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Abstract—Code refactoring is the act of restructuring the
source code of a software system, to improve its design without
changing the observable behaviour. When applying large auto-
mated refactorings, large either in number of refactorings applied
or in codebase size, the refactored code may become significantly
different from the original code. This makes it harder to provide
evidence that the refactorings indeed preserve the original code
behaviour. To demonstrate that the flow of control of a program
remains equivalent before and after refactoring, we propose a
tool that verifies trace equivalence on control flow graphs. Such
a tool increases code owner’s trust in the automated refactoring
process. We present the tool’s algorithm, implementation and
visualisation support and illustrate and validate it by applying it
on a large industrial case.

Index Terms—trace equivalence, large-scale code refactoring,
control flow graph, labelled-transition graph, visualisation, in-
dustrial use case, COBOL

I. INTRODUCTION

When software ages, it tends to expand beyond the features
initially planned, an effect known as scope creep [17]. Con-
stant introduction of features and bug fixes makes code less
healthy, harder to maintain, less habitable [14] and causes code
smells. While this is unavoidable 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 routinely
performed throughout the software life cycle. According to
Opdyke, “while refactorings 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” [25]. 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.

Murphy-Hill and Black [23] distinguish two main categories
of refactoring. Floss refactoring refers to small tweaks applied
opportunistically and frequently to a piece of code while
making other changes. Root-canal refactoring refers to times
when refactoring is the only change being made on the
code and the creation of new features is temporarily halted.
Large root-canal refactoring can even be regarded as a form
of reengineering [9] when the subject system is so deeply
transformed that it gets reconstituted in a new form [22]. A
particular case of this, the use case of this paper, happens
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when a legacy system consisting of generated code has to
be transformed into human-readable code so that maintenance
activities on it can be continued.

When performed in-house, such large-scale root-canal refac-
toring tasks can take a considerable effort to a team, spanning
from weeks to months [13] despite the use of automated
tools. An alternative is to outsource, delegating such tasks to
companies expert in the domain of migration and refactoring.
However, when choosing this route and being presented with a
new version of the code after it has been altered deeply, code
owners tend to require guarantees to trust the result of the
refactoring. Since changes are so vast, it is often impossible
to manually verify them, creating the need for tools providing
evidence that the behaviour of the code remains preserved.

We present a tool that compares both versions of a program
(before and after a large-scale refactoring). The comparison
is done on the level of control-flow graphs, abstracting away
from statements to focus on the structure of both versions.1

The tool relies on trace equivalence and software visualisation
to provide evidence that the behaviour remains preserved after
refactoring. When equivalence cannot be proved, it shows what
parts of the graph could not be proved equivalent, so that the
user can verify and test these parts manually.

Our use case is one of automated refactoring from machine
generated code to human-readable code. The tool was tested on
a large-scale refactoring process of legacy code performed by a
partner company. We evaluate its efficiency, in terms of quality
of output, both manually and automatically. Finally, we present
best practices, lessons learned and limitations in designing
and implementing such a tool. While our industrial data is
confidential, we do include a reproduction package made of
our handmade data and some open-source COBOL files2. We
argue that the ideas and methodologies presented in this paper
can be generalised beyond the specific context of our partner
company. Demonstrating that a program retains its behavior
after undergoing significant structural refactoring is pertinent
in numerous scenarios where code is continuously developed
and maintained over extended periods by various individuals.
This is a prevalent situation in both industrial and academic
settings. While caution must be exercised in analysing each
unique situation and the associated assumptions, the ultimate
objective remains universally applicable.

1The assumption to abstract away from statements makes sense in situations
like our industrial case study where the refactoring rules applied focus mostly
on changing program structure, and less on individual statements.

2Found on Zenodo at: https://zenodo.org/records/10037828



Special attention is given to explaining the rationale behind
the design decisions we made. The clarity of these explana-
tions is of key importance to facilitate understanding of our
work by other researchers, should they wish to conduct similar
investigations. We are transparent by explaining exactly what
assumptions are applicable to our use case, so that others can
determine if it would also be useful for their situation.

II. PROBLEM STATEMENT

Many companies today are dealing with legacy software,
making use of technologies that are either no longer known to
freshly graduated developers, or third-party tools no longer
supported by their vendors. This makes maintenance more
challenging: not only does software looses quality as it ages, it
becomes less inhabitable since its technology is less familiar.
A solution is to refactor the entire code into something that
becomes easier to maintain moving forward. When this task is
delegated to external experts, code owners do not take part in
the refactoring process, but only receive the refactored version
of their code at the end of the process.

The partner company we are working with comprises ex-
perts in migrating legacy software. It offers several services
including large-scale refactoring of legacy code. In this work,
we studied their process of refactoring automatically generated
COBOL code into more human-readable and maintainable
COBOL.

The first step of such refactoring project is a consultation
between the code owners (the client) and the migration experts.
The refactoring process consists of an iterative and automatic
application of code transformation rules that will restructure
the code into something more readable as well as remove
unwanted constructs and dead code. Some of those rules can
be (de)activated to make the output best fit the needs of the
client. Once the exact set of refactoring rules has been decided,
the refactoring experts run their tool on the entire codebase and
deliver the refactored code to their client.

Communication problems between experts and clients arise
at several points in this process, mostly around understanding
how the process works, why it does things in a certain way and
whether or not the behaviour of the code remains equivalent
after the refactoring. To address some of those issues, a variant
of log-based behavioural differencing [11]
was previously used. However, this does not provide sufficient
guarantees that the code is correctly refactored. To increase the
client’s trust, until now, experts have performed only informal
passes through selected files, making sure that the refactored
code look “good enough”.

One way for code owners to become more certain about the
behaviour of the refactored code would be to run extensive test
suites. If all tests that the original code passed still remain
green for the refactored version, it should be relatively safe
to deploy. However, in industry, test suites are sometimes
completely absent, or lack sufficient coverage of the system
under test. Manually creating new tests is expensive and time-
consuming and while the discipline of automated software
testing has seen a lot of interest, it cannot fully replace manual

testing [4] nor has it been designed for legacy software that
is not well-understood in the first place. Thus, in practice we
witness code owners asking the refactoring experts to provide
some kind of assurance that the two versions of the code
are behaviourally equivalent and safe for deployment. Another
frequent request from clients is to pinpoint critical parts of the
code that they could test, but until now, refactoring experts are
not able to give them full guidance.

III. OUR SOLUTION

We now present our solution that compares COBOL pro-
grams before and after a refactoring. More specifically: (1) the
models used to represent the code and how we obtain them,
including the script to translate between those models; (2) the
algorithm that compares those models, its limitations and how
we overcame them; (3) a visualisation tool to highlight the
differences.

A. Labelled Transition Systems (LTS)

To be able to perform trace equivalence between two pro-
grams, we transform the code into models. We use a tailored
toolset to generate control flow graphs (CFGs), containing
only the essential information in a program’s control flow. To
determine those essential elements, we consulted our partner
company’s refactoring experts and manually analyzed all of
their 140 refactoring rules. Only 17 out of those 140 rules
impact statements directly; furthermore, these 17 rules apply
fairly “simple” changes, e.g. grouping variable declarations.
Most of the refactoring rules are aimed at restructuring the
code into something more readable, which is why we chose
to abstract all statements away and focus on the control flow.

In the context of COBOL to COBOL refactoring, the most
relevant constructs are therefore those that affect program
structure: the conditions IF and EVALUATE (switch/case style
of multiple branching), the jumps GO TO, NEXT SENTENCE,
PERFORM and PERFORM THROUGH, the looping structure
(“in-line PERFORM”). As PERFORM and GO TO make use
of COBOL’s paragraph names, we include paragraph names
in our CFGs as well.

SQL calls are found between EXEC SQL and END-EXEC
keywords. SQL calls are also added to the CFGs because
interactions with the database are critical: except for some
prettifying, no query should be altered since the company’s
expertise is not in that domain.

However, the generated CFGs are not yet in the right format
for trace equivalence. They tend to contain information both
on the nodes and on the links and are destined mostly to be
read by humans rather than to be explored by an algorithm.
Therefore, we wrote a script to transform the CFGs into
Labelled Transition Systems (LTS), a graph format used,
amongst others, in model-based testing [31], by shifting all
information from nodes to links. While this translation might
seem cumbersome, it is necessary for our purpose: we not only
seek the guarantees given by the trace equivalence algorithm,
we also wish to visualise the results. For that, CFGs are
preferred since they are more readable by humans.



LTSs have two types of links: (1) those with a specific label
that are destined to be matched in the trace equivalence and (2)
links that exist just to represent the flow of execution, denoted
with an INTERNAL label. During trace equivalence, those
internal links are ignored, meaning that 0 to N INTERNAL
links on one graph can be matched to 0 to N on the other.

Translating a CFG into an LTS requires to think about how
to replicate the flow that will be followed by the execution of
the program and translate 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 INTERNAL 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 1 shows a
small handcrafted COBOL code fragment, featuring most of
the described constructs, and Figure 1 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 here to ease the reader’s comprehension.

Listing 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.

Fig. 1: CFG and LTS representation of the code of Listing 1.

The various PERFORM statements have to be carefully de-
signed. PERFORM A and PERFORM A THROUGH B behave
as follows: when encountered during the execution, they jump
to the labelled paragraph A, execute everything contained in it,

then the execution goes back to the PERFORM and continues.
In case of a THROUGH clause, one jump results in executing
everything in paragraphs A and B and everything in between.

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). Note that the logic is the same for
a PERFORM THROUGH, the placement of the GO BACK link
being the only thing that changes. A CFG and corresponding
LTS of this can be seen on Figure 2. 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...

Fig. 2: CFG and LTS representation of a PERFORM statement.

The in-line PERFORM UNTIL works similarly to the reg-
ular in-line PERFORM, 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 3
(CFG) and Figure 4 (LTS).

B. Trace equivalence

The original algorithm for calculating trace equivalence
between two graphs starts at the top (start) node of each graph
and goes as follows:

1) Start at a corresponding node of each graph.
2) For each link of these nodes, look at each of their labels:

• If it is INTERNAL, it can be skipped and the algorithm
goes back to step 1 with the target node as start node.



Fig. 3: CFGs for a piece of code pre- and post-refactoring.

Fig. 4: LTSs corresponding to the CFGs of Figure 3.

• If it has a specific label, there must be a child on the
other side having the exact same label.

3) When a link is skipped and/or matched, relaunch the
algorithm recursively with its target node as start node.
If no match can be found for a link, the path is invalid
and therefore the graphs are not trace equivalent.

4) If a node with no out link (end node) is met or if a couple
of nodes previously considered are explored again, the
path we are following is valid.

5) If all possible paths are valid, the entire graph can be
considered as trace equivalent.

Applied on the graphs of Figure 4, the trace algorithm will
perform as follows (some steps are combined for conciseness):

1) The out links from nodes L0, L1 and L2 are skipped,
meaning that node L3 is the next node. On the other side,
the out links from node 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 labelled 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, but
since we already matched them before, 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.

C. Handling conditions through semi-parsing

While this basic algorithm works for handcrafted examples,
it lacks a few things to be able to handle our industrial
use-case of COBOL to COBOL refactoring. The first thing
missing is some awareness of how conditions work. E.g.,
when refactoring, in our use case it is common to flip the
condition 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 versions would not be considered
equivalent since their string representations NOT A < 0 and
A >= 0 are different.

This problem is even more prominent in COBOL because
it supports contracted expressions (repeated variable names
can be omitted), and some specific values are expressed with
keywords (ZERO, SPACES, etc). The following list contains
four variants of a condition that are all semantically equivalent
but would not be detected as such by the base algorithm:

• 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.
Contracted expressions are very relevant in our case since

the generated COBOL tends to shorten conditions, choosing
not to repeat variable names and operators where possible,
yet the refactoring produces expanded, more human-readable
versions. This means that we encounter such false mismatches
fairly often.

To address this issue, we wrote a linear semi-parser [34]
focused on COBOL conditions only, allowing us to handle all
cases mentioned above and more in a time-effective manner.
It is based on a COBOL-compatible tokeniser and a parsing
automaton shown in Figure 5. The semi-parser works in
linear time and expands all contracted expressions to their full
canonical form, allowing us to compare them later on. Our
way of dealing with contracted expressions is an example of
how we use semantics of the chosen language (COBOL) in-
side our differencing algorithm. A counterexample with some
creative use of parentheses can theoretically be constructed,
but since such parenthesised expressions do not occur in
generated COBOL code, the semi-parser is correct enough for
its practical use.
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Fig. 5: The parsing automaton for contracted expressions:
connectors are AND and OR, and operators are =, >=, etc.

D. Error recovery

Our trace equivalence algorithm also supports error recov-
ery. Sometimes, the COBOL generator produces code that
does nothing, such as PERFORM statements jumping to para-
graphs containing only an EXIT statement, which is equivalent
to an empty statement. When refactored, these paragraphs are
deleted altogether. In such cases, the trace equivalence would
try to match the PERFORM and GO BACK links, but since
they have no equivalent anymore in the refactored version,
the path is considered as non-equivalent and is not explored
further.

To handle such cases better, when no match is found for
a link, the trace equivalence algorithm enters 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 labeled
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 afterwards) and the
executions continues as before.

E. Special cases

Even equipped with the contracted expressions parser and
the error recovery mode, the trace equivalence algorithm still
occasionally produces unsatisfactory results. This is due to the
fact that it needs to match links one to one, making the analysis
of some more elaborate refactorings impossible. In particular,
there are two specific cases that the COBOL generator tends
to create and 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 2 (pre-refactoring) and
Listing 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 code listings.

Listing 2: Nested IFs before refactoring.
1 IF A > 0
2 IF B = 0
3 (...statements...)
4 END-IF
5 END-IF

Listing 3: Refactored nested IFs.
1 IF A > 0 AND B = 0
2 (...statements...)
3 END-IF

To handle this case, 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 constructing 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.

A second special case that we implemented, is the refac-
toring 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 EVALUATE
must have its equivalent in an IF, while all the False branches
of the IFs are matched to the one from the EVALUATE. A
concrete example of this refactoring pattern can be seen on
Listing 4 (pre-refactoring) and Listing 5 (post-refactoring).

Listing 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.

Listing 5: Refactored successive IFs.
1 EVALUATE A
2 WHEN 0
3 (...statement 1...)
4 WHEN 1
5 (...statement 2...)
6 END-EVALUATE

These structures are currently the only special cases that
we have implemented. While other such cases could have
been identified and implemented, the risk of making our tool
less general may outweigh the benefits of having a few more
matches.

F. Visualisation

To present the results of the trace equivalence algorithm to
code owners, we created a visualisation tool using Roassal [3].
It is composed of two views: the first view, not shown here
due to space limitations, shows an overview of the entire
refactoring project, consisting of a list of all files that have
been analysed, colour-coded to indicate the percentage of links
that have been explored and detected as equivalent by our
algorithm. This provides a general overall idea of how the
refactoring went, and helps users to find the files that are
most important to check, allowing them to order the files by
most/least nodes matched or alphabetical order.



Fig. 6: Visualisation of the graphs from an example program
before and after refactoring without (left) and with (right) error
recovery activated.

A detailed view of any file can then be rendered by clicking
on its name. Two CFGs are shown side-by-side, with colour-
coding in green, orange, red and gray for links and nodes that
were respectively marked as equivalent, unsure, non-equivalent
and unexplored. Figure 6 shows the result of applying our
trace equivalence algorithm to a small graph taken from our
examples, running with and without error recovery.

On the left, we can see some red links and nodes, followed
by gray unexplored ones, indicating where the algorithm
stopped and considered the graphs nonequivalent. This is
caused by an IF statement that was removed by the refac-
toring. In this specific case, there are unexplored nodes only
on the pre-refactored version because the extraneous IF comes
right before the end of the program, causing only a GO BACK
link to be unmatched on the post-refactoring side.

On the right, we can see the same graphs after running
with error recovery. The previously red elements on the pre-
refactoring side are now orange because they were skipped
(no node on the right-hand side had to be skipped, hence they
are all green), and the rest of the nodes and links are green
because the algorithm found a match further down.

Since our graphs tend to grow fairly large, we chose to
group together nodes and links that are related to ease the
reading. The result of applying this on the graphs shown in
the previous figure can be seen on Figure 7. If possible, all
green or gray (matched or unexplored) nodes that are linked
together are merged into a single node, unless they have an
incoming or outgoing link that is unmatched or skipped. This
allows the user to focus on the parts of the code that may
contain problems and gives a less cluttered view.

The goal of our tools is to be easy to use with a simple
interface and well-known colour coding, as well as being
actionable either by a refactoring expert or the code owner

Fig. 7: Visualisation of the fused graphs from an example
program before and after refactoring, without (top) and with
(bottom) error recovery.
after receiving their 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 human
developers, and are arguably more natural for them to interpret.

G. Summary

To summarise, we have presented our technique to extract
CFGs from COBOL programs and then transform them into
LTSs to use in our tools. We then detailed the base version of
our trace equivalence algorithm, some of its limitations and our
solutions to those limitations: semi-parsing of conditions, error
recovery, and two implemented special cases. Consequently,
whereas the overall approach to perform the differencing is
largely language agnostic, some of these solutions rely on
knowing the exact semantics of COBOL. Finally, we showed
the visualisation tool that we created to analyse our results.

IV. VALIDATION

In this section, we first provide some metrics about our
industrial use case, discuss how we designed our validation
process, then explain the results from both our manual and
automatic validations as well as threats to validity.

A. Partitioning the dataset

From the refactoring experts, we received a corpus of 3014
COBOL files varying 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 2’680 LOC, after refactoring
it became 1’719; 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



Fig. 8: Percentage of decrease in LOC in files after the
refactoring, with and without comments included.

started the validation process by partitioning our files into
representative categories.

We chose to create partitions according to how signifi-
cantly the automated refactoring affected the files. For this,
we analysed the diminution 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 8.

The most common diminution is of 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 sim-
plifying 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 percentage, and confirmed that their size
increase indeed was caused by the addition of comments.

Comments are ignored by our tool as they cannot contain
code — being originally a punchcard-based language, COBOL
only supports full-line comments. Thus, we normalised the
previous data, excluding comments from our LOC count to
get the distribution shown in orange on Figure 8. The lowest
amount of LOC diminution is now 5%, the highest 93%, and
the most common range between 31% and 40%.

This allowed us to separate the files in five partitions
regarding their percentage of diminution, each partition of
more or less equal size, containing between 500 and 600 files
each (see Figure 9). For our manual analysis, we then picked
5 files at random in each of these 5 partitions.

B. Manual analysis

The manual 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 analysed the output of
the algorithm via logs from the trace equivalence, as well as
using our visualisation tool. We used the unfused version of
the graphs in our tool as much as possible to get the deepest

Fig. 9: 5 partitions for the files

and most precise analysis, but we did use the fused version
whenever graphs were too big to analyse manually (over 250
nodes, which happened in 10 of the 25 selected files).

In the first phase, our first step was to check if the files
could be shown to be trace equivalent. If so, we checked the
visualisation to ensure that its output looked correct. If not, we
looked for a reasonable 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 were the
files could be declared trace equivalent without error recovery,
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. Due to
space constraints, we are not able to detail all our observations
in this paper, but we will discuss our most interesting findings
and trends that emerged.

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 proven 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 analysis, 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 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 our partner company: 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 current 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-
factorisation implementation: 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.

C. Automated analysis

For our automated analysis, we ran the trace equivalence
algorithm on all 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 error recovery, only 139 of the 3014 files were
shown to be equivalent (before and after refactoring). This
number increases to 902 with error recovery. Unfortunately,
this still means that we can show full equivalence only in
respectively 4.6% and 29.9% 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 the model but is not reachable
from anywhere and will 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 version.

Figure 10 shows the amount of links explored by the trace
equivalence for the files with (orange) and without (blue)
error recovery activated. Activating error recovery increases
the amount of links explored overall, as well as significantly
increases the amount of links matched. The amount of links
explored augmented in 2843 cases (94.3%), and the number
of matched links augmented in 2128 cases (70.6%). We also
noted that the number of links 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 error recovery on, 912 or
30.2% of the files have more than 40% of their links shown
as equivalent, giving an indication that the refactoring was
behaviour-preserving.

D. Threats to validity

Before turning our attention to the lessons learned from this
study, let us first identify some of its main threats to validity:

Fig. 10: Percentage of links explored by the trace equivalence
algorithm with and without error recovery.

• 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 may not be representative of the entire
dataset, leading to potential bias in the results.

• Internal Validity: The validation was performed by a
researcher, playing the role of code owner. While the
identity of the code owners is confidential, the refactoring
experts could have been a better choice to act as proxy
for their code owners. However, the researcher used its
software engineering knowledge to assess equivalence
of the refactored and original version of the code. The
fact that this was possible using this technique on code
completely unknown by the researcher supports the fact
that code owner 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 generalizable to other programming languages or
systems. However, we did pay special attention to make
most parts of our tools 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
generalizability of the results.

V. BEST PRACTICES AND LESSONS LEARNED

This section presents the lessons we learned along the way
while creating our trace equivalence and visualisation tools,
the use case for which they are the best fit and some of the
limitations of our tools, approach and methodology.

The technique is most suited to point out areas of concern in
refactored code that should be tested more thoroughly before
releasing it, rather than asking someone to blindly trust that the
new code is behaviourally equivalent to the original one. While
it is possible to show trace equivalence for some files, it will
not be the case for all of them and should not be expected.
Thanks to the error recovery, our algorithm does allow for



having 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.

It is worth noting that undoubtedly we could increase further
the raw percentage of files that can be shown to be trace
equivalent, by implementing additional special cases in the
algorithm, like we did in subsection III-E. But 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, regardless of how these versions were obtained.
Furthermore, the implementation of many intricate special
cases could introduce possible bugs in the implementation of
the verification algorithm, render it more complex, and lower
our confidence in its capabilities.

We found that the trace equivalence algorithm excels when
comparing structural changes, such as those shown on Fig-
ure 4. 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 differencing
algorithm, they are shown to be equivalent upon the very first
iteration of our trace equivalence algorithm. Cases containing
more structural than logical changes are best-case for our tool,
which is the case for our case study, since the main focus of
many of the applied refactorings is to improve code readability
by removing many of the generated GO TO into more high-
level human-readable control constructs. The technique we
presented in this paper can be generalized further to any use
case where proving equivalence between two programs that
have been heavily restructured could be useful, which should
be the case for other (automated) refactoring tools in other
programming languages.

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 ele-
ments 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 the migration
company to pick the most relevant language constructs.

• Understand the language
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),

then jumps back to the regular execution. Furthermore,
when such a statement 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 statements that take the execution out of range of
the current execution context, eliminate it.

• Focus effort on what matters
A lot of the initial limitations of our trace equivalence
algorithm were linked to our inability to parse the condi-
tions. While the implementation 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.

VI. RELATED WORK

A substantial body of academic research exists on refactor-
ing of legacy systems with different objectives. Liu et al. [21]
performed feature-oriented horizontal decomposition of the
code, Bayer et al. [2] aim to produce product lines, Ribeiro
and Borba [28] made a tool to recommend refactorings for
an already existing product line, Raghavan [27] proposed to
separate common interfaces from components, Chiang and
Lee [7] moved towards distributed architecture by putting
legacy code in wrappers, Kolb et al. [16] specifically wanted
improved reusability of code elements without damaging their
performance, Khatchadourian and Matsuhara [15] wanted to
change the existing code to make full use of newly introduced
language features, etc.

Some of this work, like ours, had differencing as their final
goal, even though the actual comparison can be done very
differently, as was the case for Ying and Miller [33] who tested
the pre- and post-refactoring versions only for performance.
One of the projects closest to ours was the one by Schuts et
al. [29] who extracted Mealy machine models from a legacy
system and its refactored version, in order to demonstrate their
equivalence to their industrial partner.

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++ [12], Java [12], [26], [30], [32],
JavaScript [30], Kotlin [18] and Python [1], [10].

Comparison of control-flow graphs was done by Bruschi et
al. [5] in the context of detecting self-mutating malware, by Le
and Pattison [19] for the sake of patch verification, Nagarajan
et al. [24] as a countermeasure for heavy-flow obfuscation
techniques. Lim [20] compared control-flow graphs on the
level of entire blocks, which is a rougher version of our error
recovery process. Comparison of labelled transition systems is
an even older topic, well-investigated at least since the 1980s
in the testing context [8].

Modern approaches are numerous and include variants
of bisimulation and singleton failures metrics. For example,



Ordóñez-Camacho et al. [6] 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 context of operations languages
used in the domain of spacecraft mission planning.

VII. FUTURE WORK

As future work, we will improve our tools further based
on the lessons learned from our validations. Although space
limitations did not allow us to include it in this paper, we
did perform a user validation with experts from our partner
company. Their feedback was encouraging, confirming that
the visualisation tool could be used to help guide their users
to the parts that need to be tested. We could expand the
custom cases of factorisation of IF and IF/EVALUATE to
make the algorithm more flexible by ignoring links that do
not interfere with the logical execution, or further implement
special cases to improve our amount of matched nodes. We
could improve our condition semi-parser to handle swaps in
variable order, e.g. by comparing the different parts of a
conditional expression as a set and not a string. We observed
a few cases where equivalence checking failed due to a partial
rename of variables. The algorithm could be improved to take
such renamings into account. After having made all these
improvements, we will compare the effect they have on the
percentage of nodes matched and on our users.

In the context of our specific use case, where the com-
pany iteratively applies a series of refactoring rules to the
original code, we could correlate for which files we fail to
show equivalence with what refactoring rules were applied to
refactor these files. From this we could learn what particular
refactoring rules cause code changes for which it seems harder
to prove trace equivalence. We could then ask the company
to refine their refactoring rules to make them less complex
or more structure-focused; or at the very least we could warn
code owners when such refactoring rules were applied where
the new code may require more intensive testing.

To demonstrate our work to be generalisable, we could
apply or adapt the developed tools to another automated
refactoring project, other use cases, or even other programming
languages, to see if we can replicate the results shown in this
paper.

VIII. CONCLUSION

In this paper, we introduced our use case of automated large-
scale codebase refactoring and showed how it would benefit
from tools allowing to show that the behaviour of a program
is equivalent before and after the refactoring, helping code
owners to trust the refactored version of their programs.

We start by extracting Control Flow Graphs from the
code, using a semi-parsing tool. We extract only essential
control-flow constructs from the code, as the refactoring rules
mostly target such constructs. We then transform these CFGs
into Labelled Transition Systems, taking care to respect the
intricacies of the language semantics.

To compare these models, we proposed a trace equivalence
algorithm that allows to match all possible paths composed
of either labelled or “internal” links in two graphs given as
input. We presented the algorithm, some of its limitations
when applied to our industrial use case and how we customised
it to overcome some of these issues.

While trace equivalence excelled when comparing programs
of which the structure changed, the basic version of the algo-
rithm did not perform well with variations in the conditions,
leading us to develop a custom-made semi-parser focused
on alleviating those limitations. Another limitation was the
fact that the algorithm only handles matches of one link to
another, rendering it inefficient when several constructs before
refactoring are condensed into a single one by the automated
process. We developed special cases to check equivalence for
two kinds of refactorings that were common in the codebase
we analysed: factorisation of IF conditions and translation of
several IFs to a single EVALUATE. Finally, we implemented
an error-recovery mechanism that allows the algorithm to skip
a few links when it finds no match and continue when a match
is found further on.

Since this work aims at helping code owners and refactoring
experts, we also created a visualisation tool to help understand
the output of our trace equivalence algorithm. It is meant to
be easy to use with a simple interface and clear colors, as
well as scalable with the size of our data by fusing similar
nodes together. We used this tool in combination with the trace
equivalence tool to validate our approach, both manually and
automatically.

Our validation showed us that, even though our tools were
not able to give certainty that the behaviour was preserved by
the refactoring process in all cases, they still provide useful
insights on where in the code further analysis or testing is
needed, which is a question commonly asked to the company
experts and that they were not able to answer before. Thus, our
main achievement and contribution is not necessarily making
a tool that matches any refactored CFG/LTS pair, but a tool
that helps code owners to navigate their code and guides their
attention towards code fragments that were refactored in the
least trivial ways.

To conclude, we presented a tool that excels at structural
differencing and showned the semantic-aware capabilities in
our implemented extensions such as the condition parser
and the custom handling of some special cases. We strike
the delicate balance between detailed and efficient structural
diffing enhanced with some semantic-aware matching based on
the particularities of the use case and programming language
considered. This allowed us to create a tool that remains
sufficiently generic while highlighting points of attention to
its users in those cases where equivalence cannot be shown.

This technique could be useful to help the analysis of other
refactored code, although the extensions we created for the
trace equivalence algorithm would have tio be adapted for the
target programming language.
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