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“When you compete against everyone else, no one
wants to help you. But when you compete against
yourself, everyone wants to help you.”

— Simon Sinek

Foreword

Exactly 10 years ago, in September 2014, I started my university studies. In
early 2016 I was in the second year of my BSc studies when I got the oppor-
tunity to join a small .NET development team at the Department of Software
Engineering. At that time, it was fascinating to see how Ph.D. students un-
derstood different topics, taught us interesting subjects, gave us programming
tasks, etc. They were on a different level, and I wanted to achieve that. Fur-
thermore, I also saw how my boss (and my future supervisor) traveled around
the world to present his research in beautiful countries where I did not have
the opportunity to travel. Then I asked my boss how I could do the same and
everything changed.

From the bug-fixing tasks of the .NET projects, I started to shift to more
research-related tasks, then I blinked and became a Ph.D. student. Unfor-
tunately, Covid-19 took the wind out of my sails: I could present my work
in Madrid (Spain), virtually. The next conference I could stand up was in
Guangzhou (China), virtually — one bad luck after the other. I had to repo-
sition my inner motivation, why should I do this? Fortunately I already had
enough experience at that time to know that I love being involved in innova-
tive teams, especially when it’s obvious that the impact we can make will be
noticeable by the users of our products. Back to the traveling topic, Covid-19
related restrictions ended at a time and I cannot be completely dissatisfied. I
was able to visit Singapore and Vienna, those were my trips so far during the
five years of my PhD studies.

Danzel Vince, 202/
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Introduction

Our modern lives are driven by software. This has become so common that
we often do not even notice the programs around us; they collect and process
data and then tell us to get up and walk around for a few minutes during our
long office hours. In an ideal world, the software is perfect, and the business
logic fully covers the customer’s expectations and produces the right output
for every possible combination of inputs, so it “cannot be fooled”.

Unfortunately, we do not live in an ideal world. Software is still mostly
written by humans, and humans can make mistakes despite their best intentions.
Nowadays, the use of code snippets generated by artificial intelligence is on the
rise (e.g., GitHub Copilot! or ChatGPT?), however, these cannot be blindly
trusted. At least not yet. We can expect that even the most carefully designed
and implemented software will contain hidden bugs that will surface sooner or
later. Most likely at the worst possible time. And then, we will notice — or
worse, remember — the software, and its failure.

Finding a bug can be the result of targeted human activity, or it can be
the result of automated testing techniques. Whatever the source, in most

thttps:/ /github.com /features/copilot
Zhttps://chat.openai.com



2 Introduction

cases the goal of the testing agent is to find as many bugs as possible in the
shortest amount of time. Due to the nature of this objective, when a new bug
is found, the sequence of events that can reproduce it is noisy, i.e., it contains
both relevant and irrelevant information related to reproduction. This is not
necessarily a problem from their point of view; the task has been successfully
completed: a new bug has been discovered in the system, and a reproduction
package is available that can be used to implement the fix.

From another point of view, however, it is really important to note how
much irrelevant information is included in the description of a reported bug.
Once it is reported, some lucky software engineer is given the task of fixing
it. First, the description has to be interpreted, and then the bug has to
be reproduced. After that, since the manifestation (bad output, incorrect
display, or even a complete crash) is only a symptom, the real source has to
be found so that the fix can be implemented. If most of the events required
for reproduction are irrelevant, the time required to find the root cause of the
malfunction can increase significantly. However, manually selecting the events
that are absolutely necessary for reproduction is also a time-consuming task.
There seems to be no good way for engineers to do this.

Fortunately, error-causing events (“test cases” from now) can be minimized
automatically, which was already recognized in the early 2000s. The discipline
of automatic test case reduction researches algorithms that can reduce any
kind of input to a smaller, some kind of “minimal” form, while maintaining
a well-defined condition. One of the most well-known algorithms is the min-
imizing Delta Debugging algorithm [39] (DDMIN), which tries to produce a
minimal version of its input regardless of its structure while keeping a prede-
fined property invariant. It decomposes the input into atomic units (e.g., lines
or characters for textual input) and systematically tries to remove pieces from
it.

With the spread of programs that expect structured input, more efficient
algorithms have been proposed to minimize test cases by taking structure into
account. For example, programming or markup languages have a well-defined
structure, but anything that can be defined with a context-free grammar is
suitable. Compilers (e.g., GCC and Clang) or execution engines (e.g., v8,
JerryScript, and Python) can only be exhaustively tested if the input passes
the syntactic parser. Grammars can be used to build a tree representation
of the test case, which can be reduced more efficiently while preserving the
structural boundaries. One of the most well-known grammar-based algorithms
is Hierarchical Delta Debugging [25] (HDD), which traverses the tree with a



breadth-first search and then applies DDMIN to its levels.

Both mentioned algorithms are discussed in this work. Several functional
and non-functional properties and their improvements are detailed in the fol-
lowing thesis. Some of them result in smaller outputs, while others aim to
reduce the memory footprint or the time required by the process.

The rest of this dissertation is organized as follows: First, Chapter 2 dis-
cusses the DDMIN and HDD algorithms, their variants, and related work.
Chapter 3 provides evaluation details, the used test suites and their properties,
and the open-source projects on which the discussed optimizations are based.
Chapter 4 describes optimizations that do not affect the output itself, but help
the algorithms be more resource-efficient. A fixed-point iteration of DDMIN
is presented in Chapter 5, which aims at a more effective reduction. A greedy
parallel algorithm variant of DDMIN is presented in Chapter 6, and then a
new transformation-based reduction method inspired by HDD is presented in
Chapter 7. Finally, the results and important conclusions are summarized.
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Background and Related Work

2.1 Minimizing Delta Debugging

The minimizing Delta Debugging (DDMIN) algorithm [15, 39, 40] is a system-
atic iterative approach for reducing a test case while keeping an interesting
property invariant. The input of the algorithm is a set of atomic units repre-
senting parts of the test case. First, this set of units is split into two subsets of
roughly equal size, and both subsets are investigated to see whether they still
have the interesting property of the original test case. If the property is kept
in any of the subsets, then reduction was successful, and a new iteration starts
with the found subset; otherwise, the granularity is refined by doubling the
splitting. The subsets of the new partitioning are investigated again, one by
one, as well as their complements, i.e., it is checked whether keeping or remov-
ing any of the subsets leads to an interesting smaller test case. Again, if any of
the investigated test case parts keep the property in question, it will be used
as the input for the next iteration; otherwise, the granularity is increased. The
iteration continues until the granularity reaches unit level, when it is proven to
have found a so-called 1-minimal result, a local minimum where the removal
of any single unit from the test case causes the loss of the interesting property.
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Let test and cx be given such that test(0) = v A test(cx) = X hold.
The goal is to find cy = ddmin(cx) such that ¢y C cx, test(cy) = X, and ¢ is 1-minimal.
The minimizing Delta Debugging algorithm ddmin(c) is

ddmin(cx) = ddmina(cx, 2) where

ddmina (A, 2) ifdied{l,..., n} - test(A;) = X (“reduce to subset”)

, ddmin(Vi, max(n —1,2)) elseif 3i € {1,...,n} - test(V;) = X (“reduce to complement”)
ddmina(cy,n) = , , ,
ddmina(cy, min(|cx|, 2n)) else if n < |cx| (“increase granularity”)

/ .
cx otherwise (“done”).

where V; = ¢ — A, ¢y = A1 UA2 U...UAy, all A; are pairwise disjoint, and VA; - [A;] & |¢y|/n holds.
The recursion invariant (and thus precondition) for ddming is test(cy) = ¥ An < |cyl.

Figure 2.1: The Minimizing Delta Debugging algorithm.

The algorithm has its roots in the isolation of failure-inducing code changes,
which is visible in its terminology. For the algorithm, an input is composed
of elementary changes or deltas, denoted as ¢;, from which the algorithm got
its name. A set of changes is also called a configuration, usually denoted by c.
The outcome of a program running on a specific configuration is determined by
a testing function, and it can be fail (also written as X) if the test case induced
the original failure, pass (also written as v) if the test succeeded or unresolved
(written as ?) if the result is indeterminate. From a practical perspective, the
unresolved outcome is treated as a pass, since the configuration definitely did
not reproduce the original failure.

The set of all changes, i.e., the initial configuration that triggers a failure is
denoted by cx. Although the algorithm is often applied to the simplification of
program inputs where the term “change” is not an intuitive fit to the units of
a test case (e.g., to characters or lines of a text file) and the algorithm also has
use cases where the “interestingness” of a test case is not a program failure,
most authors follow the original notation for historical reasons. Figure 2.1 gives
Zeller and Hildebrandt’s latest formulation of the minimizing Delta Debugging
algorithm [40].

Since its publication, DDMIN has enjoyed the undivided attention of re-
searchers, especially since security-related fuzz testing became popular. There-
fore, several algorithm variants and general optimizations were proposed, which
are discussed in more detail in Section 2.4. However, a few ideas should be
discussed here, as the optimizations presented later in this chapter are built
upon them.
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Hodovan et al. [16, 18] investigated how efficient DDMIN is and proposed
several practical improvements to it. They noticed that the “reduce to subset”
and “reduce to complement” phases are interpreted sequentially since the first
appearance of the algorithm, however, 3i € {1,...,n} in Figure 2.1 does not
specify how to iterate that ¢. They rewrote ddmins to use parallel loops in a
way that fully utilizes the parallelization capabilities of modern systems. Their
formalization left minor details to the implementation; however, one major
aspect is important in this study: if the parallel loops are started and one of
them triggers the failure, then the other loops are aborted, even if they have
not finished yet. This technique might cause the test results to be thrown
away, but the intention was to make the reduction as fast as possible, and this
does not violate the integrity of the 1-minimality. They also observed that the
“reduce to subset” trials are mostly greedy attempts to bite the most from the
configuration with the least amount of effort, however, this code path is not
necessary for 1-minimality. Programming languages were among their interests,
and they realized that keeping just the middle part of a test case results in a
syntactically incorrect configuration (in most cases), thus unable to reproduce
the desired behavior. Therefore, they proposed to completely omit the “reduce
to subset” case.

2.2 Hierarchical Delta Debugging

If a test case has some mandatory structure over its units, which is quite
typical for inputs to a program, DDMIN may work suboptimally. The config-
uration partitioning during the iterations may be completely unaligned with
the boundaries of the structural elements of the input, leading to incorrectly
formatted, non-reproducing, and thus, useless test cases. The goal of the Hi-
erarchical Delta Debugging (HDD) algorithm [25] is to avoid such superfluous
steps by not testing format-breaking configurations. To achieve this goal, it
works on hierarchical tree-structured input representations (e.g., on parse trees,
abstract syntax trees, or XML DOM trees) and applies the DDMIN algorithm
to the levels of the tree, progressing downward from the root to the leaves.

The pseudocode formulation of HDD as defined by Misherghi and Su [25] is
shown in Figure 2.2(a). The auxiliary routine tagNodes collects the nodes at a
given level of the tree, then DDMIN is invoked on those nodes, and finally prune
applies the result of Delta Debugging to the tree. Ie., for HDD, configurations
are sets of tree nodes at a given level, and the removal of a node causes the
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procedure HDD (input_tree)
level < 0
nodes < tagNodes(input_tree, level)
while nodes # () do current_node < pop(queue)
minconfig < DDMIN(nodes) nodes < tagChildren(current_node)

1 procedure HDD*(root-node)
2
3
4
5
prune(input_tree, level, minconfig) 6 minconfig < DDMIN(nodes)
7
8
9
10

queue — {root_node)
while queue # () do

level < level + 1 pruneChildren(current_node, minconfig)
nodes < tagNodes(input_tree, level) append(queue, minconfig)
end while end while

O © 0O Ut WN -

=

end procedure end procedure

(a) Hierarchical Delta Debugging. (b) Recursive Hierarchical Delta Debugging.

Figure 2.2: The Hierarchical Delta Debugging algorithm variants.

removal of the entire subtree rooted at that node. In a later algorithm variant,
the “pruning” of a node has been reinterpreted as its replacement with the
minimal applicable syntactically correct fragment to reduce the number of test
attempts at incorrectly formatted configurations even further [26]. If HDD
is iterated until a fixed point is reached, denoted as HDD*, it gives a 1-tree-
minimal result, 7.e., if any single node is removed from the tree, the new test
case will no longer be interesting.

Several variants have been proposed since the original definition of HDD,
two of which are worth discussing here: the recursive (HDD*!) and the coarse
Hierarchical Delta Debugging algorithms (Coarse HDD). The idea behind
HDD" [24] is to pass only related parts of the tree to DDMIN to ensure that
it does not create partitions that cross the boundaries of the subtree (which
often leads to superfluous steps). Therefore, HDD" applies DDMIN not to all
nodes at a given level of the tree, but only to the sibling nodes. The intuitive
formalization of the idea is of a recursive nature, which gives the name of the
algorithm. An alternative iterative formulation also exists for HDD", which is
shown in Figure 2.2(b). The auxiliary routines tagChildren and pruneChildren
differ from their tagNodes and prune counterparts only in the set of nodes on
which they work, i.e., on the children of a given node instead of all nodes at a
given level. HDD" has the same theoretical minimality guarantees as HDD.

' Previous works have used various notations for the recursive HDD algorithm: in some
cases, the letter ‘t” was typeset in small capital (HDDr), while in others simply in lowercase
(HDDr). Here, for the sake of consistency with latter parts of this study, ‘r’ is used in a
superscript position.
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1 procedure CoarseHDD (input_tree) 1 procedure CoarseHDD" (root_node)

2 level < 0 2 queue — {root_node)

3 nodes < tagNodes(input_tree, level) 3 while queue # () do

4 while nodes # () do 4 current_node < pop(queue)

5 nodes < filterEmptyPhiNodes(nodes) 5 nodes < tagChildren(current_node)

6 if nodes # () then 6 nodes — filterEmptyPhiNodes(nodes)

7 minconfig < DDMIN(nodes) 7 if nodes # () then

8 prune(input_tree, level, minconfig) 8 minconfig < DDMIN(nodes)

9 end if 9 pruneChildren( current_node, minconfig)
10 level < level + 1 10 end if
11 nodes < tagNodes(input_tree, level) 11 append(queue, tagChildren( current_node))
12 end while 12 end while
13 end procedure 13 end procedure

(a) Coarse Hierarchical Delta Debugging. (b) Coarse Recursive Hierarchical Delta De-
bugging.

Figure 2.3: The Coarse Hierarchical Delta Debugging algorithm variants.

Coarse HDD [19] focuses on those parts of the tree that have an empty
minimal applicable replacement (which often occurs in parse trees built from
extended context-free grammars, utilizing quantifiers). The idea is that the
effectively complete removal of such subtrees should bring the biggest gain in
terms of test case reduction, while other parts of the tree deserve less attention.
Therefore, Coarse HDD, as shown in Figure 2.3(a), visits all levels of the tree
like the original HDD but filters out those nodes from the configuration of
DDMIN that have a non-empty replacement fragment. The auxiliary routine
filterEmptyPhiNodes performs the above-described filtering (where Phi refers to
the minimal applicable replacements, which were originally denoted by ® [26]).
Obviously, Coarse HDD reduces test cases without guarantees for theoretical
minimality, however, in exchange for the potentially bigger results, it is expected
to yield results in fewer steps than HDD. In practice, Coarse HDD can be a
preprocessing step, then the main HDD algorithm minimizes the preprocessed
tree faster. It should be noted that there is a potential variant of HDD that
has not been defined in the literature, which is the combination of coarse
and recursive ideas, using the recursive iteration approach while focusing on
particular nodes only. Coarse HDD" is formally defined in Figure 2.3(b).
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2.3 Caching Solutions

Zeller [39] has already raised the issue that testing an arbitrary configuration
may take time. If the input to be tested is a program in a source code form,
its recompilation and re-execution could take seconds, minutes, or even hours,
and this time can be considerably reduced by smart recompilation techniques.
Even if no recompilation is needed (e.g., providing XML files to an XML
parser or JavaScript inputs to an execution engine), program execution can
take a long time. Due to the greedy nature of the discussed algorithms, it
might happen that the same configuration is tested multiple times among the
iterations. Therefore, all of them can utilize cache memory to improve their
execution time at the cost of increased memory usage. However, the concept
of caching is orthogonal to the algorithms themselves, and studies have mainly
focused on the latter.

To avoid running the same test twice, Zeller provided an outcome caching
mechanism in his reference implementation?. The cache is implemented as a
tree structure, where each node is labeled with a unit of the configuration and
an outcome that corresponds to the subconfiguration formed by the units from
the current node up to the root of the tree. If the following configurations
are in the cache: ((1,2),X), ((1,2,3),v), and ((1,4,5),X), then they can be
represented in a tree structure as shown in Figure 2.4. If a configuration has
already been tested, there is a path from the root to the node along with
the labels, and the end of the path contains the result of the testing function
(X, v/, 7). When the algorithm creates a new configuration, a cache lookup is
performed first. If the lookup succeeds, the previously determined test outcome
is returned without the need for an actual (and potentially long-lasting) test
execution. Otherwise, the configuration is tested, and the outcome is inserted
into the cache. (When inserting outcomes in the cache, inner nodes may be
added to the tree that represent configurations that have not been tested yet.
These nodes are not labeled with an outcome at that point of the algorithm
but may get an outcome assigned later on. Figure 2.4 shows (1,4) and (1) as
examples of such not yet tested configurations.)

Although the above-described configuration-based cache is sufficiently ef-
ficient with DDMIN, it may not be the best approach for HDD. Hodovéan et
al. formalized this problem in their study [20]: various configurations of tree
nodes at a given level may produce the same serialized output, configurations
on different levels may induce the same output; furthermore, configurations

https://www.st.cs.uni-saarland.de/dd/DD.py
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2 — Y
(21)‘) (4£ )
(3, V) (5, X)

Figure 2.4: The outcome caching approach of Delta Debugging.

of different HDD* iterations may also produce the exact same output. All
such configurations yield the same test outcome as well. If the outcome cache
is based on tree nodes of a given level, none of these recurrences would be
detected, i.e., they will result in cache misses and require repeated test at-
tempts. Motivated by these insights, they proposed to optimize HDD by using
a content-based cache, i.e., storing the serialized test case instead of the con-
figuration as a key and the test outcome as the value. Therefore, if multiple
configurations yield the same test case, this type of cache avoids the duplicated
testing steps. The content-based cache is an optimization motivated by HDD,
however, it works with DDMIN as well.

2.4 Related Work

One of the first works on automated test case reduction is minimizing Delta
Debugging by Zeller and Hildebrandt [15, 39, 40], minimizing inputs of arbi-
trary format. The authors have already recognized that the same configura-
tion may be tested at different stages of the reduction; thus, they provided a
configuration-based outcome caching solution in their reference implementa-
tion. Gharachorlu and Sumner [10] observed that after a successful “reduce
to complement” step, DDMIN revisits the previously investigated subsets, and
these steps might be inefficient in practice. Therefore, they proposed a modified
version of DDMIN, the One Pass Delta Debugging (OPDD), which skips these
steps, and showed that if certain circumstances are met, it can also achieve a
1-minimal result. Their goal was to achieve the linear time complexity; there-
fore, they identified three independent conditions that can eliminate the need
for revisiting: common dependence order, unambiguity, and deferred removal.
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Hodovéan and Kiss proposed to use DDMIN in a parallel way that can reduce
the time required to perform the minimization [18]. They observed that par-
allel DDMIN can yield different-sized but still 1-minimal outputs as a result
of independent parallel executions. Furthermore, they also observed that the
“reduce to subset” step is not even necessary for 1-minimality, and reordered
the “reduce to complement” steps. Kiss [23] proved that if the split factor of
DDMIN is well chosen (2 was used in Zeller’s work), then the reduction can be
sped up significantly.

Artho [1] investigated Delta Debugging in his “Iterative Delta Debugging”
study. Although the title of the study and a methodology discussed later in
this chapter are similar, the two studies are not related. It used the Delta
Debugging algorithm (not DDMIN) to find the failure-inducing changes in
version histories. He raised the issue that DD is only applicable if the version
that passes a test is known, which may not be the case for newly discovered
defects. Therefore, he proposed the iterative DD, called IDD, that successively
backports fixes to earlier defects, and one may eventually obtain a version that
is capable of executing the test in question correctly.

Most of the published works target textual inputs; however, test case reduc-
tion can be applied to other scenarios as well. Several authors have minimized
faulty event sequences originating from various sources: Scott et al. [28] min-
imized event sequences of distributed systems, Barsony [2] reduced OpenGL
API traces, and Clapp et al. [9] aimed at Android GUI events with a variant
of DDMIN. Furthermore, Brummayer and Biere [7] even used DDMIN to
minimize SMT solver formulas.

The price of DDMIN’s generality for structured inputs is a potentially
lowered performance because of format-breaking, thus incorrect test cases are
generated and evaluated during the reduction process. To avoid syntactically
broken intermediate test cases, Miserghi and Su [25] proposed using information
about the format encoded in context-free grammars, i.e., to convert test cases
into a tree representation and apply DDMIN to the tree levels. This approach,
called Hierarchical Delta Debugging, helped remove parts of the test case that
aligned with syntactic unit boundaries. As a further improvement, Miserghi [26]
proposed the concept of a syntactically correct replacement for nodes that
cannot be completely removed from the test case without causing syntax errors.
The formalization of HDD does not detail how to build the tree representation,
but its first implementation used traditional context-free grammars to parse the
input. To improve on this, Hodovén et al. [17] suggested using extended context-
free grammars for building the tree, creating more balanced representations,
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which could lead to smaller results and improved performance. They have also
described various tree transformations with the same goal [19, 20].

Tree-based test case reduction does not necessarily mean subtree removal.
Bruno [8] suggested using hoisting as an alternative transformation in his frame-
work called SIMP, which was specifically designed to reduce database-related
inputs. In every reduction step, SIMP tried to replace a node with a compatible
descendant. In a follow-up work that introduced the tool, FlexMin, Morton
and Bruno [27] extended SIMP with Delta Debugging. The main algorithm
was hoisting, while DDMIN was applied only to repeated structures, such as
lists (column names) and data (string literals). Sun et al. [30] combined the
above approaches into their Perses framework. In their work, they utilized
quantifiers and normalized the parse tree producing grammars by rewriting
recursive rules to use quantified expressions, and the transformed grammar
form was referred to as Perses Normal Form (PNF). During the reduction, they
applied a worklist algorithm, in which nonterminals with more tokens were
prioritized over nodes with fewer token descendants. In every step, a node
was popped from the worklist and reduced according to its type: quantified
nodes were reduced with DDMIN while hoisting was applied on nonquanti-
fied, regular ones. Based on the ideas introduced in Perses, Gharachorlu and
Sumner [11] extended it in a new framework, named Pardis, with an improved
queue prioritization algorithm. Pardis only considered completely removable
nodes and assigned weights based on a node’s own token weight instead of its
parents. They completely eliminated the hoisting step, since they found it too
expensive from a performance perspective. Herfert et al. [14] also combined
subtree removal and hoisting in their Generalized Tree Reduction (GTR) algo-
rithm. The applicability of a particular tree transformation was learned from
an existing test corpus without analyzing a grammar.

Binkley et al. [3, 4, 5, 6, 12, 38| recognized an interesting analogy between
test case reduction and program slicing. They have realized that the concepts
of slicing can be reformulated as concepts of test case reduction. Their ap-
proach, called observation-based slicing, avoids the complexities of building
a dependency graph representation of a program and can work purely at the
syntactic level. Stepanov et al. [29] suggested a combined approach using
program slicing, HDD, and Kotlin-specific transformation in their “Reduk-
tor” prototype tool. To avoid rechecking, they hashed the AST configurations
and stored them together with the outcome. Using AST configurations for
cache lookups, either in full or in hashed form, can face the same problem as
traditional configuration-based caching, i.e., different AST configurations can
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produce the same serialized test case.



Evaluation Details

The following chapters present different algorithm optimizations, and we wanted
to evaluate them on real-life scenarios uniformly (i.e., with JavaScript execution
engines and C/C++ compilers that are continuously tested). In order not to
be repetitive, the common parts of the evaluation have been organized into
this separate chapter. The following information describes the used test suites,
their structure and important properties. Then, the open-source projects are
discussed in which we implemented our optimizations.

As inputs, test cases from different sources have been collected, some of
which have already been used in the literature for benchmarking reduction. The
first test suite is the Perses Test Suite! (PTS), which contains fuzzer-generated
C sources that cause various internal compiler errors in the Clang and GCC
compilers.

The second, newly created test set is the JerryScript Reduction Test Suite?
(JRTS), which also contains fuzzer-generated (with the Fuzzinator® tool[21])
JavaScript files that cause failures in the JerryScript lightweight JavaScript
engine. In the case of both test suites, the interesting property of the test cases

'https://github.com/uw-pluverse/perses
’https://github.com/vincedani/jrts
3https://github.com/renatahodovan/fuzzinator
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to keep during reduction is the failure that they induce. A typical test case
contains two different elements:

o input_file.{c, js}: the input file to reduce, contains fuzzer generated con-
structions in the appropriate programming language,

o oracle: usually a bash script that takes an input_file.{c, js}, and decides
whether it keeps the interesting property of the initial input (return or
exit with value 0) or not.

The properties of the test cases are shown in Tables 3.1 and 3.2. Size (bytes)
is the absolute size of the test case expressed in bytes, column Rows shows the
number of lines, while column Chars expresses the number of non-whitespace
characters in it. To be able to feed test cases to HDD, they have to be processed
to a tree structure. Tree Height represents the height of the parse tree built
from the input, Rules shows the number of nonterminals, and Tokens shows
the number of terminals in it. The parse tree representation of each test case
was built using the grammar available for the input format from the official
ANTLR v4 grammars repository*, and Picireny has applied the squeeze of the
linear tree components [20] and the flattening of recursive structures [19] to
the trees.

As the formats of the test cases are similarly structured and come from the
same domain of programming languages, the results of the following optimiza-
tions may not generalize to all types of test cases. However, we believe that the
results of these test suites are indicative since they contain real-world test cases
and have been used in reduction-related studies [11, 23, 30]. By comparing
their sizes, JRTS contains fewer test cases, which are also smaller in size than
PTS, threatening the unbiased presentation of the results. The relative effects
of the proposed optimizations are examined to avoid the misinterpretation of
the results, furthermore, where the results were different, we discussed them
in detail.

To evaluate the effects of the discussed optimizations, a prototype is im-
plemented for each proposal based on the open-source Picire® and Picireny®
projects. Picire is a Python implementation of DDMIN, which supports paral-
lelization and several configuration options since it has already been used for a
few studies [18, 20, 23]. Picireny is a hierarchical test case reduction framework

‘https://github.com/antlr/grammars-v4
Shttps://github.com/renatahodovan/picire
Shttps://github.com/renatahodovan/picireny
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Table 3.1: Properties of the Perses Test Suite

Test Size Chars Rows Tt:ee Rules Tokens
(bytes) Height
clang-22382 80,210 65,786 2,993 242 29,344 6,573
clang-22704 723,495 597,827 20,617 272 255,972 61,255
clang-23309 147,879 118,178 2,815 288 52,183 11,570
clang-23353 134,381 94,734 4,011 185 44,100 9,989
clang-25900 328,729 245,065 5,546 292 106,751 23,406
clang-26350 467,008 378,160 6,759 304 168,324 25,790
clang-26760 793,470 588,548 10,104 340 288,964 60,762
clang-27747 541,699 409,083 8,141 265 238,604 46,295
clang-31259 179,380 137,161 2,736 331 66,291 14,590
gce-59903 217,161 166,754 3,225 298 76,531 17,322
gce-60116 326,769 218,223 13,566 279 100,651 21,479
gce-61383 142,054 110,643 4,824 303 46,786 9,070
gee-61917 343,503 254,742 13,827 254 115,834 24,508
gce-64990 554,312 439,587 6,593 342 200,107 45,000
gce-65383 158,731 125,221 2,687 254 58,846 13,237
gcc-66186 177,924 139,087 2,713 258 65,228 14,434
gce-66375 248,824 191,827 3,674 282 86,512 19,216
gee-70127 540,224 400,556 7,780 293 210,039 44,942
gce-71626 18,975 14,465 724 20 8,044 2,047

on top of Picire, also written in Python, that supports ANTLR v47 grammars
and already contains an implementation of the HDD algorithm. It has also
been used in several studies [17, 19, 20, 24].

In order to ensure that the implementation of the experiments is correct
and accurate, we conducted a code review. On selected C and JavaScript
examples, the behavior of the implementation was traced to validate that it
works as intended. Furthermore, the implementation is based on open-source
and well-maintained repositories such as the Picire and Picireny frameworks
that have been used in several studies, and ANTLR v4.

"https://github.com/antlr/antlr4
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Table 3.2: Properties of the JerryScript Reduction Test Suite

Test Size Chars Rows Tr.'ee Rules Tokens
(bytes) Height
jerry-3299 1,767 1,208 54 33 608 140
jerry-3361 1,953 1,520 43 28 562 163
jerry-3376 6,626 4,647 178 36 2,194 473
jerry-3408 2,681 2,100 44 28 778 228
jerry-3431 1,065 648 36 30 527 130
jerry-3433 961 652 36 24 378 82
jerry-3437 6,597 4,623 178 36 2,188 471
jerry-3479 5,201 3,998 95 25 1,326 347
jerry-3483 492 326 18 19 193 48
jerry-3506 3,760 2,735 100 28 1,278 343
jerry-3523 3,928 2,802 118 28 1,416 345
jerry-3534 1,927 1,409 53 28 641 176

jerry-3536 829 592 27 23 310 71




“It’s better to go slowly in the right direction, than
to go speeding off in the wrong direction.”

— Simon Sinek

Cache Optimizations

Although the content-based cache (see Section 2.3) improved the efficiency of
reduction, there is still room for improvement. General-purpose caching tech-
niques try to maximize the utilization of available (usually fixed-size) memory
by keeping the most popular entries in the cache [22]. The most widespread
algorithms for cache replacements are Least Frequently Used (LFU), Most Fre-
quently Used (MFU), and Least Recently Used (LRU) [13], but these classic
techniques do not make use of knowledge of the underlying algorithms, and
evict elements from cache that might be needed later.

Consider the following example: Given an input to reduce that contains
numbers from 1 to 5, one character each, and the interesting property to keep is
to contain the numbers 2 and 4, then we would like to reduce the text of “12345”
to the form of “24”. Table 4.1 shows the character-based reduction process of
DDMIN step by step. For the sake of simplicity, the “reduce to subset” steps
are skipped, only the “reduce to complement” steps are presented.

As discussed in Section 2.1, the basic concept of DDMIN is that if it finds a
failing configuration that results in a serialized test case of size n, then it starts
a new iteration with that to reduce it further. Hereinafter, configurations that
result in test cases larger than n would not be tested, since the new iteration
splits that configuration into smaller fragments, e.g., in the 4th step in Table 4.1,

19
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Table 4.1: Execution of minimizing Delta Debugging on a Motivational Ez-
ample

Step Content Action Outcome
1 “12” test v
2 “345”7 test v
3 “123” test v
4 “1245” test X
5 145”7 test v
6 245”7 test X
7T 2 test v
8 “45” test v
9 “24” test X

10«27 cache v
11 “4” test v

the size of the serialized test case is 4 (“1245”) and that would be split further
into “145” and “245” in later steps. This observation can be written as follows,
using the notation introduced in Section 2:

Cas Cy C Cx
||.|| : size of the serialized configuration

(4.1)
de, @ test(c,) — X found

Vey: leyll > lles|| : out of search space

It is known that after a failing configuration is found, its subsets would be
reduced further via DDMIN, thus theoretically there is no chance of getting
a failing outcome back from the cache. Suppose that we have a configuration
of size n, and before testing it, a cache lookup is performed. The cache may
contain smaller entries, e.g., in the 6th step in Table 4.1, where n = 3 and
the cache already contains (“12”,v), however, if a smaller entry (m < n)
would be in the cache with a failing outcome, then the current state could not
have occurred, since DDMIN would have split that m sized entry into even
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smaller chunks. Therefore, if a cache hit occurs, we can be sure that it was a
result of a passing test. Thus, the first proposal of this chapter, as shown in
(4.2), is to add only passing tests to the cache which may reduce the memory
footprint of the minimization algorithm. Furthermore, cache lookups might be
quicker since the queries are performed in a smaller search space. The function
insert to cache inserts an element into the cache, while serialize performs the
serialization of test cases as discussed in [20].

Cy g Cx
when Je, : test(c,) — v found (4.2)

insert to cache ( serialize(c,) )

Another benefit of (4.1) is that if a failing test case is found, we can be
sure that no cache entry corresponding to test cases larger than the currently
found one would be queried during the remaining reduction process. Therefore,
when a new failing test case is found, the entries that store the result of test
cases that are larger than the currently investigated one can be evicted from
the cache, as shown in (4.3). This eviction process will be referred to as the
second proposal of this chapter. The function delete from cache implements
the removal of an element from the cache.

Cpy Cy C Cx

when Je, : test(c,) — X found (43)
Ve, serialize(c,) € cache A ||c,|| > ||c||: '

delete from cache ( serialize(c,) )

For small inputs, this proposal might be runtime overhead only; however,
the benefits might overcome the costs for “large enough” inputs. A cache
lookup is assumed to be faster than the actual test execution, but it also takes
time. If the search space of the cache is maintained properly, then the time
spent with lookups will be less than the time spent with eviction.

If the above-described proposals are applied, the cache will contain passing
tests only and will be cleared after each successful reduction step. However, the
lengths of the stored entries vary, i.e., they are larger at the beginning of the
reduction (proportional to the size of the initial failing test case) and become
smaller as the process progresses towards the 1-minimum. The third proposal
of this chapter is the following: the cache should not store the serialized content
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of the configurations, but their transformed form as shown in (4.4).

¢z Cex, M: M € N

transform(c,): 2 +— 2™ bijection (4.4)
when ¢, : test(c,) — v found ‘

insert to cache (transform( serialize(c,)))

The proposal is functional only if the transformation is bijective, i.e., each
test case has its own transformed form, each transformed element corresponds
to exactly one test case, and unpaired elements are forbidden. From a practical
perspective, the bijection is not possible, since an infinite set would have to be
mapped to a finite one. Therefore, a large enough M and a suitable transform
function must be chosen to minimize the possibility of collisions of cache keys,
e.g., an SHA-3-256 cryptographic hash function®. In contrast, if the chosen M
is too large, the desired positive effect on memory usage is lost.

Although the possibility of mapping two arbitrarily different test cases to
the same element is negligibly small (e.g., the collision resistance of an SHA-3
algorithm is 2%/2, with SHA-3-256 it is 2128), it needs to be dealt with.

Cx, Cy g Cx
x : serialize(cy), y : serialize(cy) (4.5)
dey, 3oy v #y = transform(x) = transform(y)

Suppose that ¢, from (4.5) has already been tested (test(c,) — V') and
inserted into the cache. Now the algorithm tries another configuration c,
(cz # ¢y), performs a cache lookup, and finds that it has already been tested
(since transform(x) = transform(y)). This state can lead to two different
outcomes:

test(c,) = v Atest(c,) = v none of them reproduced the interesting property
and the integrity of the algorithm is not compromised,

test(c,) = v A test(c,) = X: ¢, would reproduce the initial X, but due to the
cache hit, it would never be tested.

This may lead to a suboptimal outcome, but the invariants of the algorithm
are still not violated. In theory, this may lower the effectiveness of the reduction.
The following Section discusses whether collisions happened in practice.

Yhttps://csre.nist.gov/projects /hash-functions /sha-3-project
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4.1 Evaluation

The experimental setup described in Chapter 3 was used to evaluate the effects
of the proposed optimizations. Beyond those settings, there are some details
that are specific to this chapter: The SHA-3-256 algorithm from the Python
hashlib module was used for the transform function in (4.4), and the pympler?
Python module was used to measure the cache size during reduction.

The C sources of PTS are an order of magnitude bigger than the JavaScript
files of JRT'S both in terms of character count and in their internal represen-
tation. This also had a negative effect on the execution time of DDMIN on
tests from PTS, therefore tests from JRTS were only used for benchmarking
DDMIN. For HDD, both test suites were used. To determine the effects of the
proposals on the execution time, the experiments were repeated multiple times
and their execution times were averaged. (The output of the reduction and the
behavior of the cache were stable across the repeated experiments. The only
thing that varied slightly was the execution time.)

The workstation used to conduct the experiments was equipped with an
Intel Core 15-9400 CPU clocked at 2.9 GHz and 16 GB RAM. The machine was
running Ubuntu 20.04 with Linux kernel 5.11.0, and running the experiments
only.

4.1.1 Efficiency of the Content Cache

In order to make sure the optimization ideas presented in this chapter are
relevant, the behavior of the content cache should be examined first. Test
cases from JRTS are reduced with DDMIN to see how many times the cache
was queried and how cache hits (v or X) relate to one another. Figure 4.1(a)
shows the results: the horizontally striped (blue) bars representing the test
executions show that in the majority of cases (97% on average) the algorithm
had to test the configuration to determine its outcome. The remaining cases
are successful cache lookups: vertically striped (green) bars show cache hits
with pass outcomes, while (yellow) bars with grid patterns stand — or, would
stand — for fail outcomes returned from the cache. Note that, supporting (4.1),
no cache lookup returned a X outcome. Similar observations can be made about
HDD (see Figure 4.1(b)), however, the cache is utilized better compared to
DDMIN: 79% of the configurations were tested and 21% of them had outcomes
in the cache, on average.

Zhttps://pypi.org/project /Pympler/
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Figure 4.1: Cache hits and test executions with reduction algorithms.

We had one unexpected finding with HDD though: 9 cache lookups (0.01%
of all cases) returned a X result. After manual analysis of the steps of the
algorithm on the test cases, it was found that this may happen when the
minimal replacement of a tree node is identical to its serialized form, i.e., when
it does not matter if such a node is pruned or not, the same character sequence
would be serialized from it. Therefore, contrary to (4.1), there is a chance of
retrieving a fail outcome from the cache with the HDD algorithm if minimal
replacements are used, even if that chance is really small. If Proposal 1 was
applied when using HDD, these configurations had to be tested again, thus the
required testing steps would increase by 0.01% (on the test suites used in the
experiments).

The memory consumption of the cache highly depends on the size of the
input both with DDMIN and HDD, as shown in Figure 4.2(a) and 4.2b. The
horizontal axes show the input size (in kB and MB, respectively) and the vertical
axes show the peak memory consumption (in MB and GB). Figure 4.2(a) shows
how DDMIN reduced the inputs taken from JRTS. The cache could consume
a relatively large amount of memory (up to 53 MB) even for small inputs (up
to 4.6 kB). Figure 4.2(b) shows the same information for HDD, where tests
from both JRTS and PTS are reduced. The rule of thumb is that bigger inputs
cause higher memory consumption, which generally holds for both DDMIN and
HDD (with the exception of some outliers). The peak memory consumption
could easily reach 4 GB with HDD.
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Figure 4.2: Memory consumption of the content cache.

According to these results, even though only a small percentage of the
lookups resulted in a cache hit (3% with DDMIN and 21% with HDD), the
cache consumed a high amount of memory. Thus, DDMIN-based reduction
techniques could benefit from more efficient cache utilization.

4.1.2 The Effects of Optimizations

This subsection presents experimental results on how different optimizations
affect the reduction process. For DDMIN, the effects of the optimizations are
presented incrementally. [I.e., the effects of the 1st proposal are presented
against the baseline, then the effects of the combined 1st and 2nd proposals
are compared to the results of the 1st, and finally, it is shown how all three
proposals compare against the combination of the 1st and 2nd. Technically, as
described in Section 4, the proposals are considered as steps. For HDD, the
results are presented for all three proposals combined.

Proposal 1

The first proposal is to avoid adding configurations to the cache that have
failing outcomes. Figure 4.3(a) shows relative differences in the number of cache
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entries (horizontally striped blue bars), peak memory consumption (vertically
striped green bars), and runtime (yellow bars with grid pattern), where the
effects of the proposal are compared to the baseline cache implementation that
stores all outcomes in the cache. The number of entries in the cache has been
decreased by 10.51% on average, and by 18.37% in the best case (meaning that
DDMIN finds failing configurations in about every tenth attempt). Likewise,
on average, 11% less memory was needed to accomplish the reduction, with a
24.29% improvement in the best case. When investigating the execution time,
the change is not consistent: in the best case, 3.45% of the execution time
is saved (jerry-3376), but there can also be an increase, with a maximum of
4.51% (jerry-3299). The reduction is not changed beyond these characteristics,
i.e., the output is exactly the same as before applying the proposal.

Proposal 2

The second proposal is to do regular housekeeping and clear entries from the
temporary storage that are bigger than the actually found failing test case.
The first proposal is about not doing something, however, actively managing
the cache during reduction might take additional time in exchange for reduced
memory consumption. Figure 4.3(b) shows the surprising effects of this proposal
from a runtime point of view: it consistently speeded up the reduction by 9.5%
on average (and by 23.3% in the best case). The number of maximum cache
entries got reduced by 86.29% on average (by 90.16% in the best case) and
also on average, 87.63% less memory was required to finish the task. The
outcome of the reduction remained the same as before applying the proposal.
(Proposal 1 was considered as the reference in this comparison.)

Proposal 3

The third proposal is about storing a transformed version of the serialized test
case in the cache. As mentioned before, the SHA-3-256 hashing algorithm
was investigated to transform the test cases. However, using the hash is not
compatible with Proposal 2, since the size information of the stored entries is
lost. Table 4.1 presented an example algorithm execution, and the values from
the “Content” and “Outcome” columns are stored in the cache as key-value
pairs. The outcome is redundant information after Proposal 1 since only the
passing test cases are stored for further usage. Thus, the size information can
be stored as a value in place of the outcome, therefore, the key is the SHA-3-
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Figure 4.3: Effects of the first two proposals on cache memory consumption.
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256 transformed content of the test case and the value is its size (before the
transformation).

The first examined question was raised at the end of Section 4, 7.e., whether
collisions happened during reduction: during the experiments with the used
test suites and algorithm implementations, no hash collision occurred at all.

Since only the form of the stored entities changed, Figure 4.4 contains
memory consumption and runtime changes only. The effect of this proposal
on runtime is similar to Proposal 1, i.e., relatively small changes could be
observed in both directions (0.39% increase on average and +1.46% maximum).
The memory consumption after applying this proposal has dropped by 65% on
average and by 91.24% in the best case.

The backing data for the experiments are shown in Table 4.2. The “Baseline”
column shows the peak memory consumption required for reducing the input (in
kilobytes). Then, the “Proposal 17, “2”, and “3” columns show the same results
after applying each proposal incrementally, and the “Difference” column shows
the relative difference between the baseline and the last proposal (that includes
all discussed optimizations). It can be seen that after applying the proposals,
the reduction process can work with a fraction of the initial memory footprint
(reduced from 53.2 MB to 483.5 kB in the most extreme case). As a side effect,
the execution time is improved as well. Although only Proposal 2 resulted in a
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Figure 4.4: Effects of Proposal 3 on DDMIN compared to Proposals 1 and 2
combined.
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Table 4.2: Peak Memory Footprint of Content Cache with DDMIN

Test Baseline Proposal 1 Proposal 2 Proposal 3 Difference

(kB) (kB) (kB) (kB) (%)
jerry-3299 4,338.4 3,946.7 556.9 134.1 -96.91%
jerry-3361 1,461.5 1,332.5 211.7 79.4 -94.57%
jerry-3376  33,301.8 30,398.5 3,138.4 328.7 -99.01%
jerry-3408 4,558.0 4,142.5 378.9 112.0 -97.54%
jerry-3431 970.6 863.1 96.5 41.2 -95.75%
jerry-3433 145.8 122.3 14.5 12.9 -91.12%
jerry-3437  21,652.0 19,381.8 1,578.3 215.9 -99.00%
jerry-3479  51,993.7 49,201.1 5,392.9 472.1 -99.09%
jerry-3483 75.3 57.0 13.2 8.5 -88.74%
jerry-3506 6,470.1 5,823.0 900.6 170.7 -97.36%
jerry-3523  13,604.9 12,198.1 993.7 188.9 -98.61%
jerry-3534 2,589.7 2,323.9 250.3 88.8 -96.57%
jerry-3536 361.3 327.8 38.1 23.3 -93.55%

consistent change, the average improvement after the optimizations is 9.89%.
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Hierarchical Delta Debugging

HDD uses DDMIN as a utility to minimize the nodes of its parse tree (see Fig-
ure 2.2(a)), therefore, the combined impacts of the optimizations are discussed
(as the utility is replaced by the improved DDMIN).

When investigating experimental results from JRTS, the cache had to store
47.47% fewer entries after enabling all of the optimizations, and this required
63.19% less memory on average. Consistent trends are not present in the
reduction time, but on average 0.57% more time was needed for the reduction.
Measurements with PTS showed bigger improvements: on average, 86.34%
fewer cache entries were stored, which resulted in a 99.93% smaller memory
footprint and a 7.89% shorter runtime. As shown in Tables 3.1 and 3.2, the
characteristics of the used test suites are quite different, and it can be observed
that the baseline solution by Hodovan et al. [20] does not scale well. The bigger
the input, the more resources are needed to perform the reduction. Averaging
the relative changes from both test suites, optimizations enabled reducing test
cases with an 85% smaller memory footprint in a 4.46% shorter time. The
backing data can be found in Table 4.3; the “Proposals” column shows results
after applying all three proposals.
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Table 4.3: Peak Memory Footprint of Content Cache with HDD

Test Baseline (kB) Proposals (kB) Difference (%)
clang-22382 377,257.05 250.66 -99.98%
clang-22704 3,619,547.48 219.04 -99.99%
clang-23309 1,079,463.82 898.76 -99.92%
clang-23353 728,406.59 315.23 -99.96%
clang-25900 779,289.02 477.48 -99.94%
clang-26350 2,644,713.97 486.09 -99.98%
clang-26760 2,044,780.89 202.71 -99.99%
clang-27747 242,636.81 167.38 -99.93%
clang-31259 1,009,121.59 591.93 -99.94%
gce-59903 1,461,098.60 289.84 -99.98%
gce-60116 920,202.62 943.73 -99.90%
gee-61383 844,987.29 428.65 -99.95%
gee-61917 1,766,635.98 315.82 -99.98%
gce-64990 3,900,100.63 680.55 -99.98%
gee-65383 893,910.29 590.15 -99.95%
gcc-66186 1,030,536.05 633.49 -99.94%
gee-66375 1,555,498.32 792.48 -99.95%
gee-70127 3,853,617.25 374.30 -99.99%
gce-71626 35,775.61 180.52 -99.50%
jerry-3299 61.21 15.70 -74.36%
jerry-3361 36.32 10.96 -69.82%
jerry-3376 61.56 10.64 -82.72%
jerry-3408 34.43 16.73 -51.40%
jerry-3431 8.82 5.58 -36.76%
jerry-3433 4.20 1.54 -63.38%
jerry-3437 30.16 4.29 -85.78%
jerry-3479 161.83 13.23 -91.83%
jerry-3483 10.45 7.83 -95.06%
jerry-3506 33.38 8.55 -74.37%
jerry-3523 28.30 12.68 _55.20%
jerry-3534 39.91 19.66 -50.75%
jerry-3536 45.30 18.10 -60.04%
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4.2 Conclusions

The caching solutions of DDMIN and HDD are investigated in this chapter. The
“content-based” caching technique [20] was chosen as our baseline. Based on the
experimental data and observations above, we can conclude the contributions
of this chapter:

1. The cache utilization and scaling are suboptimal: DDMIN determined the
outcome of its configurations via cache memory only in 3% of the cases,
while HDD utilized the cache better, the actual testing of 21% of the configu-
rations could be avoided. It did not scale well for either algorithm: DDMIN
consumed up to 53 MB of memory for reducing a 4 kB sized input, while
HDD required 4 GB of RAM to reduce a 0.44 MB sized test in the worst
case.

2. Three optimizations were proposed to reduce the memory footprint of caches
used in test case minimization:

(a) add only passing (V') tests to the cache,

(b) when a new failing (X) test case is found, evict cache entries of bigger
test cases, and

(c) instead of storing the serialized test contents, store their hashed value
(fixed-width keys instead of variable-width).

3. With the optimizations combined, DDMIN requires 96% and HDD requires
85% less memory compared to the baseline implementation. Supporting
the scalability issue, the size of the input had an effect on the results: on
JRTS (smaller tests), the average improvement was 63.19%, while on PTS
(larger inputs), it was 99.93%. Furthermore, as a side effect, the reduction
becomes faster by 9.9% with DDMIN. In our experiments, the result of the
reductions did not change after the optimizations.



“The goal is not to be perfect by the end. The goal
is to be better today.”

— Simon Sinek

[terating the Minimizing Delta
Debugging Algorithm

The program in Figure 5.1 is a variant of a classic example of program slic-
ing [31]. It computes both the sum and the product of the first ten natural
numbers in a single loop. Using slicing terminology, we can say that we want
to compute the (so-called static backward) slice of this program with respect
to the criterion (19, prod), thus creating a sub-program that does not contain
statements that do not contribute to the value of prod at line 19.

This can be computed either by analyzing the control and data dependencies
of the program — which is the classic slicing way — or by following the approach
of observation-based slicing [3] that performs a systematic removal of code parts
based on trial and error, much like what DDMIN does on its input. Actually,
even DDMIN can be applied to such tasks. The two things that have to be
remembered are that in such reduction scenarios, the inputs or test cases are
also programs, and the interesting properties to keep are not program failures
(but it is still an X that represents that the property is kept). So, we reformulate
the classic slicing example as a test case minimization task, where the program
in Figure 5.1 is the input (the lines being the units), and the testing function

33
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int add(int a, int b) 11111
{ 11111
return a + b; 11111
} [ I I |
int mul (int a, int b) [ I
{ 11111
return a * b; [ I
} 11111
void main () 11111
{ [ I I |
int sum = 0; 1111
int prod = 1; [ I
for (int i = 1; i <= 10; i++) 1111
{ 1111
sum = add(sum, 1i); |
prod = mul (prod, i); (I
} 1111
printf ("sum: %d\n", sum); 11
printf ("prod: %d\n", prod); 1111
} 1111

Figure 5.1: Ezample C program that computes the sum and product of the
first ten natural numbers, and the execution of DDMIN on it while keeping 10!
on the output.

is given as
if ¢ is syntactically incorrect

test(c) =

v

v else if execution of ¢ does not terminate

v else if execution of ¢ does not print prod: 3628800
X

otherwise.

The gray bars on the right of the program code show the progress of
DDMIN;, from left to right. Every set of vertically aligned bars corresponds to
a configuration of the algorithm and shows how that configuration is split into
subsets. This example shows that DDMIN could “slice away” the lines of the
main function that did not contribute to the computation of prod. However, the
algorithm could not remove the add function, because when the configuration
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int add(int a, int b)

{
return a + b;

}

int mul (int a, int b) 11

{ 11
return a * b; 11

3 11

void main () 11

{ 11
int prod = 1; 11
for (int i = 1; i <= 10; i++) 11
{ 11

prod = mul(prod, 1i); 11

} 11
printf ("prod: %d\n", prod); I

} |

Figure 5.2: The output of DDMIN on the program of Figure 5.1, and the
re-execution of DDMIN.

contained no call to it anymore (at line 15), the granularity had already reached
line (i.e., unit) level. However, add could only be removed as a whole, not
line-by-line, as removing any single line would cause syntax errors. (This is
one of the shortcomings of DDMIN that the grammar-based reducers wanted
to fix.) So, DDMIN has produced a 1-minimal result (shown in Figure 5.2),
but it is clearly not a global minimum. What we can realize when looking
at this result is that we could re-execute DDMIN on this program with the
same testing function as the first time and we may be able to remove the
superfluous add function as well. Again, the gray bars on the right of the
program code show the progress of DDMIN, and indeed, the subsets of the
second configuration aligned well with the structure of this input and made
further reduction possible. The result of the second execution of DDMIN is
given in Figure 5.3. This is the global optimum for this example, so further
executions of DDMIN are not visualized.

Motivated by this example, we can formalize the intuition that DDMIN
could be executed multiple times. Since it cannot be told a priori how many
executions are needed for a given input, we propose to iterate DDMIN until a
fixed point is reached. We will denote the fixed-point iteration of DDMIN as
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int mul(int a, int b)

{
return a * b;
}
void main ()
{
int prod = 1;
for (int i = 1; i <= 10; i++)
{
prod = mul(prod, 1i);
}
printf ("prod: %d\n", prod);
}

Figure 5.3: The output of DDMIN on the program of Figure 5.2.

DDMIN* — following the notation used for HDD and HDD* [25] — and define
it as follows:

c, if cx = ¢
ddmin™(cx) = { * o

ddmin*(cy) otherwise

where ¢y = ddmin(cx).

Although the asterisk notation is the same for the two algorithms and even
its meaning is identical in both cases (i.e., fixed-point iteration), its purpose
is fundamentally different for HDD and DDMIN. A single execution of HDD
has no minimality guarantees, only HDD* produces 1-tree-minimal results.
However, even a single execution of DDMIN is guaranteed to give a 1-minimal
result. The purpose of iterating it further is to find an even better 1-minimum.
(Re-executing DDMIN does not guarantee better results in all cases, only if
the configuration aligns well with the structure of the input.)

5.1 Evaluation

The experimental setup described in Chapter 3 was used to evaluate the ef-
fects of the proposed optimizations. Beyond those settings, there are some
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details that are specific to this chapter: DDMIN can be impractically slow on
huge input configurations (e.g., large input at character-level granularity), but
fortunately, an extra option is available in Picire: a combined reduction pass
that may achieve smaller outputs faster. The first pass splits the input into
lines and uses them as a configuration. Line-based reduction is faster than
character-based; however, it may produce larger results, as superfluous charac-
ters might be removed from the lines with finer granularity. The second pass
then uses the output of the first, then continues the reduction at character-level
granularity to achieve smaller results. We have not found a reference to this
technique in the literature (and there is no theoretical guarantee that it will be
faster for all inputs), however, it is really useful from a practical perspective,
and therefore, we have used it in our experiments. Picire is implemented to
maximally utilize each reduction pass: the line-based reduction continues until
the fixed point is reached, then the character-based reduction does the same
thing. Seemingly, this causes extra testing steps, but the experiments show
that using this two-pass reduction is beneficial.

DDMIN may also give noticeably suboptimal results when the input has
some well-defined structure over its units, which is quite typical for inputs for
programs. During its iterations, DDMIN can separate the configuration in
a way that is completely unaligned with the structure of the input, leading
to incorrectly formatted, thus nonreproducible, and therefore, completely un-
usable intermediate test cases. Several studies have made efforts to address
this problem, one of the most well-known approaches is HDD. However, if
DDMIN* forces the reduction further with the help of the fixed-point iteration,
it raises the question of whether DDMIN* can compete with more sophisticated
techniques (e.g., HDD¥*) in terms of effectiveness. To examine this question,
HDD* is included in the experiments using the Picireny project.

The experiments include two-pass DDMIN, DDMIN*, and the tree-based
HDD* algorithm, therefore, a unified unit of measure must be used. Using the
above-described non-whitespace characters as the “absolute” unit helps us to
make a fair comparison between the different algorithms and their variants.

The workstation used to carry out the experiments was equipped with an
Intel® Xeon® CPU E5-2680 v4 CPU clocked at 2.4 GHz and 128 GB RAM.
The machine was running Ubuntu 22.04 with Linux kernel 5.15.0 and it was
having no other load during the experiments.
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5.1.1 Effectiveness of DDMIN*

Character-Level Granularity

First, the character-level reduction has been evaluated on JRTS; Table 5.1
presents the results of this experiment. For each test case, the first group of
values shows the properties of the inputs: the name and the size expressed in
the unit of reduction. Then, the second group is the baseline data, i.e., those
measured using the traditional DDMIN algorithm: the number of testing steps
needed to accomplish the reduction, and the size of the output. (The number
of testing steps includes actual test case evaluations only; i.e., does not include
the re-evaluation of already seen configurations.) The last group of values
contains the data collected during the executions of the fixed-point iterated
algorithm (DDMIN*) on the test cases. In addition to the absolute numbers,
we also give the changes relative to the baseline data. Plus, the number of
iterations necessary to reach the fixed point is also shown.

Table 5.1: Results with Character Granularity

Test Case DDMIN DDMIN*
Name  Chars Steps Chars Iters Steps Chars

jerry-3299 1,767 4,959 542 12 13,287 +167.94% 130 -76.01%
jerry-3361 1,953 2,276 427 12 9950 +337.17% 175 -59.02%
jerry-3376 6,626 15,008 1,216 9 31,602 +110.57% 306 -74.84%
jerry-3408 2,681 4,869 557 79707  +99.36% 178 -68.04%
jerry-3431 1,065 2,228 207 6 3,120 +40.04% 58 -71.98%
jerry-3433 961 588 74 4 681  +15.82% 14 -81.08%
jerry-3437 6,597 11,764 1,017 6 15982  +35.86% 105 -89.68%
jerry-3479 5201 17,391 2,383 15 66,097 +280.06% 452 -81.03%

4

8

6

6

3

jerry-3483 492 388 42 516  +32.99% 17 -59.52%
jerry-3506 3,760 5,797 658 12,322 +112.56% 192 -70.82%
jerry-3523 3,928 8,666 832 15,542 +79.34% 206 -75.24%
jerry-3534 1,927 3,407 378 6,512  +91.14% 128 -66.14%
jerry-3536 829 1,119 163 1,628  +45.49% 147  -9.82%

If an input is not optimal (i.e., it could be reduced somehow), then at least
two iterations of DDMIN* are expected: whenever an iteration manages to
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reduce the configuration, there will be a next iteration that tries to continue
the reduction. If the configuration cannot be reduced further in an iteration,
the algorithm halts. The iteration counts in Table 5.1 support this expectation.
The highest number was 15 (for test case jerry-3479), and the lowest was 3
(also signaling that DDMIN* could always further reduce the result of DDMIN).
Also, when the number of iterations is exactly two (not present in Table 5.1),
that means that DDMIN* is not able to produce smaller results than DDMIN.
For all of the test cases, DDMIN* produced significantly smaller results
than DDMIN. The output configuration got smaller by a minimum of 9.82%
(in the case of jerry-3536) and by a maximum of 89.68% (for jerry-3437), and
the average improvement was 67.94%. The cost of these improvements was
an increased number of test executions, in the range of 15.82% and 337.17%,
111.41% being the average. Let us highlight the experiment of the jerry-
3479 test case, which shows some impressive results. In that case, the input
contained 5,201 characters, and DDMIN could reduce it to 2,383 characters,
which is 45.81% of the input. However, the 15 iterations of DDMIN* could
reduce it further to 433 characters, which is only 8.69% of the input size.

I ‘ ‘ I
DDMIN DDNMIN
4,000 | -
921 ! |
a | |
g | 1
© |
& 2,000 | : -
© 1 1
| -—
0 | ! | | | | | !
0 10,000 20,000 30,000 40,000 50,000 60,000

Steps

Figure 5.4: The process of reduction of the jerry-3479 test case with DDMIN*
using character granularity through 15 iterations: the change of configuration
size over testing steps.

Figure 5.4 presents the character-level reduction process of jerry-3479 over
15 iterations. Changes in configuration size are represented along the vertical
axis, from the input size to the end result of the last iteration. Test execu-
tions are represented along the horizontal axis, and each dashed vertical line
represents the end of an iteration. The leftmost dashed line corresponds to



40 Iterating the Minimizing Delta Debugging Algorithm

the result of the first iteration, which is also the result of DDMIN (labeled
DDMIN). The following iterations yield gradual reductions until the 15th iter-
ation cannot reduce its input further; therefore, the iteration halts (rightmost
dashed line labeled with DDMIN*). Bigger parts from the configuration could
be removed close to the beginning of each iteration (as the splitting of the
configuration is reset to 2), and then only smaller chunks could be removed as
the process progresses (flat parts of the figure). Then again, larger removals
can be observed at the beginning of each additional DDMIN* iteration, which
is responsible for the improvement. The first iteration is responsible for 26.31%
of the steps, then the second for 16.55%, and the following iterations gradually
perform fewer steps.

Line-Level Granularity

Table 5.2 presents the results of the line-level reduction of the test cases of
JRTS and PTS. In addition to the previous table structure, we present the
amount of time needed to perform these steps on the workstation used for the
experiment, and the size is also expressed as the number of non-whitespace
characters in the output.

The algorithm behavior in terms of efficiency is similar in both test suites.
Not surprisingly, DDMIN* required more testing steps than DDMIN, the aver-
age increase is 66.08%, with 519.21% being the maximum (gcc-61917). Com-
pared to this, the increase in wall clock time is only 28.59% with 280.25% being
the maximum (also gee-61917). For most of the test cases, DDMIN* produced
smaller results than DDMIN. Since the configuration units are lines, the results
should be compared in this unit. The output configuration got smaller by a
maximum of 96.45% (clang-27747), and the average improvement is 48.08%.
Interestingly, two different behaviors can be observed: DDMIN* improves the
effectiveness of the reduction to a great extent on PTS (68.70%), which con-
tains 86 times larger inputs (in terms of lines) than JRTS on average. However,
the improvement is only observable in 5 of 13 cases of JRTS, and the average
improvement is only 19.53%. After a manual examination of the output files,
it turned out that where DDMIN* produced the same output as DDMIN, that
was the global optimum and could not be reduced further at line-level. For
smaller configurations (in our experiments, 18-118 units) DDMIN might give
a global optimum; however, if the input configuration was bigger (36-20,617
units), DDMIN* could be very helpful in creating smaller outputs. An overlap
can be observed between the intervals, where relatively small configurations
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could also be reduced further with DDMIN*: but eventually, the behavior of
the algorithm is test case specific, and we could not unambiguously generalize
the phenomenon.

Table 5.2: Results with Line Granularity

DDMIN DDMIN*
Test Case
Steps Time (s) Lines Chars Steps Time (s) Lines Chars

jerry-3299 54 4.33 13 307 65 +20.37% 524 +21.02% 13 307
jerry-3361 28 3.87 4 165 29 +3.57% 3.88 +0.26% 1 — 165 —
jerry-3376 144 15.22 17 361 181 +25.69% 18.14  +19.19% 5 -70.59% 113 -68.70%
jerry-3408 22 1.74 3 165 22 1.81 +4.02% 3 165
jerry-3431 29 3.24 5 104 35 +20.69% 3.89  +20.06% 3 -40.00% 56 -46.15%
jerry-3433 23 3.15 2 57 23 — 3.29 +4.44% 2 — 57 —
jerry-3437 186 20.27 20 497 245 +81.72% 2493 +22.99% 10 -50.00% 252 -49.30%
jerry-3479 148 16.72 15 515 186 +25.68% 19.30  +15.43% 10 -33.33% 364 -29.32%
jerry-3483 13 1.90 2 56 13 — 1.90 — 2 — 56 —
jerry-3506 33 4.21 3 93 34 +3.03% 4.33 +2.85% 3 — 93 —
jerry-3523 49 6.39 4 90 51 +4.08% 6.67  +4.98% 4 — 90 —
jerry-3534 85 8.95 10 223 95 +11.76% 1017 +13.63% 4 -60.00% 121 -45.74%
jerry-3536 33 3.22 7 158 38 +15.15% 3.66  +13.66% 7 — 158 —

clang-22382 4,936 1,514.18 596 14,705 9,722 +96.96% 2,032.92  +34.26% 314 -47.32% 10,451 -28.93%
clang-22704 11,930  5,957.04 919 9,572 16,695  +39.94% 6,541.71 +9.81% 129 -85.96% 1,748 -81.74%
clang-23309 8,736 4,439.29 803 23,616 15414  +76.44% 5,975.74  +84.61% 459 -42.84% 20,048 -15.11%
clang-23353 6,117  2,127.34 670 11,337 12,243 +100.15% 2,769.17  +30.17% 236 -64.78% 5147 -54.60%
clang-25900 13,086 7,662.78 1,000 13,031 18,948  +44.80% 8,496.11  +10.88% 201 -79.90% 5,783 -55.62%
clang-26350 21,027  20,445.25 1,485 63,740 34,880  +65.88% 2342497  +14.57% 335 -T7.44% 16,673 -73.84%
clang-26760 35,647 25,824.05 1,782 17,170 42,565  +19.41%  22,886.70 -11.87% 209 -88.27% 6,755 -60.66%
clang-27747 17,309  15,970.98 1,407 16,825 22,208  +28.30%  16,837.55 +5.43% 50 -96.45% 1,905 -88.68%
clang-31259 9,172 5,510.85 764 15,395 17,421  +89.94% 6,951.33  +26.14% 245 -67.93% 9,742 -36.72%
gee-59903 8,677  T7,453.63 805 15,900 14,440  +66.42% 8,504.36  +14.10% 459 -42.98% 13,823 -13.06%
gee-61383 21,857  7,391.74 2,847 45370 99,322 +354.42% 2297537 +210.82% 1207 -57.60% 16,685 -63.22%
gee-61917 51,876  26,518.21 6,975 92,919 321,223 +519.21% 100,834.93 +280.25% 2,251 -67.73% 27,094 -70.84%
gee-64990 14,500 15,754.00 1,173 21,002 23,157  +59.70%  17,466.87  +10.87% 447 -61.89% 17,528 -16.54%
gee-65383 8,536  4,106.35 715 16,034 14,093  +65.10% 493227 +20.11% 273 -61.82% 11,297 -29.54%
gce-66186 9,326 9,297.62 803 17,442 17334 +85.87% 10,373.58  +11.57% 328 -59.15% 11,837 -32.14%
gee-66375 11,352 11,476.84 1,062 18363 19,958  +75.81% 13,354.05  +16.36% 327 -69.21% 11,219 -38.90%
gee-70127 20,647 17,735.92 1,620 21,367 35,790  +74.19% 19,839.98  +11.86% = 337 -79.20% 9,183 -57.02%
gee-71626 1,437 161.77 130 4,652 1,784 +24.15% 184.27  +13.91% 18 -86.15% 611 -86.87%

Two-Pass Reduction

Not only the manual test case minimization can be time-consuming when the
input is huge, but DDMIN can also take a lot of time. Although line-level
reduction had reasonable time requirements, the character-level reduction was
completely unacceptable for practical use in the case of PTS. However, the line-
level reduction does not exploit the full potential of the algorithm, and there
is an intermediate way, which might be “fast enough” and the output is still
smaller. (F.g., Picire reduced the gce-71626 benchmark program to 4,652 non-
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whitespace characters with DDMIN at line-level in 1,437 steps, furthermore,
at character-level, it could be reduced to 8,713 non-whitespace characters in
121,968 steps. It was using more resources and the results it gave were even
worse, which is not the best combination.) Therefore, a combined reduction
pass has been utilized that first reduces the input with line granularity, and then
reduces further with character-level granularity. The reduction time became
more acceptable using this technique as the line-level granularity.

Table 5.3 shows the results of this two-pass reduction with DDMIN and
DDMIN*. The structure is similar to Table 5.2, only the main basis of com-
parison is changed to non-whitespace characters (column “Chars”) to avoid
misinterpretation of the results. The average increase in the testing steps is
96.41%, with 615.33% being the maximum (clang-23309), which means that
a maximum of seven times more testing steps are needed to reduce tests from
our suite. The increase in wall clock time is 68.91% with 711.25% being the
maximum (clang-23309). Compared to the line-level experiment, DDMIN*
produced smaller results in 8 of 13 (4+3) on JRTS, meaning the line-level global
minimum could be reduced further with finer granularity. The output got
smaller by a maximum of 88.27% (clang-27747), and the average improvement
was 45.76%.

Based on the two-pass reduction, it is definitely worth using DDMIN* if the
goal is to produce as small outputs as possible with the least information about
the input structure (i.e., lines and characters only) since the size of the output
halved on average. Results of Table 5.3 can be interpreted in a way that results
from Table 5.2 were given to Picire to further reduce it with character-level
DDMIN*. Comparing the results from the two tables, the average improvement
is 53.96%, but it has its price in the increased time needed to accomplish the
reduction: 15 times more wall-clock time is needed on average. (This might
sound like a lot, however, the slowest reduction in JRTS needed 6 minutes,
which can be made even more acceptable with parallel execution in a fuzzer
ecosystem.)
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Table 5.3: Results with Combined Granularity

DDMIN DDMIN*
Test Case
Steps  Time (s) Chars Steps Time (s) Chars

jerry-3299 1,092 81.94 143 2,209 +102.29% 16522 +101.64% 118 -17.48%
jerry-3361 625 5456 112 1,181 +88.96% 9533 +74.73% 89 -20.5,%
jerry-3376 1,549 137.97 201 993 -85.89% 82.94 -89.89% 89 -55.72%
jerry-3408 423 31.97 63 575  +85.93% 4212 +31.75% 58  -7.94%
jerry-3431 456 44.45 59 358 -21.49% 3261 -26.6/% 31 -47.46%
jerry-3433 153 16.57 21 172 +12.42% 1737 +4.83% 21
jerry-3437 1,837 167.81 166 1189 -35.27% 108.42  -35.39% 107 -35.5/%
jerry-3479 1,875 162.08 253 2,124 +13.28% 174.25  +7.51% 191 -24.51%
jerry-3483 40 5.30 4 42 +5.00% 5.20 -1.89% 4 —
jerry-3506 282 328.47 48 329  +16.67% 386.24  +17.59% 48 —
jerry-3523 377 35.52 63 440  +16.71% 39.69  +11.74% 63 —
jerry-3534 1,079 92.67 148 1,037 -5.89% 84.73 +-8.57% 105 -29.05%
jerry-3536 683 56.08 148 842  +25.28% 67.73  +20.77% 148 —
clang-22382 97,305 7,018 7,431 312,664 +221.32%  64,387.15 +153.26% 2,700 -63.67%
clang-22704 48,929 5493 4,365 54,819  +12.04% 10,341.69  -19.90% 694 -84.10%
clang-23309 128,663 9,971 11,736 920,361 +615.33% 268,369.71 +711.25% 5341 -54.49%
clang-23353 69,955 5041 7,352 204,809 +192.77% 3592618 +1i434% 2612 -6447%

clang-25900 107,132 10,842 7,647 271,594 +153.51%  57,745.12  +66.18% 2,574 -66.34%
clang-26350 571,649 66,923 47,655 1,031,666  +80.47% 275,089.75 -11.17% 6,646 -86.05%
clang-26760 175,770 19,461 9,456 205,756  +17.06%  54,985.43 -4.77% 2,551 -73.02%
clang-27747 101,777 14,389 8,988 71,072 -80.17%  23,191.19 -42.01% 1,054 -88.27%
clang-31259 97,311 10,840 8,156 215,736 +121.70%  54,647.29  +83.45% 4,250 -47.89%

gce-59903 108,168 11,997 10,080 601,419 +456.00% 145,742.81 +355.33% 5,803 -42.43%
gee-61383 374,540 49,046 32,544 801,846 +114.09% 243,083.31  +34.40% 9,817 -69.83%
gcc-61917 1,025,065 174,767 65,357 1,685,350  +64.41% 576,466.30 -20.89% 11,268 -82.76%
gce-64990 294,382 16,967 10,051 791,075  +168.72% 224,668.02 +145.05% 5,042 -49.84%
gee-65383 106,058 0,438 7,593 438,661 +313.60% 105,516.61 +272.20% 3,805 -49.89%
gce-66186 95,930 11,196 9,236 254,214 +165.00%  76,236.37 +124.48% 5,144 -44.30%
gcc-66375 110,042 14,186 9,680 194,366 ~ +76.63%  51,084.57  +35.09% 4,932 -49.05%
gce-70127 149,023 21,531 12,062 272,148  +82.62%  62,918.22  +11.66% 2,498 -79.29%
gcc-71626 17,879 1,172 1,644 8,145 -54.44% 568.14 -59.84% 252 -84.67%

5.1.2 Input-Dependent Behavior of Algorithm Variants

Figure 5.5 visualizes the raw data from Table 5.2. Each mark on the charts
represents a test case reduced with DDMIN*, and the position of the mark re-
flects how the fixed-point iteration affected the reduction compared to DDMIN.
The input configuration size is represented along the horizontal axis while the
effects of DDMIN* are represented along the vertical axis (all relative to the
size and number of testing steps of the baseline). Figure 5.5(a) corresponds to
the effectiveness, it shows that DDMIN* produced exactly the same output as
DDMIN in some cases, however, the outputs are a fraction of the baseline for
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Figure 5.5: Effect of line-level DDMIN* as a Function of the Size of the
Input.

the majority of benchmarks. Figure 5.5(b) shows the effect on the efficiency of
the reduction. DDMIN* yielded the smaller outputs slower (as expected), the
additional cost in the number of testing steps is not expensive for inputs with
configuration size less than 1000 (13.28%), and the effort is doubled for larger
inputs (109.56% on average including the outliers, and 66.08% when they are
excluded). There are only a handful of outliers where DDMIN* required much
more testing steps than the baseline, namely gcc-61383 and gec-61917.
Figure 5.6 visualizes the raw data from Table 5.3. Its structure is similar
to Figure 5.5, the only difference is the metrics of the configuration size rep-
resented along the horizontal axis: the number of lines has been replaced by
the number of non-whitespace characters. Figure 5.6(a) shows similar results
as Figure 5.5(a), DDMIN* produces smaller outputs for the vast majority of
benchmarks, and some small inputs cannot be reduced further with fixed-point
iteration. Figure 5.6(b) shows surprising results: some inputs could be reduced
faster. The reason behind the efficiency improvement is that Picire can pro-
duce smaller results at line level in a reasonable amount of testing steps with
DDMIN*, then the character-level reduction can work further starting from
this smaller input configuration. However, the general case is that DDMIN*
requires more testing steps, furthermore, unlike the line-level reduction, the in-
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Figure 5.6: Effect of two-pass DDMIN* as a Function of the Size of the Input.

crease did not only double but quadrupled on average with two-pass reduction.
There are two different outliers where DDMIN* required many more testing
steps, namely clang-23309 and gcc-59903.

5.1.3 Relation to More Sophisticated Techniques

Seeing these promising results, the question can be raised whether DDMIN*
can compete with HDD* in terms of output size. There is no doubt that
neither DDMIN nor DDMIN* can compete with HDD* in terms of the number
of required testing steps. HDD takes the input structure into account, which
makes it highly efficient compared to structure-unaware algorithms. The answer
can be found in Table 5.4. While the output of traditional DDMIN is 720%
larger than the output of HDD* on average (in these test suites), DDMIN*
brings the results much closer. The output of DDMIN* is 139% larger than
the output of HDD*, which is not that bad for a structure-unaware technique.
However, DDMIN* is still far away from being a competitor to HDD* and
should be optimized further.

In the tables below, characters serve as an absolute measure (column
“Chars”), and it is expressed as the number of non-whitespace characters to
avoid bias from indentation or other formatting differences.
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Table 5.4: Results with HDD* and Combined Granularity DDMIN*

HDD* DDMIN*
Test Case
Steps Time (s) Chars Steps Time (s) Chars

jerry-3299 171 17.80 92 2,209 +1,191.81% 165.22  +828.20% 118 +28.26%
jerry-3361 141 12.40 97 1,181 +787.59% 95.33 +668.79% 89 -8.25%
jerry-3376 116 11.71 70 993 +756.03% 82.94 +608.28% 89  +27.14%
jerry-3408 164 12.00 62 575 +250.61% 42.12 +251.00% 58 -6.45%
jerry-3431 52 5.44 31 358 +588.46% 32.61 +499.45% 31 —
jerry-3433 10 1.87 21 172 +1,620.00% 17.37 +828.88% 21 —
jerry-3437 38 5.43 42 1,189 +3,028.95% 108.42 +1,896.69% 107 +154.76%
jerry-3479 225 22.56 120 2,124 +844.00% 174.25 +672.58% 191 +59.17%
jerry-3483 67 6.29 38 42 -87.31% 5.20 -17.33% 4 -89.47%
jerry-3506 112 10.76 52 329 +193.75% 386.24 +3,489.59% 48 -7.69%
jerry-3523 109 9.72 63 440 +303.67% 39.69 +308.33% 63 —
jerry-3534 170 14.32 96 1,037 +510.00% 84.73 +491.69% 105 +9.38%
jerry-3536 146 11.95 123 842 +476.71% 67.73 +4606.78% 148 +20.53%
clang-22382 14,842  4,618.19 582 312,664 +2,006.62%  64,387.15 +1,294.21% 2,700 +363.92%
clang-22704 10,530  11,665.69 168 54,819  +420.60%  10,341.69 -11.35% 694 +313.10%

clang-23309 24,594 22,821.60 3,582 920,361 +83,642.22% 268,369.71 +1,075.95% 5,341  +49.11%
clang-23353 14,585 5,739.18 374 204,809 +1,304.24%  35,926.18 +525.98% 2,612 +598.40%
clang-25900 14,737  8,753.28 1,562 271,594 +1,742.94%  57,745.12 +559.70% 2,574  +64.79%
clang-26350 16,748 21,945.57 1,613 1,031,666 +6,059.94% 275,089.75 +1,153.51% 6,646 +312.03%
clang-26760 12,925  13,059.59 586 205,756 +1,491.92%  54,985.43 +321.08% 2,551 +335.32%
clang-27747 7,164  5,147.64 419 71,072 +892.07%  23,191.19 +350.52% 1,064 +151.55%
clang-31259 18,900 19,467.98 2,174 215,736 +1,041.46%  54,647.29 +180.70% 4,250  +95.49%
gce-59903 18,646 18,169.24 1,726 601,419 +8,125.46% 145,742.81 +702.14% 5,803 +236.21%
gee-61383 17,279 13,640.33 1,704 801,846 +4,540.58% 243,083.31 +1,682.09% 9,817 +476.12%
gce-61917 17,276 12,082.91 1,764 1,685,350 +9,655.44% 576,466.30 +4,670.92% 11,268 +538.78%
gee-64990 19,258  27,572.61 2,866 791,075  +4,007.77% 224,668.02 +714.82% 5,042 +75.92%
gce-65383 11,836 8,757.59 1,028 438,661 +3,606.16% 105,516.61 +1,104.86% 3,805 +270.14%
gce-66186 15,649 18,205.31 2,617 254,214 +1,52/.47%  76,236.37 +3818.76% 5,144  +96.56%
gce-66375 21,171 35,216.11 2,963 194,366 +818.08%  51,084.57 +45.06% 4,932  +66.45%
gce-70127 21,562 46,974.24 1,763 272,148 +1,162.16%  62,918.22 +33.94% 2,498  +41.69%
gce-71626 4,210 454.84 168 8,145 +93.47% 568.14 +24.91% 252 +50.00%

5.2 Conclusions

We have evaluated the fixed-point iteration of minimizing Delta Debugging
(DDMIN*) in two, slightly different settings. The test suites used are pub-
licly available and have already been used in reduction-related studies. First,
the reduction of test cases was performed with character level granularity on
JRTS; the output became smaller by 67.94% on average. Then, reduction with
line granularity was performed, and the experiments show that DDMIN* can
produce 48.08% smaller outputs on average (68.70% on Perses Test Suite and
19.53% on JerryScript Reduction Test Suite). The price of this improvement
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is the increased number of steps, which was 66.08% on average. Then, a “com-
bined”, two-pass reduction was performed where test cases were first reduced
with line granularity, then these intermediate results were reduced further with
character granularity as fine-tuning. DDMIN* overcame DDMIN with this
setting as well, and could reduce inputs further by 45.76% on average. Sur-
prisingly some inputs could be reduced faster with DDMIN* as the line-level
reduction produces results in a reasonable amount of steps, then the character-
level reduction can work further from this smaller input configuration.

If grammar is not available or maintaining it is not a beneficial option, we
would recommend using the combined, two-pass DDMIN*, since it was shown
that the fixed-point iteration results in smaller outputs in exchange for some
extra CPU cycles.

Encouraged by the promising results, we have compared the output of
DDMIN* to the output of HDD*, to see whether a structure-unaware algorithm
can compete with a “more clever” one. In terms of required testing steps, the
answer is simply no; however, in terms of size DDMIN* brought the results
much closer to each other, from 9 times larger outputs (DDMIN) to only 3
times larger ones. There is still room for improvement in those situations where
the structure information is missing or changing rapidly.

Based on the experimental data and observations above, we can conclude
the contributions of this chapter:

1. DDMIN* is most effective with character-level granularity (67.94% smaller
outputs) compared to line-level reduction (48.08% smaller outputs). How-
ever, character-level reduction can be unacceptably slow for “large” inputs
and line-level reduction leaves unnecessary parts in its output; therefore,
we used a combined approach, where DDMIN* produced 45.76% smaller
outputs. Furthermore, the two-pass reduction produced 53.96% smaller
outputs than the line-level approach in our experiments, on average.

2. DDMIN* incurs an additional cost (number of testing steps), which appears
in most cases. (Some tests from our experimental setup could be reduced
with fewer steps, but these are exceptions.) This additional cost is related to
the size of the test case, but it does not grow beyond all limits. We identified
that a maximum of seven times more testing steps are needed with DDMIN*
in the used benchmark suites. The effectiveness of the reduction shows
similar patterns: the larger the input configuration, the larger the potential
to reduce. There were some small test cases (JRTS) where DDMIN* could
not reduce the input further, however, this cannot be completely generalized.
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If the input configuration has some superfluous items, DDMIN* can reduce
it further regardless of its size.

3. Encouraged by the promising results, we have compared the output of
DDMIN* to the output of HDD*, whether a structure-unaware algorithm
can compete with a “more clever”. In terms of required testing steps, the
answer is simply no; however, DDMIN* brought the results much closer to
each other, from 9 times larger outputs (DDMIN) to only 3 times larger
ones.



“Focus on long-term success, but be willing to make
short-term adjustments to get there.”

— Simon Sinek

Parallel Optimizations of DDMIN*

Minimizing Delta Debugging is already more than twenty years old and still
widely used because it works on any kind of input. Many approaches have tried
to work smarter since the first appearance of DDMIN: HDD [25], Pardis [11],
ReduKtor [29], ete. could all produce smaller output faster than DDMIN, but
they typically needed some extra information about the structure of the test
case, usually a grammar. This additional requirement can act as a blocker for
some users of test case reducers: grammar may not be readily available, and
writing (or maintaining) one may not be a practical option. In such cases, the
structure-unaware nature of DDMIN is proven to be very useful.

This is why we have investigated whether it was possible to make DDMIN
itself work faster without compromising its minimality guarantees. One tech-
nique that has already been proven useful for speeding up DDMIN is par-
allelization [18]. The question we sought the answer to was whether it was
possible to make the parallel DDMIN even faster without losing the 1-minimal
property of its output.

Hodovén et al. [18] noticed that the original implementation of DDMIN uses
sequential loops to realize the “reduce to subset” and “reduce to complement”
phases, however, the potential for parallelization is present in Figure 2.1, i.e.,
3i € {1,...,n} does not specify how to find i. Since n can be big for real

49
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inputs (and testing a configuration is considered to be an expensive part of the
algorithm), they rewrote DDMIN to use parallel loops. As testing different con-
figurations is independent, their proposal worked well in practice and achieved
75-80% less runtime in their experiments. Figure 6.1(a) shows how sequential
loops iterate through five configurations: if we assume that every test takes
the same amount of time ¢, then checking all of them takes 5¢. However, if the
loops are implemented in a parallel way, as shown in Figure 6.1(b), checking
the configurations takes only t, which might bring a significant speedup to
reduction. For the formal definition of their parallel DDMIN formulation, the
reader is referred to [18]. Three assumptions were made regarding correctness
and effectiveness, of which the following one is relevant to this study: When a
fail is found in a parallel loop, the other active loop bodies should be aborted
even if their computation has not finished yet. This might cause computation
results to be thrown away, but it does not harm the minimality guarantees of
the algorithm.

The key contributions of this part:

o describe the stability issues of the parallel DDMIN algorithm,
« provide a stabilization approach, and

o define an algorithm variant, named GreeDDy, that can speed up the
parallel reduction.

Let j be the parallelization capabilities of the algorithm, 7.e., how many
test(A;) or test(V;) jobs can be started concurrently (five were used in Fig-
ure 6.1). Let T be the testing window (|T'| = j), i.e., j tests are executed and
Jj results (v, X, or 7) are produced. Let F' denote the set of configurations
with a fail outcome in T’ if |F| > 1 then the behavior of parallel DDMIN [18]
becomes unstable: it will choose among the interesting configurations based on
which produced its fail outcome first. Therefore, different test reductions can
yield different outcomes, which is not appropriate for carrying out reproducible
experiments. (Note that the 1-minimality of the algorithm is not harmed, since
multiple local minima might exist.)

The “reduce to subset” and “reduce to complement” phases iterate through
configurations in a forward or backward syntactic order, therefore, it is known
which configuration should be investigated first. To stabilize the algorithm, the
following changes must be made: if a fail is found in 7', then no new parallel
loop bodies are started (no change), and the active test executions should be
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Figure 6.1: (a) Sequential execution of “reduce to subset” (b) Parallel execu-
tion of “reduce to subset”.

awaited (7.e., computation results are not thrown away). If multiple fails are
found, the syntactic order must be taken into account when choosing which
one to reduce further.

When multiple fails are found in T" and the algorithm chooses one of them
based on the iterator, the results from other configurations are thrown away,
even if they could have been useful. This results in superfluous test executions
on configurations that have already been tested (and failed). The following
strategy can help minimize the number of test executions: If a testing window
has multiple fails, then it is worth trying to combine those configurations that
yielded them and check whether this combination also results in a fail. If yes,
several test executions are saved in one step. If no, then select the first fail
(based on the syntactic order) and try to combine the other interesting configu-
rations one by one. This case can also save testing steps as only configurations
with a fail outcomes are retested instead of the whole testing window in the
next parallel loop iteration. Figure 6.2 formalizes our proposed optimization
using the notations already discussed.
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greeDDy(cx) = greeDDys(ck,2) where

greeDDyQ(m C;,mazx(n — |F|,2)) if |[F|>1A test(ﬂ C;) = X (“reduce greedily”)
ieF i€F
, greeDDys(C;,2) elseif 3i € F - C; € {A1,..., An} (“reduce to subset”)
greeDDysz(cx,n) = _ _
greeDDys(C;, maz(n — 1,2)) elseif 3t € F - C; € {V1,..., Vu} (“reduce to complement”)
greeD Dy (cy, min(|ck|,2n)) else if n < |ck| (“increase granularity”)
cx otherwise (“done”).

where C is a sequence of C, such that {Vy,...,V,} C C C{A1,...,An,V1,..., Vo },
V= c)’( — Ay, c;( =A1UA2U...UA,, all A; are pairwise disjoint, and VA; - |A;| ~ \c}|/n holds.
F is a set of indices over C such that Vi € F - test(C) = X and F = <= 3C; - test(a) =X.

Figure 6.2: GreeDDy: the greedy extension of minimizing Delta Debugging.

6.1 Evaluation

The experimental setup described in Chapter 3 was used to evaluate the effects
of the proposed optimizations. Beyond those settings, there are some details
that are specific to this chapter: the resource-efficient content-based caching was
enabled (Section 4), and the testing window was chosen to be 4 (|T'| = j = 4).
The fixed-point iteration variant of DDMIN (DDMIN*) was used as a baseline.
To see how our proposed extension performs on real-life test cases, we have
taken 10 GCC-related test cases from the Perses Test Suite and minimized
them with both DDMIN* and GreeDDy* (the asterisk denotes that GreeDDy
was iterated to a fixed point).

The workstation used to carry out the experiments was equipped with an
Intel® Xeon® CPU E5-2680 v4 CPU clocked at 2.4 GHz and 128 GB RAM.
The machine was running Ubuntu 22.04 with Linux kernel 5.15.0 and it was
having no other load during the experiments.

Table 6.1 presents the results of reducing the test cases with lines as the
unit of reduction. For each test case, the first group of values shows the
properties of the inputs: the name and the size expressed in non-whitespace
characters (column “Chars”). Then, the second group is the baseline data, i.e.,
those measured using DDMIN*: the size of the output, the number of testing
steps, and the runtime needed to accomplish the reduction. The last group of
values contains the data collected during the executions of the greedy variant
(GreeDDy*) on the test cases. In addition to the absolute numbers, we also
provide the changes relative to the baseline data.

For 6 of 10 test cases, GreeDDy* produced different outputs than DDMIN*;
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Table 6.1: Results with Line Granularity

Test Case DDMIN* GreeDDy*

Name Chars Chars Steps Runtime (s) Chars Steps Runtime (s)
gee-61383 110,643 16,685 130,498 8,871.45 15,386 (-7.79%) 122,505 (-6.12%)  7,340.30 (-17.26%)
gee-64990 439,587 17,528 48,117 15,419.29 16,871 (-8.75%) 29,532 (-38.62%)  8,540.72 (-44.61%)
gee-65383 125,221 11,297 27,720 424285 11,279 (-0.16%) 19,390 (-30.05%) 2,448.62 (-42.29%)
gee-66186 139,087 11,837 34,337 9,902.93 11,837 (—) 21,247 (-88.12%) 517749 (-47.72%)
gce-66375 191,827 11,219 38,523 11,667.02 11,126 (-0.89%) 23,420 (-39.18%) 6,153.44 (-{7.26%)
gee-66412 209,886 7,004 43,605 4,756.91 7,004 (—) 30,313 (-30.48%) 2,800.96 (-41.12%)
gce-66691 56,682 26,412 28,789 1,747.56 26,412 (—) 21361 (-25.80%) 1,242.39 (-28.91%)
gee-70127 400,556 9,183 72,079 17,752.48 8,562 (-6.76%) 54,096 (-24.95%) 10,185.00 (-42.63%)
gee-70586 589,017 18,166 83,302 33,545.04 17,791 (-2.06%) 57,150 (-31.89%) 17,878.05 (-46.70%)
gee-71626 14,465 611 5,725 187.62 611 (—) 3,314 (-42.11%) 112.08 (-40.26%)
Average -2.13% -30.68% -39.88%

it got a bit smaller, and the average improvement was 2.13% (including those
that produced exactly the same output as well). Supporting the motivation
behind this research, the number of started test executions and the runtime
were affected heavily. Greedily combining failed test executions required 30.68%
fewer testing steps on average (42.11% fewer tests were needed in the best case
and 6.12% of testing steps could be saved in the worst case). The runtime
shows similar traits: On average, 39.88% of the execution time could be saved
with GreeDDy*; 47.42% in the best and 17.26% in the worst cases. According
to these results, the started tests and the runtime properties of the algorithm
show promising results, and based on them, it seems worthwhile to deal with
an algorithm that is more than 20 years old.

6.2 Conclusions

Based on the experimental data and observations above, we can conclude the
contributions of this chapter:

1. Investigated the stability issues of DDMIN* and provided a stabilization
approach for it.

2. Made the parallel execution of DDMIN* even faster, exploiting the potentials
of the already-seen testing windows (named GreeDDy*).
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3. Presented our idea where multiple test executions with fail outcomes could
be merged to save further retesting, and found that GreeDDy* could save
30.68% of the testing steps of DDMIN* which resulted in 39.88% less runtime.
The output of GreeDDy* usually got smaller, however, the effects of the
algorithm on the output are negligible.



“Creativity is the art of finding a new route to a
known destination.”

— Simon Sinek

Extending Hierarchical Delta
Debugging with Hoisting

Although HDD and its variants perform better on structured inputs than
DDMIN, there is still room for improvement. Several improvements have
already been proposed, often by preprocessing the tree representation HDD
is working on, e.g., by hiding some tokens from HDD to reduce the number
of nodes that have to be considered, by collapsing (a.k.a. squeezing) multiple
nodes into one for the same reason [20], or by rotating recursive structures
of the tree to reduce its height [19]. However, these transformations do not
change the core structure of the tree, i.e., the test case serialized from the
preprocessed tree will still be the same as the original input. Because of this,
and because of how the HDD variants operate, an HDD-reduced test case (even
if 1-tree-minimal) may contain structural elements that a human expert would
still remove.

A simple example of this suboptimal structure-preserving behavior is shown
in Figure 7.1. The C program in Figure 7.1(a) prints the classic “Hello world!”
message, and the printing is wrapped in an if statement where the predicate
always evaluates to true. If we take this program as a test case and define
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the printing of the “Hello world!” message as interesting, then we can try and
minimize it. (This is an example where the interesting property of the test case
is not a program failure.) Figure 7.1(b) shows the parse tree of the program,

int main() {

if (1) {
printf ("Hello world!\n");
}
}

(a) A “Hello World” program in C.
’externalDeclaration‘
’functionDeﬁnition‘

’typeSpeciﬁerHdirectDeclarator‘ ’compoundStatement‘
‘int’ Identifier ’ {0 HselectionStatementH 1 ‘

’main’

Cepypiep e HprimaryExpressionH ) Hstatement‘

|

Constant ’ compoundStatement ‘
) 1 J

’expressionStatement‘

’postﬁXExpressionH 757

Identifier *
’printf’

[’ C] StringLiteral DE
’\Hello world!\n"’
(b) Parse tree of the “Hello World” program.

Figure 7.1: An overly complicated “Hello World” program in C and its parse
tree.
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generated by a parser using a context-free grammar of the C programming
language and preprocessed for compactness (most notably, squeezing and re-
cursion flattening have been applied). Unfortunately, none of the HDD-based
algorithms presented in Section 2 can reduce this test case any further (es-
pecially if replacement with a minimal syntactically correct fragment is used
when pruning subtrees) as removing any of the nodes (or lines, or characters)
would either yield a syntactically incorrect test case or one that does not print
the message, making it uninteresting.

Theoretically, both HDD and HDD", and also the underlying DDMIN algo-
rithm could be modified to give n-(tree-)minimal results, but that would lead
to exponential complexity, which is impractical. Thus, another approach is
proposed, called hoisting.

Recurring structures are present in the parse tree, subtrees rooted at nodes
with identical labels, denoting the derivation of the same non-terminal of the
grammar. The assumption of hoisting is that one such subtree may be replaced
with another without losing syntactic correctness, and that subtrees whose
roots are in an ancestor-descendant relationship may be good candidates for
reduction. In the tree of Figure 7.1(b), there is one pair of such subtrees,
those rooted at nodes labeled as compoundStatement. Figure 7.2(a) shows a
transformed tree where the descendant subtree is hoisted to replace all the
structures that enclosed it. When this tree is serialized into the form of a
C program (see Figure 7.2(b)), it becomes apparent that, in this case, this
transformation was indeed useful and we got a smaller and still interesting
test case. The testing function has to confirm (or reject) whether such a
transformation keeps the resulting test case interesting.

When discussing the idea of hoisting with fellow researchers, the argument
was often raised that such a transformation is only good for removing some
minor syntactic elements from the result, like a dangling semicolon or a pair of
superfluous braces, etc. The example in Figure 7.1 does not seem to contradict
such arguments. However, Figure 7.3 shows another example, a program writ-
ten in Java, that prints the rounded value of 7 in a localized format, provided
that the specified locale is supported, and throws an exception otherwise. As
presented, the program only supports the en locale. This program shall be
taken as a test case and the testing function shall check whether the program
exits without error with parameter en and throws an exception when invoked
with an unsupported locale (e.g., hu). If HDD is used to minimize, it will be
able to remove some parts of the program, but most of the original structure
will remain in the output. Because the exception that needs to be thrown is
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in the decSeparator method, which is called inside a call to the formatParts
method, both methods are forced to be kept in the reduced test case. The
parse tree for this program would be too big to be presented as an example, so
Figure 7.4(a) contains only the HDD-reduced Java program, which also shows
precisely what HDD can and cannot prune away.

However, if hoisting is used before HDD, it can pave the way for the latter
reduction technique by hoisting the call to decSeparator to replace the enclosing
call to formatParts, thus allowing the complete removal of the definition of
formatParts. In this example, the method calls within main are the recurring

’ externalDeclaration ‘

’ functionDefinition ‘

’typeSpeciﬁerHdirectDeclaratorHcompoundStatement‘

’int’ Identifier

‘main’

Lely’]

expressionStatement ‘

’postﬁxExpression ‘ ’57]

Identifier *
’printf’

M StringLiteral 7)°
’\Hello world!\n"’

(a) Parse tree minimized with hoisting applied to keep printing
the “Hello world!” message.

int main() {
printf ("Hello world!\n");
}

(b) The C program serialized from the
minimized tree.

Figure 7.2: Motivational Example for Hoisting.
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public class LocalizedPi {
private static String decSeparator (String locale) {
if (locale.equals("en")) {
return ".";
}
throw new Exception("Unsupported locale");
}
private static String formatParts(String intPart, String fracPart, String
< decSep) {
return intPart.concat(decSep).concat(fracPart);
}
public static void main(String[] args) {
String pi = formatParts("3", "14", decSeparator (args[0]));
System.out.println(pi);
}
}

Figure 7.3: Java program that prints the rounded value of m in a locale-specific
format or throws an exception.

structures that are in ancestor-descendant relation in the tree. The result of
the combined application of the two techniques is presented in Figure 7.4(b).
formatParts could be constructed arbitrarily complex, making the theoretical
potential of hoisting considerably higher than the removal of anecdotical semi-
colons or curly braces. Hoisting cannot achieve this alone, as it “only” moves
subtrees higher up the tree, but it has to cooperate with HDD.

7.1 Transformation-based Minimization

To formalize the ideas motivated and described above, the notations and ter-
minology of minimizing Delta Debugging (as given in Section 2) were extended
to introduce transformation-based minimization. In the context of DDMIN, a
test case is always composed of a subset that contains elements of the initial
configuration. The testing function is also defined for the subsets of cx only.
However, the outcome of a program composed of a set of elements must be
determined, even if some of them are not part of the initial configuration. In
the case of hoisting, when an element (a node) is replaced by another element
(another node further down the hierarchy), which is part of the tree, but is
not a member of the initial set. Therefore, the definitions of DDMIN [40] are
generalized as follows.

Let D denote the set of all potential test case elements, and let 6 € D denote
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class LocalizedPi {
static String decSeparator(String locale) {
if (locale.equals("en")) {
return "";
}
throw new Exception("Unsupported locale");
}
static String formatParts(String intPart, String fracPart, String decSep) {
return decSep;

}
public static void main(Stringl[] args) {

String a = formatParts("", "", decSeparator (args[0]));
}

}

(a) Program minimized with HDD to keep the program throwing an uncaught exception if
an unsupported locale is specified on the command line.

class LocalizedPi {
static String decSeparator (String locale) {
if (locale.equals("en")) {
return "";
}
throw new Exception("Unsupported locale");
}
public static void main(Stringl[] args) {
String a = decSeparator (args[0]);
}
}

(b) Program minimized with with hoisting applied before
HDD

Figure 7.4: Minimization of the Java program that print the rounded value
of  (see Figure 7.3).

one element of that set, i.e., a test case element. A test case or configuration
is denoted as ¢ C D. A testing function test : 2P — {X, v/, 7} shall determine
for any test case whether it produces the failure in question. The initial failing
configuration is denoted as cx = {d1,...,9,} € D, and test(cx) = X holds.
As cx is a subset of a potentially larger set D, we allow for transformations
that can not only remove, but also replace elements in the configuration. The
following definitions and notations are used for transformations:

A function ¢t : D — D is a transformation of test case elements, and
the identity transformation is idp : D — D;é — . The application of a
transformation to configurations is defined as t : 2P — 2P; ¢+ {t(6) : 6 € ¢}
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(6'9'7 ﬁD(CX) = CX)'
And a transformation that is derived from another transformation by chang-
ing the mapping of one test case element is defined as

{5” ifo=2¢
t[o'— 8" : D — D;6 —
t(d) otherwise.

In the presented examples, the transformations that could be applied were
quite straightforward. There was only one compoundStatement and one method
call that could potentially replace their parents. In a general case, a test case
element may have multiple replacement candidates (or none at all). This is
formalized using a function 7 : D — 2P that maps test case elements to their
transformed candidates.

Finally, as test cases are not necessarily subsets of the initial failing con-
figuration, minimality cannot be defined in terms of the subset relation any-
more. Thus, a || - || measure is expected to exist on set D. If all transfor-
mation candidates in 7 are potentially reducing the size of a configuration
according to the measure || - ||, i.e., ¥o € D -V € 7(5) - [|&|| < ||0] holds,
then in order to minimize the test case, the replacements applied to the
elements of the initial configuration must be maximized (even transitively)
while ensuring that the so-transformed test case remains interesting. Just
like it is true for DDMIN that searching for the global optimum is impracti-
cal, so is it also true for transformation-based minimization. Therefore, the
goal is to find a local optimum, a I-mazximal transformation tx such that
Vo € cx - Vo' € T(tx(8)) - test(tx[d — §'](cx)) # X holds.

Figure 7.5 wraps up this subsection and formalizes the transformation-based
minimizing algorithm TMIN", worded in the likeness of DDMIN.

7.2 Variants of Hoisting and HDD

The transformation-based minimizing algorithm gives a framework to formulate
hoisting as a transformation of tree nodes. More precisely, those nodes in the
tree representation of the input that can act as replacement candidates for their
ancestors must be defined. The formula in Figure 7.6, x(n), is one possible way
to define these candidates, i.e., the hoistable descendants of a node n. x(n) is
given in terms of two auxiliary functions, of which children(n) is trivial, giving
the direct descendants of a node, whereas compatible(n, n') leaves some space
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Let D denote the set of all potential test case elements, and let 6 € D denote one element of that set.
Let test and cx = {d1,...,0n} C D, and test(cx) = X holds.

Let 7 and || - || be given such that V§ € D -V§’ € 7(8) - ||¢’|| < ||6]] holds.

The goal is to find tx = tmin™ (cx) such that test(tx(cx)) = X and tx is 1-maximal.

The transformation-based minimizing algorithm tmin™ (c) is

tmin” (cx) = tminj (cx,idp) where
tmin (cx, ty[6 — &']) if 36 € cx - 38" € T(4(9)) - test(t_;([é = 8] (cx)) = X

tming (cx, ty) =
x t;( otherwise.

The recursion invariant (and thus precondition) for tminJ is test(tz((cx)) =X.

Figure 7.5: The Transformation-based Minimizing Algorithm.

for interpretation. In an extreme case, any two nodes could be considered
compatible, but that would rarely be useful. If the tree representation of the
input is built using a context-free grammar as motivated in Section 2.2, then
a natural interpretation is to regard identically-labeled nodes (i.e., subtrees of
derivations of the same non-terminal of the grammar) as compatible.

xm)= U xX@n)

n/ €children(n)
{n'} if compatible(n,n’)
X (n,n') = U X' (n,n")  otherwise

n' €children(n’)

Figure 7.6: x(n), the potentially hoistable descendants of node n.

A basic measurement for nodes of a tree is based on the size of their subtrees,
i.e., the number assigned by the measurement to a node n equals the number
of nodes in the subtree of n. It is obvious that all transformation candidates
returned by y(n) reduce the size of the configuration according to this measure,
as expected by the definition of TMIN.

Now, with the help of TMINX, a hierarchical algorithm can be introduced,
called Hoist, that works its way through the tree from the root to the leaves
and uses TMINX to find the hoisting transformations at each level. Candidates
found by TMINX are prioritized by their distance to the ancestor, with further
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nodes getting higher priority. The pseudocode of the algorithm is presented
in Figure 7.7(a). The structure of Hoist is similar to HDD: both contain a
loop to iterate through the levels of a tree, and inside the loop, both perform
a minimization step (TMINX vs. DDMIN) and the application of its result to
the tree (via the transform and prune auxiliary functions).

As discussed in the example of Figures 7.4 and 7.3, Hoist can achieve
reduction on its own, although it is expected to work best if used in combination
with HDD, e.g., by using Hoist as a preprocessing step. However, inspired by
the similarities between the variants of these two algorithms, they can be
combined as well. E.g., the bodies of the loops can be interlaced, performing
both the DDMIN and TMINX-based minimization at each iteration. One
way to formulate this idea is shown in Figure 7.8, where HDD and Hoist are
interlaced in the algorithm named HDDH.

Because of the similarities between HDD variants and the Hoist algorithm,
a recursive, a coarse, and a coarse recursive variant of the hoisting algorithm
can be defined. These are given in Figures 7.7(b), 7.7(c), and 7.7(d), and
are named Hoist", Coarse Hoist, and Coarse Hoist", respectively. Similarly,
we can create new combined algorithms from HDD', and Hoist" (HDDH"),
from Coarse HDD, and Coarse Hoist (Coarse HDDH) and from HDD" and
Coarse Hoist (Coarse HDDH"). These combinations are trivial following the
example of HDDH, therefore, they are not shown to avoid unnecessary repeti-
tion.
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1 procedure Hoist(input_tree) 1 procedure Hoist" (root_node)
2 level < 0 2 queue < (root_node)
3 nodes < tagNodes(input_tree, level) 3 while queue # () do
4 while nodes # () do 4 current_node < pop(queue)
5 hoisting < TMINX (nodes) 5 nodes < tagChildren(current-node)
6 transform(input_tree, level, hoisting) 6 hoisting < TMINX (nodes)
7 level < level 41 7 transformChildren(current_node, hoisting)
8 nodes < tagNodes(input_tree, level) 8 append(queue, tagChildren(current_node))
9 end while 9 end while
10 end procedure 10 end procedure
(a) Hoisting. (b) Recursive Hoisting.
1 procedure CoarseHoist(input_tree) 1 procedure CoarseHoist" (root-node)
2 level +— 0 2 queue <— (root_node)
3 nodes < tagNodes(input_tree, level) 3 while queue # () do
4 while nodes # () do 4 current_node < pop(queue)
5 nodes < filterEmptyPhiNodes(nodes) 5 nodes < tagChildren(current_node)
6 if nodes # 0 then 6 nodes < filterEmptyPhiNodes(nodes)
7 hoisting <— TMINX (nodes) 7 if nodes # 0 then
8 transform(input_tree, level, hoisting) 8 hoisting < TMINX(nodes)
9 end if 9 transformChildren(current_node, hoisting)
10 level < level+ 1 10 end if
11 nodes < tagNodes(input_tree, level) 11 append(queue, tagChildren( current_node))
12 end while 12 end while
13 end procedure 13 end procedure

(c) Coarse Hoisting. (d) Recursive Coarse Hoisting.

Figure 7.7: Proposed Hoisting algorithm and its variants.

7.3 Evaluation

The experimental setup described in Chapter 3 was used to evaluate the effects
of the proposed algorithms. The workstation used to conduct the experiments
was equipped with an Intel Core 15-9400 CPU clocked at 2.9 GHz and 16 GB
RAM. The machine was running Ubuntu 20.04 with Linux kernel 5.11.0, and
running the experiments only.

Four experiments were conducted, one for each variant of HDD and hoisting
(original, recursive, coarse, and coarse recursive). Four different combinations
of HDD and hoisting were used as summarized in Table 7.1. The columns are
organized as follows:

e Algorithm: the fixed-point iteration of the variant without any hoisting
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procedure HDDH(input_tree)
level < 0
nodes < tagNodes(input_tree, level)
while nodes # () do
minconfig <+ DDMIN(nodes)
prune(input_tree, level, minconfig)
hoisting < TMINX (minconfig)
transform(input_tree, level, hoisting)
level < level+ 1
10 nodes < tagNodes(input_tree, level)
11 end while
12 end procedure

© 00Uk W

Figure 7.8: The Hierarchical Delta Debugging and Hoisting algorithm.

(e.g., HDD*) acted as the baseline,

o Preprocessing: hoisting was applied as a preprocessing step to hierar-
chical delta debugging (e.g., Hoist*+HDD*),

o Interlacing: hoisting was interlaced with hierarchical delta debugging
(e.g., HDDH*), and

o Preprocessing & Interlacing: as stand-alone hoisting and the inter-

laced algorithm are not mutually exclusive, they can be used in sequence
(e.g., Hoist*+HDDH*).

Table 7.1: Hoisting and the variants of HDD

Preprocessing &

Algorithm Preprocessing Interlacing Interlacing
HDD* Hoist* + HDD* HDDH* Hoist* + HDDH*
HDD'* Hoist™ + HDD'™* HDDH'* Hoist™ + HDDH'™*

Coarse HDD* Coarse Hoist* + HDD* Coarse HDDH* Coarse Hoist* + HDDH*
Coarse HDD**  Coarse Hoist™* + HDD**  Coarse HDDH'*  Coarse Hoist'* + HDDH®*

HDD. In the first experiment, HDD*, Hoist* + HDD*  HDDH*, and
Hoist™ + HDDH* algorithms were compared (see Figures 2.2(a), 7.7(a), and 7.8).
On the Perses Test Suite, all hoisting-based algorithm combinations produced
a smaller output than the baseline in 17 of 19 cases. (For one input, gcc-70127,
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HDD* ran out of memory at the time of publication of the related article.) The
average effect on size was 37.50%, 39.04%, and 40.16%, respectively. When
comparing hoisting combinations to each other, HDDH* gave the smallest re-
sult in 8 cases, Hoist* + HDDH* produced the smallest output in 9 cases,
while there was also a tie, where HDDH* and Hoist* + HDDH* produced
(exactly) the same output. Furthermore, there was another tie when all three
approaches found the same local minimum (gce-71626). On the 13 inputs of
JRTS, all algorithms worked quite similarly with respect to the output size:
there were many cases where some or all approaches gave identical results. Still,
in 10 cases, all hoisting-based approaches gave strictly smaller output than the
baseline (by 50%, 47.14%, and 50% in the best cases), while in the other cases
none of them gave worse results. On this test suite, the average improvement
of the approaches over HDD* was 12.85%, 12.63%, and 12.85%, respectively.

Regarding efficiency, hoisting could have a positive effect on the number of
overall test case evaluations, but not necessarily. HDDH* performed the mini-
mization of 18 inputs faster than the baseline HDD*, but in those approaches
where hoisting was a preprocessing step, this improvement was only visible in
14 cases. However, JRTS gave significantly different results efficiency-wise than
the Perses Test Suite. In the vast majority of cases, the application of hoisting
increased the number of testing steps performed during reduction. Hoist* +
HDD*, HDDH*, and Hoist* + HDDH* were slower than HDD* in 12, 8, and
13 of the 13 cases, respectively. The raw data for this experiment are shown in
Tables 7.3 and 7.4.

HDD?". In the second experiment, the recursive HDD variant and its com-
binations with hoisting have been investigated, i.e., HDD**, Hoist™* + HDD"*,
HDDH"™, and Hoist™ + HDDH"* (see Figures 2.2(b) and 7.7(b)). On the
Perses Test Suite, the interlaced application of hoisting (HDDH"*) resulted in
smaller outputs than the baseline HDD" for all tests by 42.4% on average. Im-
provement was observed in 17 of 19 cases when using Hoist"*-+HDD"* (41.12%
on average) and in 18 of 19 cases when using Hoist™* + HDDH™ (43.71% on
average). Reduced inputs from the JRTS also became smaller, the average
improvement was 12.17%, 15.2%, and 15.79% on average compared to the
baseline.

On the Perses Test Suite, the hoisting-extended combinations required fewer
testing steps by 9.8%, 27%, and 14.16% on average compared to the baseline
HDD**. The analysis of efficiency shows a similar pattern to effectiveness:
HDDH™ reduced all of the inputs faster than the baseline, while this boost
was only observable in 15 of 19 cases with Hoist™ + HDD™ and 14 of 19
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cases with Hoist™ + HDDH™. Furthermore, if the results are compared to
the traditional HDD*, Hoist™ + HDD™, HDDH"*, and Hoist™ + HDDH"*
required 70.17%, 75.33%, and 71.6% fewer steps on average, respectively. How-
ever, when investigating efficiency on JRTS, we got somewhat different results:
HDDH"* required 8% more testing steps, while preprocessing the parse-tree
with hoisting roughly doubled the reduction effort. Data for this experiment
are shown in Tables 7.5 and 7.6.

Coarse HDD. In the third experiment, the Coarse HDD variants have
been investigated, i.e., Coarse HDD*, Coarse Hoist™ + HDD*, Coarse HDDH*,
and Coarse Hoist™ + HDDH* (see Figures 2.3(a) and 7.7(c)). When hoisting
acted as a preprocessing step, algorithm combinations produced smaller out-
puts than the baseline in all cases on the Perses Test Suite. The output
of the reduction became smaller by 53.06% and 53.07% than the baseline
(using Coarse Hoist* + HDD* and Coarse Hoist* + HDDH*, respectively).
Coarse HDDH* produced exactly the same output as the baseline, except in
two test cases, where the outputs were negligibly larger (by 2%). On the JRTS,
hoisting as a preprocessing step gave 15% smaller outputs compared to the
baseline, and Coarse HDDH* produced the same output as the baseline.

In Coarse HDD, the 1-minimality guarantee is sacrificed to speed up the re-
duction process. Efficiency-wise, using Coarse Hoist™ + HDD* and Coarse Hoist*
+ HDDH* variants, the number of test executions has increased heavily, while
the Coarse HDDH* executed the reduction exactly the same way as the baseline
Coarse variant. It can be concluded from the experimental results that hoisting
is effective only as a preprocessing step if the main reduction algorithm is the
Coarse HDD. The backing data for this experiment are shown in Tables 7.7
and 7.8.

Coarse HDD". In the last experiment, coarse recursive variants have been
compared, i.e., Coarse HDD**, Coarse Hoist™ + HDD**, Coarse HDDH**, and
Coarse Hoist™ + HDDH"* (see Figures 2.3(b) and 7.7(d)). Tables 7.9 and 7.10
contain the results for both test suites, which show quite a few similarities to
the non-recursive Coarse variant. The reduction produced smaller test cases
by 54.37% and 53.19% than the baseline on Perses Test Suite and 11.05%
and 11.05% on JRTS (using Coarse Hoist™* 4+ HDD** and Coarse Hoist™ +
HDDH"*, respectively), however, Coarse HDDH"* produced larger C outputs
in three cases by 6.56%.

Figure 7.9 visualizes the raw data from Tables 7.3, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9,
and 7.10. Each mark on the charts represents a test case reduced with some kind
of hoisting applied. The position of the mark reflects how hoisting affected the
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Figure 7.9: The effect of hoisting on variants of HDD.

reduction. Changes in the size of the output are represented along the horizontal
axis, while changes in the test executions are represented along the vertical
axis (all relative to the size and test step count of the baseline). Marks in the
“bottom left” quadrant (a.k.a. quadrant IIT) are considered the best cases: for
the corresponding test cases, hoisting had a positive effect on both the output
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size and the number of test steps as it has reduced both. Marks in the “top left”
and “bottom right” quadrants (a.k.a. quadrants IT and IV) represent trade-offs:
for those test cases, hoisting either yielded smaller output slower or produced
bigger results faster. Marks in the “top right” quadrant (a.k.a. quadrant I) are
the cases where hoisting had no benefit at all as both the output size and the
number of test steps increased. Figures 7.9(a) and 7.9(b) correspond to the
results of HDD and HDD*. They show similar patterns: a significant portion
of the test cases falls into quadrant III as they could be reduced faster and
further with hoisting. Additionally, another significant portion of the test cases
falls into quadrant II, meaning that the test cases could be reduced further
with hoisting, although at the cost of more test steps. Figures 7.9(c) and 7.9(d)
corresponding to the results of Coarse HDD and Coarse HDD" show different
patterns. It is visible that hoisting had no effect on the Coarse HDDH and
Coarse HDDH" algorithm variants. Moreover, the other two algorithm variants
(i.e., when hoisting was a preprocessing step) performed exactly the same way.
For all algorithm variants and for all combinations, marks are rare in quadrants
I and IV. There are only a handful of outliers where hoisting increased the
output size.

Table 7.2 presents aggregated data from both of the used test suites, dis-
cussing the influence of the applied hoisting step. Each row has a corresponding
row in Table 7.1, with variant names replaced with values that represent the
effect of hoisting compared to the respective baseline, which is in the first
column. Table 7.2(a) shows output size differences, from which it is clear that
hoisting has a positive effect on the reduction outcome — i.e., the final out-
put becomes smaller —, 32.68% improvement with hoisting as a preprocessing
step, 14.57% when interlaced with the main reduction algorithm, and 33.65%
with the combination of these two approaches. The only exceptions are the
Coarse HDDH and Coarse HDDH" variants that increased the output slightly,
compared to the Coarse HDD and Coarse HDD" respectively.

Table 7.2(b) shows differences in the number of test executions, i.e., what
the effect of hoisting was on the efficiency of the reduction. In general, we have
to pay the price for smaller results in the increased number of test steps, which
can be quite slow depending on the software under test. When using hoisting
as a preprocessing phase, the number of necessary testing steps increased
by 69.37%, averaged over all HDD variants. When using hoisting both as
a preprocessing step and interlaced with the HDD variants, the number of
testing steps increased by 72.97%. However, interestingly, using only interlaced
hoisting required 4.48% fewer tests.
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Figure 7.10: Effect of Hoisting on HDD™* as a Function of Height of the
Parse Tree.

In the above experiments, the number of test executions has been used
as the performance metric, which is a common and objective measure. Its
alternative, 7.e., measuring execution times, could lead to the misinterpretation
of the results. E.g., using a faster (or simply a differently configured) machine
could have an effect on the measurements and be considered incorrectly as an
optimization. However, the reader might still be interested in execution times
to assess the practical applicability of the presented techniques. In summary,
the time required for reductions ranged from some seconds to several hours
in the experiments. Moreover, roughly the same rate of deterioration and
improvement could be observed in execution times as in test steps. It must
also be noted that if it is accepted that the baseline HDD algorithm and its
variants are applicable in practice, then we also have to accept hoisting as
practically applicable, since it never changed the order of magnitude of the
execution time (or of the test steps) in the experiments. When the baseline
execution time was a few seconds then hoisting kept it on the seconds scale, or
when the baseline was measured in hours, then the application of hoisting also
remained on the hours scale.

Tables 3.1 and 3.2 shows the properties of the inputs used for benchmark-
ing, thus providing opportunities to investigate whether they affect hoisting.
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Table 7.2: Averaged impact of hoisting on different HDD variants

(a) Differences in Output Sizes (%)

Preprocessing &

Algorithm Preprocessing Interlacing Interlacing

HDD* -27.49% -28.31% -29.07%
HDD"* -29.36% -31.35% -32.37%
Coarse HDD* -37.62% +0.13% -37.63%
Coarse HDD"* -36.77% +0.62% -36.07%

(b) Differences in Number of Test Executions (%)

P ing &
Algorithm Preprocessing Interlacing reprocessing

Interlacing
HDD* +43.26% -5.60% +47.21%
HDD"* +33.22% -12.78% +34.55%
Coarse HDD* +134.15% +0.13% +134.13%
Coarse HDD** +64.55% -0.02% +73.60%

It turned out that the height of the parse tree had an effect on the efficiency of
hoisting, as shown in Figure 7.10. The chart is similar to Figure 7.9, i.e., the ver-
tical axis shows the relative difference compared to the output (Figure 7.10(a))
or the testing steps (Figure 7.10(b)) of the baseline HDD** algorithm. But now
the horizontal axis represents the height of the parse tree built from the test
cases after squeezing and flattening [19, 20]. As discussed above, hoisting had
a positive effect on the output size aspect of the reduction in general, however,
its effect on the efficiency was inconclusive. While Figure 7.10(a) confirms the
first observation, Figure 7.10(b) gives an interesting insight into the relation
between parse tree height and hoisting efficiency. The chart reveals that if the
height of the parse tree is small (below cca. 50), hoisting increases the required
testing steps, but if the height of the parse tree is large enough (above 150
in our experiments), hoisting has a mostly positive effect on the number of
required testing steps. (Note that the figure contains results from HDD™ only,
but the same pattern could be observed for the other variants as well.)

So far, the discussion was only about relative changes compared to the
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Figure 7.11: Best-performing Hoisting Algorithms Based on Output Charac-
ters.

baseline algorithms. However, the reader might be interested in using the
best-performing variant in an absolute sense and this is what Figures 7.11
and 7.12 are intended to show. Elements on the horizontal axis correspond to
the discussed algorithm variants and the height of the bars above them show
how many times they performed best. If multiple algorithm variants produced
the same local optimum, all of them were considered the best. (Two test cases
— namely jerry-3433 and jerry-3483 — were excluded from the Figure, since all
of the 16 algorithm variants produced exactly the same output.)

Figure 7.11 shows the best-performing algorithm variants based on output
characters, i.e., which one produced the smallest output. The first, not-so-
surprising observation is that the Coarse variants are not the most effective
variants from the output size point of view. Note that hoisting has a positive
effect on the output size (see Table 7.2(a)), however, in an absolute manner
the Coarse variants fall behind the others effectiveness-wise. The left-hand
side of the chart is more promising, especially the Hoist* + HDDH* and
Hoist™ + HDDH"* algorithm variants stand out from the rest. Based on these
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Figure 7.12: Best-performing Hoisting Algorithms Based on Number of Test
Executions.

results, if a test must be reduced to the smallest possible size, the suggested
mode is using hoisting in two different phases: first as a preprocessing step and
then interlaced with the main algorithm, which could be either HDD or HDD".

Figure 7.12 shows the same comparison based on the number of test exe-
cutions, i.e., which one finished the reduction the quickest. The Figure shows
the exact opposite view compared to the previous one: the Coarse variants
perform the reduction requiring the fewest steps (at the cost of bigger outputs).
Based on these observations, if a test must be reduced as quickly as possible, we
would suggest using the above-formalized Coarse HDD"* algorithm variant. As
the experimental results show, hoisting has no effect on this algorithm variant,
thus Coarse HDD™ and Coarse HDDH"* work exactly the same way.
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7.4 Conclusions

There are recurring structures in the parse tree of the preprocessed input that
Hierarchical Delta Debugging cannot reduce but a human engineer can easily
point out, such as conditional statements, loops, function calls inside a param-
eter list, etc. Therefore, the Transformation-based Minimization describes an
algorithmic framework that enables transformations that cannot only remove
but also replace elements in the initial configuration. We have already defined
such a transformation (hoisting), which assumes that a subtree may be replaced
by another without losing syntactic correctness if and only if the roots of the
subtrees are in an ancestor-descendant relationship.

Based on the experimental data and observations above, we can conclude
the contributions of this chapter:

1. On real-world inputs, hoisting combined with Hierarchical Delta Debugging
gives generally smaller, or at least as small outputs as HDD alone. Bigger
outputs are rare. Minimized test cases can be as small as /5 of the output
given by traditional HDD.

2. The effects of hoisting to HDD and HDD" are similar: the majority of the
test cases could be reduced further with hoisting.

3. Coarse HDD and Coarse HDD" show similar patterns to the non-coarse
variants with respect to the output size: test cases could be reduced further
with hoisting. However, hoisting had no effect on the Coarse HDDH and
Coarse HDDH" algorithm variants, furthermore, algorithms performed the
reduction exactly the same way when hoisting was a preprocessing step.

4. The effect of hoisting on the efficiency of the reduction highly depends on
the height of the input tree. If the height of the tree is small (below 50),
hoisting increases the required testing steps. However, if the height of the
tree is big enough (above 150), test cases can be reduced faster with hoisting.

7.5 Raw Data

In the tables below, size is expressed as the number of non-whitespace characters
to avoid bias from indentation or other formatting differences. In each row of
all tables, bold numbers highlight the best result(s).
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Table 7.3: Hoisting and HDD Output Sizes

Test HDD* Hoist*+HDD* HDDH* Hoist*+HDDH*
clang-22382 582 480 (-15.98%) 475  (-18.38%) 480  (-15.98%)
clang-22704 168 164 (-2.38%) 165  (-1.79%) 161 (-4.17%)
clang-23309 3,582 1,486 (-58.51%) 1,677 (-53.18%) 1,416 (-60.47%)
clang-23353 374 354 (-5.85%) 592 (+58.29%) 351  (-6.15%)
clang-25900 1,562 986  (-36.88%) 885 (-45.84%) 888  (-48.15%)
clang-26350 1,613 778 (-51.77%) 585 (-63.73%) 760 (-52.88%)
clang-26760 586 595 (+1.54%) 297  (-49.52%) 582 (-0.68%)
clang-27747 419 106 (-3.10%) 377 (-10.02%) 415 (-0.95%)
clang-31259 2,174 814  (-62.56%) 947 (-56.44%) 796  (-63.39%)
gee-59903 1,726 1,432 (-17.08%) 620 (-64.08%) 1,208  (-24.80%)
gec-60116 3,788 1,185 (-68.72%) 1,152 (-69.59%) 941 (-75.16%)
gec-61383 1,701 1,041 (-38.80%) 844  (-50.58%) 874  (-48.62%)
gec-61917 1,764 575 (-67.40%) 885  (-49.83%) 570 (-67.69%)
gec-64990 2,844 561  (-80.27%) 1,282 (-54.92%) 551  (-80.65%)
gec-65383 1,027 543 (-47.13%) 490  (-52.29%) 441  (-57.06%)
gec-66186 2,614 978 (-62.59%) 977  (-62.62%) 977  (-62.62%)
gec-66375 2,963 1,446 (-51.20%) 1,439 (-51.43%) 1,430 (-51.74%)
gec-70127 — 992 — 915 — 947 —
goc-71626 168 167  (-0.60%) 167  (-0.60%) 167  (-0.60%)
jerry-3299 92 89  (-3.26%) 89  (-3.26%) 89  (-3.26%)
jerry-3361 97 95  (-2.06%) 95  (-2.06%) 95  (-2.06%)
jerry-3376 70 35  (-50.00%) 37 (-47.14%) 35 (-50.00%)
jerry-3408 62 54 (-12.90%) 54 (-12.90%) 54 (-12.90%)
jerry-3431 28 27 (-8.57%) 27 (-3.57%) 27 (-3.57%)
jerry-3433 18 18 — 18 — 18 —
jerry-3437 34 18  (-47.06%) 18 (-47.06%) 18  (-47.06%)
jerry-3479 94 89  (-5.32%) 89  (-5.32%) 89  (-5.52%)
jerry-3483 38 38 — 38 — 38 —
jerry-3506 52 52 — 52 — 52 —
jerry-3523 63 48  (-23.81%) 48 (-23.81%) 48  (-23.81%)
jerry-3534 96 80 (-16.67%) 80 (-16.67%) 80 (-16.67%)
jerry-3536 123 120 (-2.44%) 120 (-2.44%) 120 (-2.44%)
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Table 7.4: Hoisting and HDD Number of Test Executions

Test HDD* Hoist*+HDD* HDDH* Hoist*+HDDH*

clang-22382 14,699 9,910  (-32.58%) 12,955 (-11.86%) 9,997 (-31.99%)
clang-22704 10,540 21,094 (+100.13%) 10,474  (-0.63%) 21,180  (+100.95%)
clang-23309 24,630 16,025  (-34.94%) 19,833 (-19.48%) 15,828 (-85.74%)
clang-23353 14,598 30,114 (+106.29%) 14,662 (+0.44%) 30,182  (+106.75%)
clang-25900 14,766 9,983  (-32.39%) 12,510 (-15.28%) 9,865 (-33.19%)
clang-26350 16,789 18,851 (+12.28%) 14,831 (-11.66%) 19,847  (+18.21%)
clang-26760 12,957 11,808  (-8.87%) 11,884  (-8.28%) 11,835 (-8.66%)
clang-27747 7,174 13,899 (+93.74%) 6,601  (-7.99%) 13911  (+93.91%)
clang-31259 19,239 8,791  (-54.31%) 15914 (-17.28%) 8,992 (-53.26%)
gee-59903 18935 12554  (-33.70%) 18,381  (-2.93%) 12,345 (-34.80%)
gee-60116 23,844 12,740  (-46.57%) 17,153 (-28.06%) 12,041 (-49.50%)
gee-61383 17,286 11,802  (-31.73%) 15350 (-11.20%) 11,984 (-30.67%)
gee-61917 17,455 8,432  (-51.69%) 13,769 (-21.12%) 8,525 (-51.16%)
gee-64990 19,624 10,533  (-46.33%) 17,565 (-10.49%) 10,548 (-46.25%)
gee-65383 16,239 6,524  (-59.83%) 11,801 (-27.33%) 6,334 (-61.00%)
gec-66186 16,181 13,771 (-14.89%) 13930 (-13.91%) 13,762 (-14.95%)
gcc-66375 21,251 16,046  (-24.49%) 18,393 (-13.45%) 16,131 (-24.09%)
gee-70127 — 15,699 — 18,330 — 15974 —
gee-71626 4,216 6,520 (+54.65%) 4,205  (-0.26%) 6,522 (+54.70%)
jerry-3299 176 228 (+29.55%) 192 (+9.09%) 251 (+42.61%)
jerry-3361 144 254 (+76.39%) 154 (+6.94%) 266 (+84.72%)
jerry-3376 119 412 (+246.22%) 109 (-8.40%) 422 (+254.62%)
jerry-3408 167 278 (+66.47%) 178 (+6.59%) 280 (+73.05%)
jerry-3431 55 185 (+236.36%) 70 (+27.27%) 192 (+249.09%)
jerry-3433 18 58 (+222.22%) 23 (+27.78%) 62 (+244-44%)
jerry-3437 49 49 — 48 (-2.04%) 56 (+14.29%)
jerry-3479 233 576 (+147.21%) 230  (-1.29%) 592 (+154.08%)
jerry-3483 69 95 (+37.68%) 71 (+2.90%) 97 (+40.58%)
jerry-3506 115 248 (+115.65%) 122 (+6.09%) 251 (+118.26%)
jerry-3523 111 416 (+274.77%) 83 (-25.23%) 421 (+279.28%)
jerry-3534 173 197 (+13.87%) 149 (-13.87%) 200  (+15.61%)
jerry-3536 150 226 (+50.67%) 182 (+21.33%) 251 (+67.93%)
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Table 7.5: Hoisting and HDD" Qutput Sizes

Test HDDr* Hoist™*+HDDT* HDDH"* Hoist™*+HDDH*

clang-22382 671 490  (-26.97%) 488 (-27.27%) 488 (-27.27%)
clang-22704 187 188 (+0.53%) 154 (-17.65%) 182 (-2.67%)
clang-23309 4,338 1,709  (-60.60%) 1,567 (-65.88%) 1,460 (-66.54%)
clang-23353 607 386  (-36.41%) 567 (-6.59%) 383 (-86.90%)
clang-25900 1,651 961 (-41.79%) 867 (-47.49%) 838 (-49.24%)
clang-26350 1,651 602  (-63.5/%) 599 (-63.72%) 625 (-62.14%)
clang-26760 451 363 (-19.51%) 429 (-4.88%) 296 (-84.87%)
clang-27747 442 507 (+14.71%) 416  (-5.88%) 505 (+14.25%)
clang-31259 2,136 974 (-54.40%) 844 (-60.49%) 812 (-61.99%)
gee-59903 2,536 1,582  (-37.62%) = 1,487 (-/1.56%) 1,576 (-87.85%)
gec-60116 3,355 1,739 (-48.17%) 1,500 (-55.29%) 1,464 (-56.56%)
gec-61383 1,569 694  (-55.77%) 670 (-57.30%) 636 (-56.28%)
gee-61917 1,904 580  (-69.54%) 575 (-69.80%) 575 (-69.80%)
gec-64990 1,497 386  (-74.22%) 579 (-61.52%) 616 (-58.85%)
gec-65383 1,042 545 (-47.70%) 445 (-57.29%) 427 (-59.02%)
gec-66186 2,592 968  (-62.65%) 973 (-62.46%) 973 (-62.46%)
gcc-66375 2,805 1,380  (-50.80%) 1,369 (-51.19%) 1,364 (-51.87%)
gee-70127 1,830 984  (-46.23%) 894 (-51.15%) 893 (-51.20%)
gec-71626 168 167 (-0.60%) 167  (-0.60%) 167 (-0.60%)
jerry-3299 89 86 (-8.37%) 86 (-3.597%) 86 (-8.87%)
jerry-3361 97 95 (-2.06%) 95 (-2.06%) 95 (-2.06%)
jerry-3376 70 70 — 37 (-47.14%) 37 (-47.14%)
jerry-3408 62 54  (-12.90%) 54 (-12.90%) 54 (-12.90%)
jerry-3431 28 27 (-8.57%) 27 (-8.57%) 27 (-8.57%)
jerry-3433 18 18 — 18 — 18 —
jerry-3437 34 18 (-47.06%) 18 (-47.06%) 18 (-47.06%)
jerry-3479 140 86  (-38.57%) 86 (-38.57%) 86 (-38.57%)
jerry-3483 38 38 — 38 — 38 —
jerry-3506 52 48 (-7.69%) 52 — 48 (-7.69%)
jerry-3523 63 48  (-25.81%) 48 (-25.81%) 48 (-25.81%)
jerry-3534 96 80  (-16.67%) 80 (-16.67%) 80 (-16.67%)
jerry-3536 123 120 (-2.44%) 120 (-2.44%) 120 (-2.44%)
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Table 7.6: Hoisting and HDD" Number of Test Executions

Test HDD** Hoist™*+HDDT* HDDH"* Hoist™*+HDDH**

clang-22382 3,522 3,464 (-1.65%) 3,152 (-10.51%) 3,530 (+0.23%)
clang-22704 2917 6,249 (+114.23%) 2,667  (-8.57%) 6,254 (+114.40%)
clang-23309 10,896 6,121  (-45.82%) 6,716 (-38.36%) 6,705 (-38.46%)
clang-23353 5,087 4,848 (-4.70%) 3,976 (-21.8/%) 4,900 (-3.68%)
clang-25900 5,196 3,446  (-33.68%) 3,155 (-39.28%) 3,939 (-24.19%)
clang-26350 9,071 6,759  (-25.49%) 7,319 (-19.31%) 6,897 (-23.97%)
clang-26760 4254 9805 (+180.49%) 3,426 (-19.46%) = 4,382 (+8.01%)
clang-27747 3,321 3,621 (+9.03%) 2,653 (-20.11%) 3,693 (+11.20%)
clang-31259 5654 3,660  (-35.27%) 3,864 (-31.66%) 4,323 (-28.54%)
gee-59903 8,302 6,439  (-22.44%) 5,966 (-28.1/%) 6,674 (-19.61%)
gcc-60116 11,371 5,759  (-49.35%) 7,332 (-35.52%) 5,881 (-48.28%)
gec-61383 6,229 2,949  (-52.66%) 4,190 (-82.73%) 3,038 (-51.23%)
gec-61917 5935 3,668  (-38.20%) 3,715 (-37.41%) 3,754 (-86.75%)
gcc-64990 5446 2,185  (-59.88%) 3,077 (-48.50%) 3,184 (-41.50%)
gec-65383 4,126 2,622 (-86.45%) 2,919 (-29.25%) 2,520 (-88.92%)
gec-66186 5,281 3,685  (-30.22%) 2,969 (-{3.78%) 3,143 (-40.48%)
gcc-66375 5613 3,938  (-29.84%) = 4,251 (-24.27%) 3,999 (-28.75%)
gee-T0127 5,728 4,043 (-29.42%) 4,019 (-29.84%) 3,906 (-81.81%)
gcc-71626 620 949  (+55.06%) 617  (-0.48%) 951 (+55.39%)
jerry-3299 122 174 (+42.62%) 144 (+18.08%) 197 (+61.48%)
jerry-3361 99 160  (+61.62%) 109 (+10.10%) 172 (+73.74%)
jerry-3376 90 368 (+308.89%) 89 (-1.11%) 352 (+291.11%)
jerry-3408 117 177 (+51.28%) 122 (+4.27%) 188 (+60.68%)
jerry-3431 44 110 (+150.00%) 59 (+34.09%) 117 (+165.91%)
jerry-3433 18 46 (+155.56%) 23 (+27.78%) 50 (+177.78%)
jerry-3437 49 a7 (-4.08%) 48 (-2.04%) 54 (+10.20%)
jerry-3479 181 206 (+65.54%) 173 (-4.42%) 313 (+72.93%)
jerry-3483 54 75 (+38.89%) 56 (+3.70%) 77 (+42.59%)
jerry-3506 87 201 (+181.08%) 94 (+8.05%) 205 (+135.63%)
jerry-3523 73 193 (+164.38%) 68 (-6.85%) 198 (+171.23%)
jerry-3534 114 144 (+26.32%) 104 (-8.77%) 147 (+28.95%)
jerry-3536 108 172 (+59.26%) 132 (+22.22%) 197 (+82.41%)
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Table 7.7: Coarse Hoisting and HDD Output Sizes

Test Coarse Coarse Coarse Coarse
HDD* Hoist*+HDD* HDDH* Hoist*+HDDH*

clang-22382 975 643 (-34.05%) 975 — 643 (-84.05%)
clang-22704 351 318 (-9.40%) 351 — 318 (-9.40%)
clang-23309 5,556 2,312 (-58.39%) 5,556 — 2,312 (-58.39%)
clang-23353 49,114 457  (-99.07%) 49,114 — 457 (-99.07%)
clang-25900 2,472 1,331 (-46.16%) 2,472 — 1,331 (-46.16%)
clang-26350 2,936 798 (-72.82%) 2,936 — 798 (-72.82%)
clang-26760 1,235 708  (-42.67%) 1,235 — 708 (-42.67%)
clang-27747 973 626 (-35.66%) 973 — 626 (-85.66%)
clang-31259 3,086 1,079 (-65.04%) 3,086 — 1,079 (-65.04%)
gce-59903 6,172 1,825 (-70.43%) 6,172 — 1,825 (-70.43%)
gce-60116 4,300 1,810 (-57.91%) 4,300 — 1,810 (-57.91%)
gce-61383 3,642 1,449 (-60.21%) 3,642 — 1,449 (-60.21%)
gce-61917 2,912 695 (-76.13%) 2,912 — 695 (-76.13%)
gce-64990 2,051 1,094 (-46.66%) 2,051 — 1,094 (-46.66%)
gee-65383 1,671 768 (-54.04%) 1,733 (+3.71%) 763 (-54.34%)
gce-66186 4,335 1,221 (-71.83%) 4,349 (+0.32%) 1,219 (-71.88%)
gce-66375 5,057 1,848 (-63.46%) 5,057 — 1,848 (-63.46%)
gee-70127 2,609 1,472  (-43.58%) 2,609 — 1,472 (-43.58%)
gce-71626 178 177 (-0.56%) 178 — 177 (-0.56%)
jerry-3299 159 94 (-40.88%) 159 — 94 (-40.88%)
jerry-3361 108 95 (-12.04%) 108 — 95 (-12.04%)
jerry-3376 72 39 (-45.83%) 72 — 39 (-45.83%)
jerry-3408 74 66 (-10.81%) 74 — 66 (-10.81%)
jerry-3431 33 31 (-6.06%) 33 — 31 (-6.06%)
jerry-3433 18 18 — 18 — 18 —
jerry-3437 48 32 (-83.33%) 48 — 32 (-83.83%)
jerry-3479 165 111 (-32.73%) 165 — 111 (-82.73%)
jerry-3483 38 38 — 38 — 38 —
jerry-3506 57 57 — 57 — 57 —
jerry-3523 63 48 (-23.81%) 63 — 48 (-23.81%)
jerry-3534 69 80 (+15.94%) 69 — 80 (+15.94%)
jerry-3536 132 124 (-6.06%) 132 — 124 (-6.06%)
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Table 7.8: Coarse Hoisting and HDD Number of Test Fxecutions
Test Coarse Coarse Coarse Coarse
HDD* Hoist*+HDD* HDDH* Hoist*+HDDH*

clang-22382 5,603 6,445 (+15.03%) 5,603 — 6,444  (+15.01%)
clang-22704 4,391 19,809 (+851.13%) 4,391 — 19,809  (+351.13%)
clang-23309 9,706 7,810  (-19.53%) 9,706 — 7,810 (-19.53%)
clang-23353 50,480 26,543  (-47.43%) 50,489 — 26,543 (~47.43%)
clang-25900 5,215 5383 (+3.22%) 5,215 — 5,383 (+3.22%)
clang-26350 7,937 14,378 (+81.15%) 7,937 — 14,378 (+81.15%)
clang-26760 4,916 8,849 (+80.00%) 4,916 — 8,849 (+80.00%)
clang-27747 3,209 11,735 (+265.69%) 3,209 — 11,735 (+265.69%)
clang-31259 6,625 4,923  (-25.69%) 6,625 — 4,923 (-25.69%)
gee-59903 8,679 7,238 (-16.60%) 8,679 — 7,238 (-16.60%)
gce-60116 8,083 8,262  (+2.21%) 8,083 — 8,262 (+2.21%)
gec-61383 7,504 8,322 (+10.90%) 7,504 — 8,322 (+10.90%)
gee-61917 6,624 5,051  (-23.75%) 6,624 — 5,051 (-23.75%)
gcc-64990 6,706 7,161 (+6.78%) 6,547 (-2.37%) 7,218 (+7.63%)
gec-65383 5,495 3,974  (-27.68%) 5,717 (+4.04%) 4,051 (-26.28%)
gcc-66186 6,606 10,503 (+58.99%) 6,760 (+2.33%) 10,324 (+56.28%)
gcc-66375 8,092 11,008 (+36.04%) 8,092 — 11,008 (+36.04%)
gee-70127 8,015 11,792 (+47.12%) 8,015 — 11,792 (+47.12%)
gee-71626 1,808 4,208 (+132.74%) 1,808 — 4,208 (+132.74%)
jerry-3299 83 135 (+62.65%) 83 — 135 (+62.65%)
jerry-3361 60 175 (+191.67%) 60 — 175 (+191.67%)
jerry-3376 62 396 (+538.71%) 62 — 396 (+538.71%)
jerry-3408 62 170 (+174.19%) 62 — 170 (+174.19%)
jerry-3431 24 148 (+516.67%) 24 — 148 (+516.67%)
jerry-3433 15 55 (+266.67%) 15 — 55 (+266.67%)
jerry-3437 29 34 (+17.24%) 29 — 34 (+17.24%)
jerry-3479 130 507 (+290.00%) 130 — 507 (+290.00%)
jerry-3483 28 54 (+92.86%) 28 — 54 (+92.86%)
jerry-3506 59 197 (+233.90%) 59 — 197 (+233.90%)
jerry-3523 42 371 (+783.33%) 42 — 371 (+783.33%)
jerry-3534 89 122 (+37.08%) 89 — 122 (+37.08%)
jerry-3536 a7 121 (+157.45%) 47 — 121 (+157.45%)
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Table 7.9: Coarse Hoisting and HDD" Output Sizes

Test Coarse Coarse Coarse Coarse
HDD** Hoist**4+HDD** HDDH"* Hoist"™*+HDDH"*

clang-22382 1,007 695 (-80.98%) 1,007 — 695 (-80.98%)
clang-22704 830 305  (-65.25%) 830 — 305 (-63.25%)
clang-23309 6,198 2,237 (-63.91%) 6,198 — 2,237 (-63.91%)
clang-23353 884 462 (-47.74%) 884 — 462 (-47.74%)
clang-25900 2574 1,206  (-53.15%) 2,574 — 1,206 (-53.15%)
clang-26350 3,658 803 (-78.05%) 3,658 — 803 (-78.05%)
clang-26760 1,349 564  (-58.19%) 1,349 — 719 (-46.70%)
clang-27747 995 714 (-28.24%) 995 — 714 (-28.24%)
clang-31259 3,108 1,270 (-59.14%) 3,108 — 1,270 (-59.14%)
gce-59903 4,076 2,131 (-47.72%) 4,076 — 2131 (-47.72%)
gee-60116 4,829 2,171 (-55.04%) 4,829 — 2,171 (-65.04%)
gee-61383 4,045 977 (-75.85%) 4,045 — 977 (-75.85%)
gce-61917 2,921 700 (-76.04%) = 2,921 — 700 (-76.04%)
gce-64990 2,019 1,063 (-47.35%) 2,412 (+19.47%) 1,061 (-47.45%)
gec-65383 1,663 598  (-64.04%) 1,665 (+0.12%) 768 (-53.82%)
gee-66186 4,304 1,226 (-71.51%) 4,308  (+0.09%) 1,264 (-70.63%)
gce-66375 5,075 1,788 (-64.77%) 5,075 — 1,788 (-64.77%)
gee-70127 2,661 1,395  (-47.58%) 2,661 — 1,395 (-47.58%)
gece-71626 178 177 (-0.56%) 178 — 177 (-0.56%)
jerry-3361 96 94 (-2.08%) 96 — 94 (-2.08%)
jerry-3299 108 95  (-12.04%) 108 — 95 (-12.04%)
jerry-3376 72 72 — 72 — 72 —
jerry-3408 74 66  (-10.81%) 74 — 66 (-10.81%)
jerry-3431 33 31 (-6.06%) 33 — 31 (-6.06%)
jerry-3433 18 18 — 18 — 18 —
jerry-3437 48 32 (-83.83%) 48 — 32 (-83.83%)
jerry-3479 165 111 (-82.73%) 165 — 111 (-82.73%)
jerry-3483 38 38 — 38 — 38 —
jerry-3506 57 57 — 57 — 57 —
jerry-3523 63 48 (-25.81%) 63 — 48 (-23.81%)
jerry-3534 96 80  (-16.67%) 96 — 80 (-16.67%)
jerry-3536 132 124 (-6.06%) 132 — 124 (-6.06%)
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Table 7.10: Coarse Hoisting and HDD" Number of Test Executions
Test Coarse Coarse Coarse Coarse
HDD"* Hoist™ *4+HDD** HDDH"* Hoist™ *+HDDH" *

clang-22382 3,157 2,614 (-17.20%) 3,157 — 2,614 (-17.20%)
clang-22704 2,914 5878 (+101.72%) 2,914 — 5,878 (+101.72%)
clang-23309 4,989 3,384  (-32.17%) 4,989 — 3,384 (-32.17%)
clang-23353 3,587 4,363 (+21.63%) 3,587 — 4363 (+21.63%)
clang-25900 3,096 2,497  (-19.35%) 3,096 — 2,497 (-19.35%)
clang-26350 4,746 5478 (+1542%) 4,746 — 5,478 (+15.42%)
clang-26760 2,952 3,047  (+3.22%) 2,952 — 11,602 (+293.02%)
clang-27747 2,293 3,084  (+34.50%) 2,293 — 3,084 (+34.50%)
clang-31259 4,031 2,612 (-35.20%) 4,031 — 2,612 (-35.20%)
gee-59903 5160 4,101  (-20.52%) 5,160 — 4,101 (-20.52%)
gce-60116 6,268 4,452  (-28.97%) 6,268 — 4,452 (-28.97%)
gec-61383 4,652 2,224 (-52.19%) 4,652 — 2,224 (-52.19%)
gee-61917 3875 2,783  (-28.18%) 3,875 — 2,783 (-28.18%)
gcc-64990 4,805 2,640  (-45.06%) 4,167 (-13.28%) 2,650 (~44.85%)
gec-65383 3,595 1,954  (-45.65%) = 3,547  (-1.34%) 1,960 (~45.48%)
gcc-66186 3,715 2,288 (-88.41%) 4237 (+14.05%) 2,264 (-39.06%)
gcc-66375 4,369 2,879  (-34.10%) 4,369 — 2,879 (-34.10%)
gee-70127 4,236 2,835  (-33.07%) 4,236 — 2,835 (-33.07%)
gee-71626 989 1,325 (+33.97%) 989 — 1,325 (+33.97%)
jerry-3299 67 120 (+79.10%) 67 — 120 (+79.10%)
jerry-3361 53 116 (+118.87%) 53 — 116 (+118.87%)
jerry-3376 57 335 (+487.72%) 57 — 335 (+487.72%)
jerry-3408 59 123 (+108.47%) 59 — 123 (+108.47%)
jerry-3431 20 84 (+320.00%) 20 — 84 (+320.00%)
jerry-3433 16 44 (+175.00%) 16 — 44 (+175.00%)
jerry-3437 28 31 (+10.71%) 28 — 31 (+10.71%)
jerry-3479 123 252 (+104.88%) 123 — 252 (+104.88%)
jerry-3483 29 50 (+72.41%) 29 — 50 (+72.41%)
jerry-3506 55 171 (+210.91%) 55 — 171 (+210.91%)
jerry-3523 33 161 (+387.88%) 33 — 161 (+387.88%)
jerry-3534 64 102 (+59.38%) 64 — 102 (+59.38%)
jerry-3536 44 110 (+150.00%) 44 — 110 (+150.00%)




“Working hard for something we don’t care about is
called stress; working hard for something we love is
called passion.”

— Simon Sinek

Summary

Software maintenance is a diverse field, and this study only focused on a small
part of it: what happens after a new bug is found but before it is reported.
When a new bug is found, the sequence of events that can reproduce it might
be noisy, containing both relevant and irrelevant information related to the
reproduction. It is better for everyone to start debugging with a clean test
case that reproduces the bug, however, manually selecting the events that
are absolutely necessary for its reproduction is also a time-consuming task.
Fortunately, test cases can be minimized automatically, and this study focused
on automatic test case reduction algorithms and their optimization possibilities.

Two discipline defining algorithms are evaluated in detail, presented their
weaknesses and proposed optimizations to them. First, the minimizing Delta
Debugging algorithm was optimized from different perspectives. When the
proposed optimizations had a potential effect on Hierarchical Delta Debugging
(as HDD uses DDMIN as its utility to remove subtrees), we evaluated the
proposals on HDD as well. Then, investigated the potential behind different
tree-transformations (other than pruning) with HDD.
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The author identifies four main findings, which are listed below:

1. Cache Optimizations: Defined, implemented, and evaluated three
cache optimizations for automatic test case reduction algorithms,

2. Tterating the Minimizing Delta Debugging Algorithm: Defined,
implemented, and evaluated the fixed-point iteration of DDMIN that
achieves smaller outputs,

3. Parallel Optimizations of DDMIN¥*: Defined, implemented, and eval-
uated a new parallel variant of the DDMIN algorithm that can perform
reduction faster than before,

4. Extending Hierarchical Delta Debugging with Hoisting: De-
fined, implemented, and evaluated the transformation-based minimiza-
tion framework for hierarchical reduction, and an example transformation,
the Hoisting.

Some chapters focused on making the output of the algorithms smaller
while others focused on making the reduction process more lightweight.

1. Cache Optimizations

The main purpose of using cache memory in test case reduction algorithms is
to avoid running the same test multiple times as the algorithm tries different
configuration combinations. On the other hand, the reduction should somehow
be completed, even if we run out of resources (RAM). Several techniques are
available for cache replacement, the most widespread algorithms for it are Least
Frequently Used (LFU), Most Frequently Used (MFU), and Least Recently
Used (LRU), however, these classic techniques do not make use of the knowledge
of the underlying algorithms and evict elements from the cache that might be
needed later. Therefore, the caching solutions of minimizing Delta Debugging
(DDMIN) and Hierarchical Delta Debugging (HDD) were investigated, and
based on the preliminary research, the “content-based” technique was chosen
to work on as it performed the best with both algorithms.
The contributions of this part:

1. Found that the cache utilization and scaling are suboptimal: DDMIN deter-
mined the outcome of its configurations via cache memory only in 3% of the
cases, while HDD utilized the cache better, the actual testing of 21% of the
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configurations could be avoided. It did not scale well for either algorithm:
DDMIN consumed up to 53 MB of memory for reducing a 4 kB sized input,
while HDD required 4 GB of RAM to reduce a 0.44 MB sized test in the
worst case.

2. Three optimizations were proposed to reduce the memory footprint of caches
used in test case minimization:

(a) add only passing (V') tests to the cache,

(b) when a new failing (X) test case is found, evict cache entries of bigger
test cases, and

(c) instead of storing the serialized test contents, store their hashed value
(fixed-width keys instead of variable-width).

3. With the optimizations combined, DDMIN requires 96% and HDD requires
85% less memory compared to the baseline implementation. Supporting
the scalability issue, the size of the input had an effect on the results: on
JRTS (smaller tests), the average improvement was 63.19%, while on PTS
(larger inputs), it was 99.93%. Furthermore, as a side effect, the reduction
becomes faster by 9.9% with DDMIN. In our experiments, the result of the
reductions did not change after the optimizations.

The results, which are based on the [37] publication are presented in Chap-
ter 4.

2. Iterating the Minimizing Delta Debugging Algorithm

If test case reducers have to work without information about the input structure,
suboptimal results may be produced. It is easy to show what DDMIN can
remove from its input and what structures cannot be handled by the algorithm.
We analyzed inputs (source code for various compilers and execution engines)
that cannot be properly reduced by DDMIN and proposed a potential solution
to the problem. We formalized the fixed-point iteration of DDMIN (denoted
as DDMIN*) and then investigated whether it improves the effectiveness of
the algorithm. We evaluated the fixed-point iteration in two slightly different
settings.

First, the reduction of test cases was performed with character level granu-
larity on a smaller test suite; the output became smaller by 68% on average.
Then, the reduction was performed with line granularity, and the experiments
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show that DDMIN* can produce 48% smaller outputs on average (69% on a
larger test suite and 19% on a smaller one). The price of this improvement is an
increase in the number of steps, which was 66% on average. A “combined”, two-
pass reduction was then performed where test cases were first reduced with line
granularity, and then these intermediate results were reduced further with char-
acter granularity for fine-tuning. DDMIN* outperformed DDMIN even with
this setting, and was able to reduce inputs by an average of 46%. Surprisingly,
some inputs could be reduced faster with DDMIN*, as the line-level reduc-
tion produces results in a reasonable amount of steps, then the character-level
reduction can work further from this smaller input configuration.

Encouraged by the promising results, we compared the output of DDMIN*
with the output of HDD* to see whether a structure-unaware algorithm could
compete with a “more clever” one. In terms of required testing steps, the answer
is simply no; however, in terms of size, DDMIN* has brought the results much
closer, from a 9 times larger output (DDMIN) to an only 3 times larger one.

The contributions of this part:

1. Formalization of the fixed-point iteration of DDMIN, denoted as DDMIN*,

2. DDMIN* is most effective with character-level granularity, however, character-
level reduction can be unacceptably slow for “large” inputs and line-level
reduction leaves unnecessary parts in its output. Therefore, we used a
combined approach, where DDMIN* produced 46% smaller outputs. Fur-
thermore, the two-pass reduction produced 54% smaller outputs than the
line-level approach in our experiments, on average.

3. DDMIN* incurs an additional cost (number of testing steps), which appears
in most cases. This additional cost is related to the size of the test case,
but it does not grow beyond all limits. The effectiveness of the reduction
shows a similar pattern: the larger the input configuration, the larger the
potential to reduce. If the input configuration has some superfluous items,
DDMIN* can reduce it further regardless of its size.

4. We have compared the output of DDMIN* with the output of HDD*, to see
if a structure-unaware algorithm can compete with a “more clever” one. In
terms of required testing steps, the answer is simply no; however, DDMIN*
brought the results much closer to each other, from a 9 times larger output
(DDMIN) to an only 3 times larger.

The results, which are based on the publications [32, 35] are presented in
Chapter 5.
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3. Parallel Optimizations of DDMIN*

The previous two parts tried to make the reduction more lightweight and
make its output smaller. In this part, we have investigated whether it was
possible to make DDMIN itself work faster without compromising its minimality
guarantees. A technique that has already been proven useful for speeding up
DDMIN is parallelization, and we have investigated whether it was possible to
make parallel DDMIN even faster without losing the 1-minimal property of its
output.

First, the stability issues of parallel DDMIN are discussed: if multiple fail-
ing configurations are found in a parallel testing window (how many tests are
checked concurrently), then the algorithm becomes unstable: it will choose
among the interesting configurations based on which produced its fail outcome
first. Different test reductions can yield different outcomes, which is not appro-
priate for carrying out reproducible experiments. The “reduce to subset” and
“reduce to complement” phases iterate through configurations in a forward or
backward syntactic order; it is known which configuration should be investi-
gated first. The following changes are made in order to stabilize the algorithm:
if a fail is found in a parallel testing window, then the active test executions
should be awaited (i.e., computation results are discarded). If multiple fails
are found, the syntactic order is considered when choosing which one to reduce
further.

When multiple fails are found and the algorithm chooses one of them
based on the iterator, the results from other configurations are discarded, even
if they could have been useful. This results in superfluous test executions
on configurations that have already been tested (and failed). The following
strategy helps to minimize the number of test executions: If a testing window
has multiple fails, then it is worth trying to combine those configurations
that yielded them and check whether this combination also results in a fail.
If yes, then multiple test executions are saved in one step. If not, select
the first fail (based on the syntactic order) and try to combine the other
interesting configurations one by one. This case can also save testing steps
as only configurations with a fail outcome are retested instead of the whole
testing window in the next parallel loop iteration.

We have presented a modified parallel DDMIN — called GreeDDy —, evalu-
ated on a subset of a publicly available dataset and found that GreeDDy* could
save 31% of the testing steps of DDMIN* which resulted in 40% less runtime.

The contributions of this part:
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1. Investigated the stability issues of DDMIN* and provided a stabilization
approach for it.

2. Made the parallel execution of DDMIN* even faster, exploiting the potentials
of the already-seen testing windows (named GreeDDy*).

3. Presented our idea where multiple test executions with fail outcomes could
be merged to save further retesting, and found that GreeDDy* could save
30.68% of the testing steps of DDMIN* which resulted in 39.88% less runtime.
The output of GreeDDy* usually got smaller, however, the effects of the
algorithm on the output are negligible.

The results, which are based on the [36] publication are presented in Chap-
ter 6.

4. Extending Hierarchical Delta Debugging with Hoisting

Although Hierarchical Delta Debugging and its variants perform better on
structured inputs than DDMIN; there is still room for improvement. Several
improvements have already been proposed, often by preprocessing the tree
representation HDD is working on, e.g., by hiding some tokens from HDD to
reduce the number of nodes that have to be considered, by collapsing multiple
nodes into one for the same reason, or by rotating recursive structures of the
tree to reduce its height. However, these transformations do not change the
core structure of the tree, the test case serialized from the preprocessed tree
will still be the same as the original input.

There are recurring structures in the parse tree of the preprocessed input
that HDD cannot reduce but a human engineer can easily point out, such
as conditional statements, loops, function calls inside a parameter list, etc.
Therefore, the Transformation-based Minimization describes an algorithmic
framework that enables transformations that can not only remove but also
replace elements in the initial configuration. We have already defined such
a transformation (hoisting), which assumes that a subtree may be replaced
by another without losing syntactic correctness if and only if the roots of the
subtrees are in an ancestor-descendant relationship.

The contributions of this part:

1. Formalization of the Transformation-based Minimization framework and an
example transformation: hoisting. The intention behind hoisting is that a
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subtree may be replaced by another without losing syntactic correctness if
the roots of the subtrees are in an ancestor-descendant relationship.

. Evaluation of hoisting in several configurations. First, hoisting was applied

as a preprocessing step to hierarchical delta debugging (e.g., Hoist*+HDD*),

then, hoisting was interlaced with hierarchical delta debugging (e.g., HDDH*),
and as stand-alone hoisting and the interlaced algorithm are not mutually

exclusive, they can be used in sequence (e.g., Hoist*+HDDH?*).

. On real-world inputs, hoisting combined with HDD gives generally smaller,
or at least as small outputs as HDD alone. Bigger outputs are rare. Min-

imized test cases can be as small as /5 of the output given by traditional
HDD.

. The effects of hoisting to HDD and HDD" are similar: the majority of the
test cases could be reduced further with hoisting.

. Coarse HDD and Coarse HDD" show similar patterns to the non-coarse
variants with respect to the output size: test cases could be reduced further
with hoisting. However, hoisting had no effect on the Coarse HDDH and
Coarse HDDH" algorithm variants, furthermore, algorithms performed the
reduction exactly the same way when hoisting was a preprocessing step.

. The effect of hoisting on the efficiency of the reduction highly depends on
the height of the input tree. If the height of the tree is small (below 50),
hoisting increases the required testing steps. However, if the height of the
tree is big enough (above 150), test cases can be reduced faster with hoisting.

The Hoist* + HDDH* and Hoist™ + HDDH"* algorithm variants produced

the smallest output among the ones tested, and the Coarse variants performed

the reduction requiring the fewest steps (at the cost of bigger outputs). The
results, which are based on the publications [33, 34] are presented in Chapter 7.

The Author’s Contributions

The author had a decisive role in the design, implementation and evaluation

of a significant proportion of the above presented findings.

1. Cache Optimizations: The author analyzed the state-of-the-part caching
solutions that have been used in reduction, then designed and implemented
three optimizations for reducing the memory footprint of the reduction.
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Summary

Table A.1: Summary of thesis topics and corresponding publications

37] [32] [35] [36] [33] [34]

N R
[ ]

Then, he evaluated the effects of proposals with different reduction ap-
proaches, on multiple test suites.

. Iterating the Minimizing Delta Debugging Algorithm: The author

designed and prototyped the fixed-point iteration of the DDMIN algorithm.

. Parallel Optimizations of DDMIN*: The author analyzed the weak-

nesses of the parallel DDMIN, then designed, implemented and evaluated a
solution to it.

. Extending Hierarchical Delta Debugging with Hoisting: The author

investigated the structure of the inputs (abstract syntax trees) of HDD
searching for optimization possibilities. He found that identically labeled
nodes can be replaced without loosing the syntactic correctness. Then, he
prototyped the transformation-based minimization framework, implemented
the hoisting as an example transformation, and evaluated it on publicly
available test suites.

Furthermore, the supporting replication package has been published at the

time of each publication. The author has been responsible for the redesign
and implementation of the algorithms that stand their ground in the world of
open-source. The publications related to the thesis points are the following:

[37] Déniel Vince and Akos Kiss. Cache Optimizations for Test Case

Reduction. In Proceedings of the 22nd IEEE International Conference
on Software Quality, Reliability, and Security (QRS 2022), pages 442-453,
Guangzhou, China (Virtual), December 2022. IEEE.
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[32] Déniel Vince. Iterating the Minimizing Delta Debugging Algorithm. In
Proceedings of the 13th International Workshop on Automating Test Case
Design, Selection and Evaluation (A-TEST’22), pages 57-60, Singapore,
November 2022. ACM.

[35] Déaniel Vince and Akos Kiss. Evaluation of the fixed-point iteration
of minimizing delta debugging. In Journal of Software: Evolution and
Process, 2024. Wiley.

[36] Déaniel Vince and Akos Kiss. GreeDDy: Accelerate Parallel DDMIN.
In Proceedings of the 15th ACM International Workshop on Automating
Test Case Design, Selection and Evaluation (A-TEST ’24), pages 1-4,
Vienna, Austria, September 2024. ACM.

[33] Daniel Vince, Renata Hodovén, Daniella Barsony, and Akos Kiss. Ex-
tending Hierarchical Delta Debugging with Hoisting. In Proceedings of
the 2nd ACM/IEEE International Conference on Automation of Software
Test (AST 2021), pages 60-69, Madrid, Spain (Virtual), May 2021. IEEE.

[34] Daniel Vince, Rendta Hodovan, Daniella Barsony, and Akos Kiss. The
effect of hoisting on variants of Hierarchical Delta Debugging. In Journal
of Software: Evolution and Process, 34(11):2483:1-e2483:26, November
2022. Wiley.

The author notes that although the results presented in this thesis are
his major contribution, the term we is used instead of I for self-reference to
acknowledge the contributions of the co-authors of the papers that this thesis
is based on.
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Osszefoglalds

A szoftverkarbantartas egy szertedgazo tudomanyag és jelen tanulmany annak
egy kis részével foglalkozik: mi torténik azutan, hogy egy hibat megtalaltak, de
még azel6tt, hogy bejelentenék. Amikor egy 1j hibat taldlnak, a reprodukcidhoz
szitkséges eseménysorozat a relevans részek mellett zajt (irrelevans részeket)
is tartalmazhat. Mindenkinek jobb, ha egy letisztult tesztesettel kezdi meg a
hibakeresést, viszont manudalisan kivalogatni a relevans részeket egy tesztesetbol
is idGigényes feladat. Szerencsére a tesztesetek minimalizaldsa automatizalhatd
és a tanulmany az automatikus teszteset-redukcios algoritmusokra és azok
optimalizacios lehetoségeire fokuszalt.

Két, a diszciplinat meghatarozo algoritmus részletesen ki lett értékelve,
bemutatasra keriiltek a gyengeségeik és optimalizaciok a kikiiszoboléstikre.
El6szor a minimizing Delta Debugging lett optimalizalva kiilonb6z6 perspekti-
vabdl. Amikor az optimalizacionak potencialis hatdsa lehetett a Hierarchical
Delta Debugging algoritmusra (mivel a HDD a DDMIN-t hasznélja a részfai
torléséhez), ott kiértékeltiik az optimalizaciét a HDD-n is. Majd megvizsgaltuk
a lehetéséget killonbozé fa-transzforméciok alkalmazasara (a torlésen kiviil) a
HDD segitségével.

A szerz6 négy f6 megallapitast azonosit, melyek a kovetkezok:
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1. Cache Optimizations: Harom gyorsitétar-optimalizalast definidlt, va-
l6sitott meg és értékelt ki az automatikus teszteset-csokkentési algorit-
musokhoz,

2. Tterating the Minimizing Delta Debugging Algorithm: Definidlta

« sz

3. Parallel Optimizations of DDMIN*: Definidlta a DDMIN algoritmus
egy 1j parhuzamos valtozatat, amely gyorsabban képes végrehajtani a
redukciot,

4. Extending Hierarchical Delta Debugging with Hoisting: Defini-
alta a transzformécio-alaptt minimalizalasi keretrendszert és egy példa
transzforméaciot, a Hoistinget.

Néhany fejezet azzal foglalkozott, hogy a redukcié kimenete kisebb legyen,
még masok a redukcios folyamat konnyedebbé tételét boncolgatta.

1. Cache Optimizations

A gyorsitotar hasznélatanak célja a teszteset redukcidos algoritmusokban az,
hogy elkertljiik ugyanazon tesztesetek ujrafuttatasat mikozben az algoritmus
kiilonboz6 konfiguracios kombinacidkat probal ki. Masrészrol a redukcionak
akkor is végbe kellene mennie, amikor az er6forrasokbdl kifogyunk (RAM
memoria). Tébb megoldas is létezik a gyorsitotar menedzselésére, a legelter-
jedtebb algoritmusok a Least Frequently Used (LFU), a Most Frequently Used
(MFU) és a Least Recently Used (LRU), viszont ezek a klasszikus megoldédsok
nem veszik figyelembe az algoritmusok sajatossagait és torolhetnek olyan el-
emeket a gyor-sitotarbol, amikre késobb sziikség lehet. Ezért megvizsgaltuk
a minimizing Delta Debugging (DDMIN) és a Hierarchical Delta Debugging
(HDD) algoritmusok gyorsitétar megoldasait. Az elézetes vizsgalatok alapjén a
tartalom alapti megoldas lett kivalasztva tovabbi javitasra, mivel ez bizonyult
a leghatékonyabbnak mindkét algoritmus szamara.
A fejezet kontribucioi:

1. Kideriilt, hogy a gyorsitotar felhasznaldsa és a skaldzdédésa sem optimalis:
DDMIN a kiprébalt konfigurdciéinak csupan 3%-at hatdrozta meg gyorsito-
tarbél, mig a HDD jobban teljesitett, a kiprobalt konfiguraciéinak 21%-4t
tudta gyorsitétarbol meghatarozni. Ami még ennél is rosszabb, egyik algo-
ritmus skaldzédasa sem volt megfelel6: DDMIN 53MB memoriat hasznélt
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fel egy 4kB méreti teszteset minimalizaldsahoz, mig HDD-nek 4GB RAM
volt sziikséges egy 0.44MB méretii tesztesethez.

2. A tartalom alapu gyorsitotar memoriaigényének csokkentése érdekében a
kovetkezé harom optimalizacidt javasoltuk:

a) csak a hibat nem reprodukalé teszteseteket adjuk hozza a gyorsitotar-
p J g
hoz,

(b) amikor egy reprodukalé tesztesetet talal az algoritmus, minden anndl
nagyobbat toroljiink ki a gyorsitotarbol, és

(c) ahelyett, hogy a teszteset tartalmat tarolndnk, taroljuk annak egy
transzformalt (hashelt) véltozatat (azonos hosszisagu kulesok a valtozo
hosszusdguak helyett).

3. A javasolt optimalizaciokkal a DDMIN 96%-kal és a HDD 85%-kal kevesebb
memoriat hasznalt az Osszehasonlitasképpen hasznalt implementaciohoz
képest. A skalazodasi problé-mat aldtamasztva a bemenet mérete be-
folydsolta az eredményeket: az atlagos memoériajavulas 63% volt kisebb
teszteseteken, mig 99% volt nagyobbakon. Mellékhatdsként a redukcid
10%-kal gyorsabb lett a DDMIN-t haszndlva. A kisérleteinkben a redukcié
kimenete nem valtozott az optimalizaciék hatasara.

Az eredmények a 4. Fejezetben vannak bemutatva, melyek a [37] tanul-
manyra épilnek.

2. Iterating the Minimizing Delta Debugging Algorithm

Amikor a tesztesetredukdald eszkozoknek anélkiil kell elvégezniiik a felada-
tot, hogy rendelkeznének informéaciéval a bemenetiik strukturajarol, szubop-
timalis eredmények keletkezhetnek. Konnyti olyan példat konstrualni, amely
szemlélteti, hogy a DDMIN mit tud kitorolni és milyen struktirakat nem
tud kezelni. Megvizsgaltuk azokat az eseteket, amiket a DDMIN nem tud
megfeleléen redukélni (forrdskéd formatumi bemenetek kilénbozé forditéprog-
ramokhoz és végrehajtémotorokhoz) és javasoltunk egy lehetséges megoldést
a problémara. Formalizaltuk a fixpont iterdciéjat a DDMIN-nek (DDMIN*-
gal jeloltiik), majd megvizsgaltuk vajon javitja-e az algoritmus hatékonysdgat.
Ezutan kiértékeltiik a fixpont iterdciot két, némileg kiillonb6zo esetben.
El6szor a tesztesetek karakteralapi bontasban keriiltek redukalasra egy
kisebb teszthalmazon, ahol a kimenet 68%-kal csokkent atlagosan. Majd so-
ralapt redukcié lett vizsgdlva, a kisérletek alapjan a DDMIN* 48%-kal kisebb
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kimenetet tud eléallitani (69%-kal kisebbet egy nagyobb méretii teszthalma-
zon és 19%-kal kisebbet egy kisebben). A kimenet méretének csokkentése
megnovelte a sziikséges 1épésszamot, mely 66%-kal novekedett atlagosan. Végiil
egy “kombinalt”, kétfazisu redukciét vizsgaltunk, ahol a teszteseteket elészor
soralapon redukaltuk, majd a koztes eredmények karakteralapt redukcioval
lettek tovabb csokkentve, mint egy finomhangoldsi 1épés. A DDMIN* ebben a
kisérletben is feliilmulta az 6sszehasonlitasképpen hasznalt DDMIN-t és tovabb
tudta redukélni a bemeneteit 46%-kal. Meglepé mdédon néhany teszteset re-
dukciéja gyorsabban lefutott, ahogyan a soralapt redukcié ésszerti id6 alatt
produkalt eredményeket, majd a karakteralapt redukcié ezen a kisebb kon-
figuraciéon tudott dolgozni.

Az igéretes eredményeken felbuzdulva 6sszehasonlitottuk a DDMIN* és a
HDD* eredmé-nyeit, hogy lassuk vajon egy strukturat figyelmen kivil hagyé
algoritmus tud-e versenyezni egy nala okosabbal. A sziikséges tesztlépések
szamat tekintve a valasz egyszeriien nem, viszont a DDMIN* sokkal kozelebb
hozta egyméshoz a kimeneti méreteket: kilencszer nagyobb eredmények helyett
(DDMIN) csak haromszor nagyobbat csinalt. Még mindig van mit javitani
azokban a helyzetekben, amikor a bemeneti struktira hidanyzik vagy gyorsan
valtozik.

A fejezet kontribucidi:

1. A DDMIN fixpont iterdcidjanak formalizéldsa, melyet DDMIN*-gal jeloltiink.

2. A DDMIN* karakteralapt redukciéval a leghatékonyabb, viszont ez gyakor-
lati szempontbol elfogadhatatlanul lasst lehet nagy tesztesetek esetében. A
soralapu redukcié pedig irrelevans részeket hagy a kimenetében. Ennélfogva
egy kombinélt megkozelitést alkalmaztunk, ahol a DDMIN* 46%-kal kisebb
kimenetet tudott eléallitani. Tovabba a kétfazist redukci6 atlagosan 54%-
kal kisebb kimenetet eredményezett a soralapt redukcidhoz viszonyitva a
kisérleteink soran.

3. DDMIN* hasznélata tobbletkoltséggel jar, a tesztvégrehajtasok szama no-
vekszik, ami a legtobb esetben fellelhet6. Ez a tobbletkoltség a bemenet
nagysagatol is fiigg, viszont nem né minden hataron til. A redukcio
eredményeként eloalldo kimenet is hasonld tendencidat mutat: minél nagyobb
a bemeneti konfiguracié, annél nagyobb a lehetoség a redukciéra. Amen-
nyiben a bemenet tartalmaz felesleges elemeket, a DDMIN* tovabb tudja
redukélni azt a mérettol fiiggetleniil.
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4. Osszehasonlitottuk a DDMIN* és a HDD* kimeneteit, hogy megvizsgaljuk
vajon egy struktirat nem ismero algoritmus versenyezhet-e egy nala okos-
abbal. A redukcidhoz sziikséges tesztvégrehajtasok szamaban nem, viszont
a DDMIN* sokkal kozelebb hozta egymdshoz a kimeneti eredményeket: ki-
lencszer nagyobb eredmények helyett (DDMIN) csak haromszor nagyobbat
csinalt.

Az eredmények a 5. Fejezetben vannak bemutatva, melyek a [32, 35] tanul-
manyokra épiilnek.

3. Parallel Optimizations of DDMIN*

Az elozd két fejezet megprobalta a redukcié folyamatat konnyedebbé és a
kimenetét kisebbé tenni. Ebben a részben megvizsgaltuk vajon lehetséges-e
magat a DDMIN-t gyorsabba tenni anélkiil, hogy az algoritmus minimalitasra
vonatkoz6 garancidit elvesztenénk. Egy, mar a gyakorlatban is bizonyitott
technika a parhuzamositas, ezért azt vizsgaltuk, hogy gyorsabba tudjuk-e tenni
a parhuzamos redukciét az 1-minimalitas megtartasa mellett.

El6szor a parhuzamos DDMIN stabilitasi problémadit ismertettiik: amen-
nyiben tobb reprodukalé konfigurdciét taldlunk egy tesztelési ablakban (azaz
hény konfiguraci6 van tesztelve parhuzamosan), akkor az algoritmus viselkedése
instabil lesz: azt a reprodukal6d konfiguraciot valasztja, amely idében el6szor
adott vissza eredményt. Emiatt kiillonbozo redukciés folyamatok kiillonb6zo
eredménnyel zarulhatnak, ami nem igazan megfelel6 megismételheto kisérletek
lebonyolitasara. A “reduce to subset” és a “reduce to complement” fazisok
jarjak végig a konfiguracidkat valamilyen iranyban (el6refelé vagy hétrafelé),
igy ismert, hogy melyik konfiguraciét kellene elészor megvizsgalni. A kévetkezo
valtoztatasokat eszkozoltiik, hogy stabilizaljuk az algoritmust: amennyiben egy
reprodukalo tesztesetet taldltunk egy tesztelési ablakban, akkor minden még
folyamatban 1év6 tesztvégrehajtast meg kell varni (nem hagyunk el eredménye-
ket). Amennyiben tobbet talaltunk, akkor a bejarasi irdny alapjan vélasszuk
ki azt, amelyikkel tovabb folytatjuk a redukciét.

Ha tobb reprodukalod tesztesetet taldlunk és az algoritmus valaszt egyet a
bejaras alapjan, a tobbi konfiguracié eredménye el lesz dobva, még akkor is, ha
hasznosak lettek volna. Ez felesleges tesztvégrehajtdsokat eredményez olyan
konfigurdciékon, amik mar le lettek tesztelve (és reprodukaltak a hibat). A
kovetkezo stratégia segit csokkenteni a tesztvégrehajtasok szamat: Ha egy tesz-
telési ablakban tobb reprodukalé konfiguraciét talaltunk, megéri megprobalni
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Osszekombinalni 6ket és megnézni vajon a kombinalt konfiguracié is reprodukal-
e. Ameny-nyiben igen, szamos tesztvégrehajtast megsporolunk egy lépésben.
Ellenkez6 esetben a bejarasi irany alapjan valasszuk ki az elsét és egyenként
probaljuk 6sszekombinalni a tobbivel. Még ez a megkozelités is sporolhat, mivel
csak a reprodukald konfiguraciok kiilonféle kombinacidit vizsgaljuk tjra és nem
egy teljes tesztelési ablakot a kovetkezo parhuzamos ciklusban.

Bemutattuk a médositott parhuzamos DDMIN-t (GreeDDy-nek neveztiik
el) és kiértékel-titkk egy publikusan elérheté adathalmaz részhalmazan. Azt
talaltuk, hogy a GreeDDy a tesztvégrehajtasok 31%-at meg tudja sporolni, ami
40%-kal kevesebb futésidot jelent a DDMIN*-hoz viszonyitva.

A fejezet kontribucioi:

1. A DDMIN* stabilitdsi probléméainak ismeretetése és egy stabilizaldsi megol-
das bemutatasa.

2. A DDMIN* parhuzamos végrehajtdsat gyorsabbd tétele, kihasznélva a lehe-
téségeket a mar latott tesztelési ablakokban (GreeDDy).

3. Tobb reprodukald teszteset Osszevonasaval tovabbi tesztvégrehajtasok spo-
rolhaték meg, és kidertlt, hogy a GreeDDy* a tesztvégrehajtasok 31%-
at meg tudja spoérolni a DDMIN*-nek, ami 40%-al gyorsabb redukciét
eredményezett. A GreeDDy* eredményérdl dltalanossagban elmondhatd,
hogy kisebb lett, viszont az algoritmus hatasa a kimenetre elhanyagolhaté.

Az eredmények a 6. Fejezetben vannak bemutatva, melyek a [36] tanul-
manyra épiilnek.

4. Extending Hierarchical Delta Debugging with Hoisting

Habéar a HDD és a varidnsai jobban teljesitenek struktiraval rendelkez6 teszt-
eseteken, mint a DDMIN, mindig van esély némi optimalizaciéra. Szamos
javitas lett mar publikdlva, sokszor a HDD altal feldolgozott fa adatszerkezetén
végeznek elofeldolgozast, pl. elrejtenek néhany csomépontot a HDD eldl
igy kevesebb tesztvégrehajtast eredményezve. Masik elofeldolgozéas lehet a
csomopontok 0Osszeolvasztasa ugyanezen okbol, vagy a rekurziv struktirak
forgatasa a fa magassaganak csokkentése érdekében. Viszont, ezek a transz-
formaciék nem véltoztatjak meg a fa alapveto strukturajat, az abbdl eloallithato
teszteset ugyanaz lesz, mint az elofeldolgozas elott.

Vannak visszatérd strukturak HDD bemenetét képzo fa adatszerkezetben,
amiket a HDD nem képes redukalni, viszont egy szakérto egyszertien kiszirna,
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mint pl. feltételes utasitasok, ciklusok, fiiggvényhivasok paraméterlistan beliil
stb. Ezt a problémakort megoldvan, a transzformacio-alapi minimalizalas
egy algoritmikus keretrendszert ir le, amely nem csak torlés, hanem athelyezés
alaptu transzformacidkat is megenged. Egy ilyen transzforméciot definialtunk
is (amit “emelés” -nek (Hoist) neveztiink), ami azt feltételezi, hogy egy részfa
helyettesithetd egy masikkal a szintaktikus helyesség elvesztése nélkiil, ha a
két részfa gyokerei 6s-leszarmazott viszonyban vannak és a két gyokérelem
ugyanolyan cimkéji.

A fejezet kontribtcioi:

1. A transzformacié-alapti minimalizélas keretrendszerének formalizalasa, to-
vabba egy példa transzformacio, az emelés. Az emelés mogotti gondolat
az, hogy egy részfa kicserélheto egy masik részfaval a szintaktikai helyesség
elvesztése nélkiil, ha a két részfa gyokere azonos cimkéjli és O0s-leszarmazott
viszonyban vannak.

2. Az emelés kiértékelése kiillonbozé konfiguracioban. Elészor az emelés a HDD
el6feldol-gozasi 1épéseként volt alkalmazva (pl. Hoist* + HDD*), majd
egymasba agyazva a HDD-vel (pl. HDDH*) végiil ez a két 1épés nem zarja
ki egymédst, sorozatban mindkett6 elvégezhetd (pl. Hoist™ + HDDH*).

3. Valos adatokon az emelés kombindlva a HDD-vel altalanossagban kisebb
kimenetet eredményezett, de legalabb akkorat, mint amit a HDD egyediil
elérne. Nagyobb kimenetek ritkak. A redukélt tesztesetek akéar a tradi-
cionalis HDD kimenetének egyotode is lehetnek.

4. Az emelés hatdsa a HDD-re és a HDD"-re (rekurziv HDD) hasonld: a
tesztesetek tobbsége tovabb csokkentheté az emelés hatasara.

5. A Coarse HDD és a Coarse HDD" hasonlé mintazatot mutat a kimeneti
méret te-kintetében: a tesztesetek tovabb csokkenthetok az emelés alka-
Imazasaval. Viszont az emelésnek nincs hatasa a Coarse HDDH és a Coarse
HDDH" algoritmus varidansokra, illetve, amikor az emelés el6feldolgozasi
lépésként volt alkalmazva, akkor az algoritmusok viselkedése nem valtozott
meg.

6. Az emelés hatasa a redukcié hatékonysagara nagymértékben fiigg a fa adat-
strukttira magassagatol. Amennyiben a fa kicsi (kb. 50 magas), akkor
az emelés novekményt okozott a tesztvégrehajtasok szamaban, viszont, ha
a fa elég magas (nagyobb, mint 150), akkor a tesztesetek gyorsabban re-
dukalhaték az emelés alkalmazasaval.
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A Hoist* + HDDH* és Hoist™ + HDDH"* algoritmus varidnsok allitottak
el6 a legkisebb kimenetet a teszteltek koziil és a Coarse variansok igényelték a
legkevesebb tesztvégrehajtast (cserébe nagyobb kimenetet produkaltak).

Az eredmények a 7. Fejezetben vannak bemutatva, melyek a [33, 34] tanul-
manyokra épiilnek.

A szerz6 hozzdjdruldsai
A fejezetekben bemutatott optimalizaciok jelent6és részének tervezésében,
megvaldsitasaban és kiértékelésében a szerzonek donto szerepe volt.

1. Cache Optimizations: A szerz6 elemezte a redukciéban alkalmazott ko-
rszerli gyorsitotarazasi megoldasokat, majd harom optimalizalast tervezett
és valésitott meg a redukcié memériafelhasznaldsanak csokkentése érdekében.
Ezt kovetoen kiértékelte a kiilonbozo redukcios megkozelitési javaslatok
hatasait tobb teszthalmazon.

2. Iterating the Minimizing Delta Debugging Algorithm: A szerz6
megtervezte és prototipusként elkészitette a DDMIN algoritmus fixpontos

c s

3. Parallel Optimizations of DDMIN*: A szerzd elemezte a parhuzamos
DDMIN gyengeségeit, majd megtervezte, megvalésitotta és kiértékelte a
megoldast.

4. Extending Hierarchical Delta Debugging with Hoisting: A szerz6
a HDD bemeneteinek (absztrakt szintaxisfak) szerkezetét vizsgalta, opti-
malizalasi lehetoségeket keresve. Megéllapitotta, hogy az azonos cimkével
ellatott csomopontok a szintaktikai helyesség elvesztése nélkiil cserélhetok.
Ezutan elkészitette a transzformacio-alapti minimalizalasi keretrendszer pro-
totipusat, példatranszformécioként megvaldsitotta az emelést, majd ny-
ilvanosan elérhet6 tesztcsomagokon kiértékelte.

Ezenkivil a publikaciok replikacios csomagjai minden publikaciékor meg-
jelentek. A szerz6 feladata volt az elkésziilt algoritmusok nyilt forraskodu
publikacidja is. A tézisponthoz kapcsoldodd publikaciok a kovetkezok:

[37] Déniel Vince and Akos Kiss. Cache Optimizations for Test Case
Reduction. In Proceedings of the 22nd IEEE International Conference
on Software Quality, Reliability, and Security (QRS 2022), pages 442-453,
Guangzhou, China (Virtual), December 2022. IEEE.



Table B.1: A dolgozat témdinak dsszefoglaldsa és a kapcsolodo publikdciok

37] [32] [35] [36] [33] [34]
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[32] Daniel Vince. Iterating the Minimizing Delta Debugging Algorithm. In
Proceedings of the 13th International Workshop on Automating Test Case
Design, Selection and Evaluation (A-TEST’22), pages 57-60, Singapore,
November 2022. ACM.

[35] Déniel Vince and Akos Kiss. Evaluation of the fixed-point iteration
of minimizing delta debugging. In Journal of Software: Evolution and
Process, 2024. Wiley.

[36] Déaniel Vince and Akos Kiss. GreeDDy: Accelerate Parallel DDMIN.
In Proceedings of the 15th ACM International Workshop on Automating
Test Case Design, Selection and Evaluation (A-TEST ’24), pages 1-4,
Vienna, Austria, September 2024. ACM.

[33] Daniel Vince, Renata Hodovén, Daniella Barsony, and Akos Kiss. Ex-
tending Hierarchical Delta Debugging with Hoisting. In Proceedings of
the 2nd ACM/IEEE International Conference on Automation of Software
Test (AST 2021), pages 60-69, Madrid, Spain (Virtual), May 2021. IEEE.

[34] Daniel Vince, Rendta Hodovan, Daniella Barsony, and Akos Kiss. The
effect of hoisting on variants of Hierarchical Delta Debugging. In Journal
of Software: Evolution and Process, 34(11):2483:1-2483:26, November
2022. Wiley.

A szerz6 megjegyzi, hogy béar az ebben a dolgozatban bemutatott eredmények
az 0 16 hozzajarulasat jelentik, a mi kifejezést hasznaljuk az én helyett onhi-
vatkozasként, hogy elismerjiik azon cikkek tarsszerzéinek hozzajarulasat ahhoz,
melyek ezen dolgoat alapjat szolgaltatjak.
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