi-parser, we have no

way to know that the if statement did not contain any other statement than

the jumps, which is why we flag it. He then asked us "Why not implement



150 Validation of the trace equivalence visualisation tool

a few more or the specifics of our process in order to not have so many things

flagged as unmached?" and we explained our reasoning for not wanting to

implement all the migration rules in our tool to avoid bias. He was not fully

satisfied with this answer, arguing that he would be interested in seeing at

least this case implemented and the effect it would have on the output since

he feels this specific situation will be very frequent.

Open questions
1: Are the colours clear and visible? Are there too many?

𝑃𝐶 found that the colours were clear and easy to distinguish, he intuitively

understood that we derived the compounded colours from the base colours

and assured us that the amount of colour was acceptable. 𝑃𝑇 was more hesi-

tant when reading the user manual but said that after a few minutes with the

tool, he was able to navigate and interpret easily.

2: Is the highlighting clear? Is it helpful?

Both participants actively took advantage of the highlighting and stated that

it was easy to understand and helped their analysis.

3: Is the menu clear? Is it missing any feature? Is the summary for every file

useful?

Both participants found the menu clear and easy to use. 𝑃𝐶 suggested that we

add the option of sorting the files by amount of matches rather than only al-

phabetically, which we implemented before the interview with 𝑃𝑇 . We asked

him directly about it, and he validated that it was indeed useful. Both par-

ticipants appreciated the summary of every file, relying on it to pick the files

they wanted to analyse.

4: Is the layout satisfactory? Is there too much information displayed at once?

Both participants appreciated the tree-like layout and said it was familiar and

therefore useful. Both agreed that there was a lot of information displayed on

the screen, but that this was unavoidable due to the nature of our data and

that the fusing algorithm helped make the graphs usable. 𝑃𝐶 also stated that

these limitations always happen to him when he wants to visualise graphs

from industrial legacy code.

5: Would you show (part of) this to a client?

Both participants said that the amount of nodes unexploredmakes themwary

of showing the graphs to clients. They fear that the fact that there are any-

where from 10 to 40% of the nodes that are not explored will stress the client

even more. However, 𝑃𝐶 would consider using this at a smaller scale as dis-

cussed in the future work section.

6: Are you surprised of the result?

In this case, our participants disagree. 𝑃𝐶 is not surprised by the results, he

said "I know how complex our process is and I did not expect that it would be

possible to show trace equivalence for the entirety of the programs". 𝑃𝑇 expected

us to include more of the specificities of the automated refactoring in our
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tool since they feel so natural to him. He therefore expected our number of

matches to be higher and stated that he thinks implementing more special

cases would not introduce too much bias. As long as we do not copy the code

he wrote for the refactoring, he feels that if two different people arrive at the

same result, it is a form of proof.

12.5 Discussion

We observed that the visualisation tool was easy to learn and use for our

participants. Neither felt the need to zoom or scroll much in the graphs nor

did they reposition any nodes. Instead, they made use of the interactivity and

expressed very little confusion. This suggests that the tool is well-designed

and that the first phase of the interview where we allowed them to familiarise

themselves with the interface did improve their experience.

Interestingly, 𝑃𝑇 needed proof that our knowledge of the inner workings

of COBOL was sufficient before he could trust our tool. This highlights that it

is difficult for someone to trust a tool when they do not know how it works. In

this case, much like with clients of the automated refactoring process, show-

ing how we did things and how we documented ourselves helped alleviate

the scepticism of 𝑃𝑇 .

We have seen that the tool does not show trace equivalence for every

node in the graphs and is probably not suited for clients in its current form.

However, it did allow 𝑃𝑇 to quickly find lines of code flagged as unmatched in

both pre- and post-refactoring versions of a file and to demonstrate why the

flagged execution would not cause any bug for the client. This proves that

the tool can be used efficiently to pinpoint points of interest in the code and

helps support the more in-depth analysis that is then necessary.

The tool could also be an asset when the engineers perform a redelivery

and a new migration rule gets triggered. This situation was highlighted in

our discussion as causing the most stress to clients, as they did not have the

opportunity to test the new rule. Having a way to show them that the version

before and after the rule is applied would greatly help alleviate any doubt

towards the redelivered code.

Furthermore, both participants see ways to improve and make use of the

visualisation tool. Using it with fewer migration rules or on specific parts

of programs could help guide clients in their testing or further help them

comprehend the effect of a specific migration rule.

While implementing more special cases must be done with caution, we

believe that it is possible to do so without making the tool biased, at least

for the case described above. For example, we could tweak our semi-parser

to denote when it ignores part of the code, indicating the presence of some

statements that it did not parse. With this, we could detect that the removal
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of the if statement analysed by 𝑃𝑇 is indeed behaviour-preserving. An imple-

mentation of this is a good avenue for future work with this tool, as would

be a deeper analysis (helped by 𝑃𝑇 ) of the migration rules to identify other

candidates for special cases.

12.6 Conclusion

In this chapter, we presented our methodology to validate the tool that we de-

scribed in chapter 11. We conducted semi-formal interviews with two experts

from Raincode Labs, asking their opinions on the usability of the visualisa-

tion tool both in terms of ease of use and versatility. Finally, we presented

our findings and discussed their implications.

This validation lets us conclude that the tool could be used as-is when pre-

senting rules to clients to enforce their trust at the beginning of the project

or in the context of a redelivery. The tool could also be extended to be able

to analyse parts of a file that are critical or less understood by clients. An-

other opportunity would be to explore the implementation of further special

cases that would improve the amount of matches, although we should remain

cautious about not implementing the logic from the automated refactoring

process into the tool to keep our approach unbiased.
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We started this thesis by introducing our partner company, Raincode Labs,

and outlined its use case of automated large-scale refactoring of legacy code.

We set out to help them explain two essential aspects of their project: how

does it work and why can it be trusted. This lead us to our main research

question: how can we help code owners and refactoring engineers understand

the process and results of automated refactoring on large legacy code bases? We

further refined this question into five sub-questions, all of which are answered

by the different contributions of this thesis.

The first part of this thesis tackles the first fundamental need of Raincode

Labs experts: explaining how the automated refactoring process functions.

This is translated into the first sub-question that we asked ourselves, how can

we provide insights as to how a large-scale process reacts to changes? Wepresent

our log-based behavioural differencing tool as an answer to this first question.

We found that extracting models from the logs of a process is a powerful tool

to understand it. Using our tool, the experts were able to quickly perform

an analysis of the changes depicted. Moreover, they easily imagined other

scenarios in which the tool could be useful to them.

Nonetheless, we were immediately confronted with another of the sub-

questions: how do we manage to scale to the size of a real industrial use case?

The scale of the industrial data at hand rendered the visualisation proposed in

the original approach ineffective. While visualisation tools are indeed power-

ful, we learned that it is essential to identify the information that needs to be

shown and that can be hidden to alleviate clutter. It might also be necessary

to analyse only part of the process, or to divide it into manageable portions.

The third part of this thesis answers the second fundamental question:

why can the automated refactoring process be trusted. The first step in an-

swering this question is to better understand what the process is doing. To do

so, we asked ourselves how can we extract from the code the structural informa-

tion impacted by the automated refactoring, and do so in a language-agnostic

way? Raincode Labs experts helped us in identifying the structures most

impacted by their process. To extract the structures, we proposed a semi-

parsing tool. This tool is very flexible and easy to configure, which makes it

COBOL dialect agnostic and allows to handle other languages that follow the
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paradigm of imperative programming with minimal effort. It is also able to

parse partial or uncompilable code, a situation that is common for Raincode

Labs. However, it would require more optimisation to be as time-efficient as

industrial-grade full parsers when used on large files.

Due to the scale of the refactoring projects of Raincode Labs, it is impos-

sible to perform a manual analysis of all the files, creating the need for a tool

that performs an automated comparison. We therefore asked ourselves what

models do we need in order to compare them and show that they are equiva-

lent? We proposed the use of both CFGs and LTSs, that allows us to create

both an automated comparison and a clear visualisation tool. For the com-

parison, we propose to use trace equivalence. We found the base version of

the algorithm to excel at showing that changes in the structure of the pro-

grams are behaviour-preserving, but to be limited when handling changes in

conditions. We proposed several solutions to the limitations that we found,

but ultimately conclude that trace equivalence does not suffice to show that

the refactoring is behaviour-preserving when applied to an entire PACBASE

migration. However, we do show that the visualisation tool we created allows

a Raincode Labs expert to efficiently identify why a piece of code flagged as

non-equivalent is not at risk of creating bugs. Moreso, the validation partici-

pants imagined other use cases for our tool.

For each of the three techniques and two visualisation tools presented in

this work, we ensure that they are adequate through qualitative and quan-

titative validations. This lead us to our last sub-question: how can the tools

produced in this thesis be used, in which contexts within and outside of the com-

pany? In this text, we paid close attention to explaining our design choices as

well as contextualising our work. This will allow other researchers to repli-

cate our findings and apply them outside of the use cases provided by Rain-

code Labs. We have shown that Raincode Labs experts have used our tools

during the validations and were able to imagine different uses for them. Our

choice of framework for the visualisation tools was partially influenced by

the fact that knowledge of its programming language exists within the com-

pany. Our tools are open-source, and therefore available to anyone, inside or

outside of Raincode Labs. As we mentioned, our log-based differencing tool

helps to answer questions that are asked by people analysing logs in various

contexts, from Raincode Labs to embedded systems, showing how generic the

problem of log analysis is. Our semi-parser is already able to handle any of

the 400 COBOL dialects, and would be easily extendable to other legacy lan-

guages like FORTRAN by modifying its configuration file. Finally, the trace

equivalence algorithm we presented was designed to be as language-agnostic

as possible, relying mostly on the model it takes as input to reflect the be-

haviour of the language it analyses.

Both approaches presented in this thesis are complementary and will help
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Raincode Labs answer the questions frequently asked by their clients. When

the need arises to argue why they should pick a configuration over another,

the log-based visualisation will help show them how the refactoring process

evolves with the two different configurations. When the time comes to per-

suade clients that the result of the migration is behaviour-preserving, the

trace equivalence will be able to sift through all of the files and flag the ones

that are most critical to analyse. Finally, the trace-equivalence visualisation

will help guide the client to the lines of code that cannot be shown to be trace

equivalent and therefore should be tested in priority.

We also found that helping the understanding of such a large-scale refac-

toring process will have unforeseen benefits for Raincode Labs. The log-based

visualisation can help the task of maintaining the refactoring process, allow-

ing engineers to ensure that the modification they applied to a specific rule

did not affect the rest of the process. The log-based differencing algorithm

itself could also be key in improving the efficiency of the refactoring process,

helping to discover the best candidate rule to apply next.

For future work, two avenues are open: either within the context of Rain-

code Labs or outside of it. Within, we could develop the optimisation tool

imagined from the log-based behavioural differencing and analyse how dif-

ferent strategies of migration rule ordering affect the execution time of the

refactoring process, but also if it affects its output at all. A second idea of

future work is to further refine the trace equivalence algorithm and the fuzzy

parser, allowing them to target specific parts of a file and to have more spe-

cial cases. We could study how much effort is required for every one of the

different implementations, its effect on the output in terms of matches and

execution time, and therefore discuss its advantages and tradeoffs.

Outside of Raincode Labs, we could prove that our techniques are appli-

cable to other contexts. For the log-based behavioural differencing and its

visualisation, we could explore the idea of comparing logs from the boot se-

quence of different Linux distributions. The goal would be to show if both

compared distributions are compatible with a specific set of software, i.e. if

they have a specific set of features that are necessary. The input of the tool

would be the boot log from a known-compatible distribution as the source

and the boot log from another distribution as the target. The expected output

of the tool would be slightly different than what we did with Raincode Labs:

the tool should highlight if all necessary features are present in the target

distribution. This means that we would only need to show the presence or

absence of the target features, which should be simpler than showing their

evolution.

Finally, we could analyse a different automated refactoring process (e.g.

one that has been presented in chapter 3), in another language than COBOL.

For this, we would need to perform another analysis on the structure most
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affected by this new refactoring tool, and then adapt our semi-parser and CFG

generator. The CFG to LTS translation script should also be adapted to take

into account the specificities of the new language, but the trace equivalence

algorithm should be applicable as-is. We could then analyse its output to look

for other special cases that would be specific to the tool, as well as evaluate if

the ones that we created for the COBOL refactoring tool apply to other tools.

An analysis of the amount of matches possible in this new context would

also be of interest to further refine our comprehension of how adequate the

algorithm of trace equivalence is in the context of showing that refactorings

are behaviour-preserving.

To conclude, this thesis allowed us to explore the boundaries of the dis-

cipline of differencing. First, thanks to our partner Raincode Labs, we had

both real industrial-scale data and concrete issues to solve, which gave us a

clear direction and objectives as well as provided unique challenges like the

use of a legacy language, COBOL. On the other hand, the feedback from the

scientific community allowed us to push the techniques we worked on even

further by reflecting on ways to make them applicable outside of the initial

context they were imagined for.



User manual of log-based
behavioural differencing

A
In this appendix, we include the user manual presented to the two partici-

pants of the validation of the log-based behavioural differencing tool. This is

referenced in chapter 6.
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but not V1

Changed (edge only):
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Questions of log-based
behavioural differencing
validation
B
In this appendix, we include all questions that the two participants of the

validation of the log-based behavioural differencing tool asked themselves

during the interview. They are timestamped and color-coded according to

their category, as described in chapter 6.

159



Q
uestions about the m

eaning of a specific visual elem
ent (conceptual questions)

Q
uestions about the dom

ain
Q

uestions about the use of the tool (practical questions)
Q

uestions/ideas about future w
ork

S
ubjectA

Video tim
e

Q
uestion

C
ontext

A
ction taken

5'30''
W

hat is going on here?
W

e are at the very beginning of the interview
, S

ubjectA is getting situated in the tool for the first tim
e

- S
pread out the different graph files that are open to see them

 all - O
pen one at random

 in full screen - Zoom
 at the beginning of the graph 

6'40"
W

hat are the elem
ents present here?

"
- S

croll in the graphs, identifying all the different elem
ents (colors, shapes)

7'45"
"Trying to understand how

 this graph w
as generated" (direct quote)

"
-S

tarting back at the start of the graph, trying to read all the nodes - R
ealise he has not enough inform

ation as is
8'20"

W
hat w

as in the cheat sheet again?
P

rom
pted by m

e to look at it
- O

pens his em
ail, the sheet and starts looking

8'30
"W

hat does this tool take as input?"
A

fter looking at the sheet for a few
 seconds

- Looks for the answ
er for ~10 seconds then asks m

e directly. I inform
 him

 on the "level" of the input (the patches from
 the database

9'30"
D

id I understand this inform
ation correctly?

A
fter looking at the sheet for som

 m
ore tim

e
- E

xplain by exam
ple w

hat he understood so I can confirm
 it is correct

10'20"
C

an I now
 better understand the graphs?

"
- G

oes back to the first graph, starts an explanation to confirm
 good understanding. - K

eep exploring once confirm
ed

11'30
W

hat happened in that long line of nodes?
G

iving m
e his interpretation of the graphs

- D
rag and drop in the graph w

ithout changing the zoom
 level, reading the nam

es of the nodes
12'14"

"C
an you handle rules that are repeated in the m

igration process?"
"

- S
crolling around for a few

 seconds, then giving up and asking m
e directly, probably because that's not an easy info to get as is

13'35"
H

ow
 can I see better this specific part of the graph?

"
- S

lides nodes around to rearrange them
 (unsuccesfully this tim

e, because w
e w

ere in a G
O

TO
 cluster)

14'00"
H

ow
 do other graphs look?

"
- M

inim
ize current w

indow
 by double-clicking, then select another graph to m

axim
ize it

14'10"
W

hat could be contained in that gray node?
"

- M
ouse over said node and sees all the rules

14'30''
H

ow
 could I analyze this new

 graph?
"

- S
pread out the different nodes a bit, m

ousing over a few
 of their nam

es (w
e are on the very sim

ple graph, not m
uch to see here

14'50"
H

ow
 could I analyze this new

 graph?
"

- S
top to look at the graph as a w

hole first, then zoom
 to look at the different parts m

ore in detail
15'05"

W
hat w

as the m
eaning of orange again?

The orange color is on the links only
- O

pen sheet sheet, find the orange bits and read the doc
15'20"

C
ould you clarify the explanation on the cheat sheet?

The explanation talks about probabilities, w
hich is not the m

ost intuitive thing
- I explain the orange in the sim

pler term
s of a transition "happening m

ore or lest often", and S
ubjectA seem

s to understand
15'40"

I need to read that node title better
"

- D
rags node just a bit above (happens a few

 tim
es in a row

 as S
ubjectA is analyzing this last graph

19'50"
"D

id you com
pare those graphs w

ith the diff output of both m
igrated version corresponding to the logs?"

S
ubjectA thinks it m

ight be interesting and insightfull to do so. I haven't done m
uch of that beyond m

aking sure that there are indeed differences w
hen I detect them

 (and none w
hen I detect none)

[B
ig gap for discussing ideas about other features etc]

"C
ould you go m

ore abstract?"
S

ubjectA w
ould like to see those graphs at a higher level (rules, not patches)

"C
ould you indicate w

here in the m
igration w

e are, w
hen exiting a fused node?"

15'20"
"H

ow
 do I open a new

 graph"
I asked S

ubjectA to open the unfused graphs
- Feeds the correct code, m

axim
ize the w

indow
25'30"

I don't see anything ! W
hat is going on here?

- Zoom
, zoom

 and zoom
. Find the color. Zoom

 som
e m

ore ! Then scroll around
26'15"

W
here is the inform

ation w
e had before?

P
rom

pted by one of m
y questions

- D
rag som

e m
ore until he sees color, then focus on that

S
ubjectA is a bit unsure about the possibility of having rules appear m

utiple tim
es. H

e has trouble visualizing it, and therefore fears it m
ight be confusing. I don't have an exam

ple to show
 him

, so it's hard for m
e to reassure him

[The end of the interview
 w

as only m
ade of S

ubjectA answ
ering m

y different questions. W
hile he did fiddle w

ith the graphs, he didn't seem
 to need any m

ore "new
" inform

ation and therefore probably didn't ask him
self any m

ore questions regarding the tool]
W

hat does S
ubjectA do w

hen "explaining his dom
ain" (happens m

ultiple tim
e during the process:

- P
oints at one node, explain w

hat the rule does in general, then follow
 one link to another node. E

xplain how
 they m

ight interact, then go to the bigger picture of the entire structure w
e are looking at and give an interpretation for the changes depicted (client rem

oved code, one rule gets triggered before another, causing  chain reaction, etc)

S
ubjectB

0'00"
"S

o this is from
 the database, at the patch level?"

I consulted S
ubjectB

 previously, so he expects the input to be this w
ay

- I confirm
 that he is right

0'10"
W

hat is going on here?
The files just opened, and S

ubjectB
 is getting situated

- S
pread out the different graph files, look at the help m

enu
0'20"

H
ow

 can I see better?
"

- Zoom
 on the graphs, first w

ithout m
axim

izing the video
0'25"

H
ow

 do I m
axim

ize this?
"

- S
tuggles to find the m

axim
ize option (probably because it is backw

ards, U
nix-style)

0'30"
O

kay, now
 w

hat is w
ritten here?

"
- Zoom

 in the m
iddle part of the graph (there is lots of color there), then drag nodes around right aw

ay
0'45"

H
ow

 can I arrange this in a w
ay that suits m

e better?
"

- D
rags nodes to try and arrange them

 in a m
ore curved pattern

1'10"
H

ow
 do I navigate this?

"
- Identifie the bar at the bottom

 of the screen, grab it and drag until the beginning
1'20"

W
hat does this do?

S
ubjectB

 just noticed the layout button (horizontal, vertical, force)
- C

licks and tries them
 out. E

nd up prefering the force-based layout and sticking w
ith it

1'30"
H

ow
 can I arrange this to read it better?

C
onfronted w

ith a "G
O

TO
 cluster", S

ubjectB
 tries to m

ake it m
ore readable

- D
rags nodes, but quickly gives up because of the com

plexity
2'30"

"This is a state m
achine, right?"

S
ubjectB

 w
ants to confirm

 w
ith m

e that he understands w
hat he sees

- I tell him
, that yes, it is

2'40"
W

hat does the m
ouse over do?

S
ubjectB

 is currently explaining his interpretation of the graph, pointing as he explains- P
ut m

ouse over node and reads out the rule nam
e from

 the popup rather than the label
3'00"

"A
n arrow

 m
eans this patch w

as executed, then that one?"
S

ubjectB
 is pointing at nodes and confirm

ing w
hat he sees

- I tell him
 that it is correct

4'50" + 6'20
W

hat is in this fused node?
"

- P
ut m

ouse over node and quickly look at all the nam
es

5'30"
S

ubjectB
 explains that he expects to see the node "R

em
ove labels" since it is the m

ost com
m

on one
S

ubjectB
 is explaining his dom

ain to m
e

- I confirm
 that I saw

 it often, even if I don't know
 "by heart" w

here it is on the graph w
e are looking at

5'45"
C

an a node be repeated in the graph?
S

ubjectB
 paused because he didn't think so

- I explain that yes, it can be, and go a bit over how
 an FS

A w
orks. S

ubjectB
 seem

s to dislike the idea of repeating nodes
7'00"

"C
an you clarify the m

eaning of the orange and the gray nodes?"
- I explain the bit about rules happening m

ore or less, and that the fused nodes m
eans no changes.

7'40"
H

ow
 can I open a new

 graph?
P

rom
pted by m

e, S
ubjectB

 is looking at the other exam
ple graphs

- M
inim

ize easily the first w
indow

, then clicks on the m
axim

ize for the other graph (less struggling here, still not very natural)
7'45"

H
ow

 can I m
ake this go aw

ay?
W

e had a sm
all bug w

here, even if the w
indow

 did m
axim

ize, another one stayed "on top" of it, obstructing the view
- S

hakes the w
indow

 around in disbelief, then clicks the m
inim

ize button, m
aking it really go aw

ay
7'55"

W
hat is going on in this new

 graph?
G

oing back to analyzing
- D

rags a few
 nodes and m

ouse over a few
 other w

hile reflecting
9'00"

"C
ould you show

 new
 rules?" (i.e. the new

 application of rules)
S

ubjectB
 w

ould like new
 rules highlighted, either new

 to the file or new
 to the entire process

- I explain that w
e have this for the entire process, but that I could do it for a single file as w

ell
9'30"

H
ow

 is a new
 rule (in the entire process) show

n?
A

fter asking m
e this, I directed him

 to the graph show
ing one

- Looks at the graph a few
 seconds, searching for the yellow

 node then m
ouse over it

11'40"
B

ut then, w
hat are the green nodes?

A bit confused after all this discussion about new
 nodes to a file or to the entire process, S

ubjectB
 needs a bit of re-clarifying

- I explain the green nodes and w
hat it m

eans
[A

gain, quite a big gap for discussing ideas and asw
ering questions. A

s S
ubjectA

, S
ubjectB

 "fiddles" w
ith the grah w

hile w
e talk, but not to answ

er any questions I think]
19'30"

"H
ow

 do I open a new
 graph"

I asked S
ubjectA to open the unfused graphs

- Feeds the correct code, m
axim

ize the w
indow

19'40"
W

hat is this? I can't see
S

ubjectB
 just open the unfused graph

- M
axim

ize w
indow

 (navigating now
 looks and feels m

ore natural, click his favorite "fused" layout
20'00"

H
ow

 can I arrange this better?
"

- A
fter zoom

ing in a bit, m
oves node around to rearrange them

21'00"
W

here are the inform
ations I saw

 earlier?
P

rom
ped by one question

- S
ubjectB

 looks for the color in the graph and circle it w
ith his m

ouse
22'00"

H
ow

 can I see w
hat is in a fused node?

P
rom

ped by m
y explanation that this inform

ation is available
- C

licks the node, then m
axim

ize the new
 w

indow
[H

ere as w
ell, the end of the interview

 is S
ubjectB

 fiddeling w
ith the graphs, m

ore to occupy his hand I believe]
W

hen explaining his interpretation of a group of nodes, S
ubjectB

 has a sim
ilar approch as S

ubjectA
: pointing at nodes and cicling groupes w

ith his m
ouse, w

hile he explains rules and their interaction. H
ow

ever, he goes directly to explaining w
hy the m

igration changes (this rule got skipped, this rule triggered earlier), focusing m
uch m

ore on the process itself rather than on w
hat the client did



User manual of trace
equivalence visualisation

C
In this appendix, we include the usermanual presented to the two participants

of the validation of the trace equivalence visualisation tool. This us referenced

in chapter 12.
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General meaning of shapes

Triangular nodes start the
execution (they do not

correspond to any code)

Simple round nodes are
pieces of code

Node with a black outline
are nodes that can result in

the end of the execution

Green nodes and links have a
match in the other graph, in all

cases

Red nodes and links have no
match in the other graph, in

any cases

Orange nodes and links have
been skipped by the algorithm
to find matches further down

the graph, in all cases

Meaning of simple colors

Gray nodes and links have not
been explored by the

algorithm, we therefore have
no information on them



Meaning of combined colors

Dark green nodes and links
have a match in the other graph

in some cases and none in
other cases

Brown nodes and links have a
match in the other graph in
some cases and have been

skipped in other cases

Purple nodes and links have no
match in the other graph in
some cases and have been

skipped in other cases

Black nodes and links have no
match in the other graph in

some cases, some matches in
other and have been skipped in

yet other cases

Interacting with the tool

Mousing over the graph nodes
will highligth them if possible.

Nodes that are matched
toegether in groups will light up

in light blue



Whenever possible, nodes that
are an exact match to each

other will light up in dark blue

Note that nodes that have no matches (red, orange,
gray and purple) will never be have a group to highlight
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