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RÉSUMÉ EN FRANÇAIS

Presque tous les systèmes logiciels d’aujourd’hui sont configurables. A l’aide d’options,
il est possible de modifier le comportement de ces systèmes, d’ajouter ou d’enlever cer-
taines capacités pour améliorer leurs performances ou les adapter à différentes situations.
Chacune de ces options est liée à certains parties de code, et s’assurer du bon fonction-
nement de ces parties entre elles, ou de les empêcher d’être utilisées ensemble, est un des
défis durant le développement et l’utilisation de ces logiciels, connus sous le nom de Lignes
de Produits Logiciel (ou SPL pour Software Product Lines). Si cela peut sembler rela-
tivement simple avec quelques options, certains logiciels assemblent des milliers d’options
réparties sur des millions de lignes de code, ce qui rend la tâche autrement plus complexe.

Durant la dernière décennie, les chercheurs ont commencé a utiliser des techniques
d’apprentissage automatique afin de répondre aux problématiques des Lignes de Produits
Logiciels. Un des problèmes clés est la prédiction des différentes propriétés de ces logiciels,
comme la vitesse d’exécution d’une tâche, qui peut fortement varier selon la configuration
du logiciel utilisé. Mesurer les propriétés pour chaque configuration peut être coûteux
et complexe, voire impossible dans les cas les plus extrêmes. La création d’un modèle
permttant de prédire les propriétés du logiciel, en s’aidant des mesures sur seulement
d’une faible partie des configurations possible est une tâche dans laquelle l’apprentissage
automatique excelle.

Différentes solutions ont été developées, mais elles n’ont été validées que dans des
cas où le nombre d’options est assez faible. Or, une part importante des SPL sont
dotés de plusieurs centaines voire plusieurs milliers d’options. Sans tester les solutions
d’apprentissage automatique sur des logiciels avec autant d’options, il est impossible de
savoir si ces solutions sont adaptées pour de tels cas.

La première contribution de cette thèse est l’application d’algorithmes d’apprentissage
automatique sur une ligne de produits logiciels à une échelle jamais atteinte auparavant.
Le noyau Linux, avec ses 15.000 options, dépasse complètement toutes les études de cas
sur les Lignes de Produits Logiciels présentes dans la littérature, qui n’ont utilisé que des
cas d’au mieux 60 options. En évaluant la précision de plusieurs algorithmes de l’état de
l’art pour prédire la taille binaire du noyau Linux, nous avons pu déterminer les limites de
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certaines techniques. Sans surprise, les algorithmes linéaires donnent de mauvais résultats
en termes de précision, car ils ne peuvent pas appréhender la complexité causée par les
interactions entre les options. Le modèle de performance-influence, bien que développé
spécifiquement pour les SPL, ne peut pas gérer autant d’options malgré les mesures prises
pour réduire l’explosion combinatoire. En fin de compte, nous avons constaté que les
algorithmes basés sur les arbres, ainsi que les réseaux de neurones, étaient capables de
fournir un modèle assez précis avec des ressources raisonnables en termes de temps et de
mémoire.

La deuxième contribution est la Feature Ranking List, une liste des options classées
par importance envers leur impact sur une propriété cible d’un logiciel, générée par une
amélioration de la sélection des caractéristiques basée sur les arbres de décisions. Nous
avons évalué ses effets sur les modèles de prédiction de la taille des binaires du noyau
Linux dans les mêmes conditions que pour la première contribution. L’effet souhaité et le
plus connu de la sélection de caractéristiques en général est une accélération majeure du
temps d’apprentissage, le divisant par 5 pour les Gradient Boosting Trees et de 20 pour les
Random Forests. De manière plus inattendue, nous constatons également une amélioration
notable de la précision pour la plupart des algorithmes précédemment considérés. La
Feature Ranking List est lisible par l’homme, et lorsqu’elle a été présentée à des experts,
elle a été jugée assez juste. Cependant, il y a une grande divergence lorsqu’on la confronte à
la documentation, principalement en raison du très faible nombre d’options explicitement
documentées comme ayant un impact sur la taille du noyau Linux.

La troisième contribution est l’amélioration de la spécialisation automatisée des per-
formances et son évaluation sur différents SPL dont Linux. La spécialisation des perfor-
mances est un processus qui consiste à ajouter des contraintes sur un SPL afin de répondre
à un certain seuil de performance défini par l’utilisateur, pour l’aider lors de la configu-
ration du logiciel. Il est possible d’automatiser ce processus en utilisant l’apprentissage
automatique, et plus précisément des arbres de décisions classifieurs qui prédisent si une
configuration est acceptable ou non par rapport au seuil de performance, à partir desquels
nous pouvons extraire des règles, ensuite appliquées comme contraintes sur la SPL cible.
Les améliorations portent sur deux aspects. Le premier est l’application de la sélection
des options basée sur la Feature Ranking List, qui a permis d’améliorer à la fois la pré-
cision et le temps d’apprentissage, même sur des SPL avec seulement quelques options.
La seconde est la prise en compte des arbres de décisions régresseurs, qui produisent un
modèle similaire pour l’extraction de règles, mais avec l’avantage d’être conscient de la
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performance, alors que cette dimension est réduite à un simple booléen dans un processus
de classification. Nous avons développé une nouvelle technique, basée sur les arbres de
décisions régresseurs, où nous simulons un écart dans la distribution de la performance
pour rendre l’algorithme conscient du seuil en ce qui concerne la fonction de perte. En
fin de compte, les trois techniques ont leurs propres forces et faiblesses, avec leurs propres
cas d’utilisation, et doivent être considérées comme complémentaires.

La dernière contribution ouvre la porte à une utilisation plus durable de l’apprentissage
automatique pour les lignes de produits logiciels. Dans ce domaine, peu voire aucune at-
tention n’a été accordée à la précision des modèles sur différentes versions d’un SPL. Nous
avons donc pris un modèle très précis issu des travaux de notre deuxième contribution,
l’avons évalué sur des versions ultérieures et avons observé deux problèmes majeurs. Le
premier est la différence d’options, car entre deux versions, certaines options apparaissent
et d’autres disparaissent, créant un décalage dans l’espace de configuration. Le second
est la baisse de précision lorsque le modèle est utilisé sur une autre version que celle sur
laquelle il a été entraîné. Le coût pour entraîner le premier modèle était très important, en
termes de mesures de configuration et d’efforts d’entraînement, et une telle dépense n’est
pas raisonnable lorsque l’on considère une nouvelle version tous les deux ou trois mois.
Pour résoudre ces deux problèmes, nous avons créé Evolution-Aware Model Shifting, une
technique d’apprentissage par transfert adaptée à l’échelle et au rythme d’évolution du
noyau Linux. Elle exploite le modèle original mais déprécié et, pour une fraction du coût
initial, l’adapte aux nouvelles versions. Nos résultats montrent une très bonne précision
sur trois ans d’évolution, et une meilleure précision que l’apprentissage à partir de zéro
sur le même ensemble de données.
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ABSTRACT

Variability is the blessing and the curse of today software development. On one hand,
it allows for fast and cheap development, while offering efficient customization to precisely
meet the needs of a user. On the other hand, the increase in complexity of the systems due
to the sheer amount of possible configurations makes it hard or even impossible for users
to correctly utilize them, for developers to properly test them, or for experts to precisely
grasp their functioning.

Machine Learning is a research domain that grew in accessibility and variety of usages
over the last decades. It attracted interest from researchers from the Software Engineering
domain for its ability to handle the complexity of Software Product Lines on problems
they were tackling such as performance prediction or optimization. However, all studies
presenting learning-based solutions in the SPL domain failed to explore the scalability of
their techniques on systems with colossal configuration space (> 1000 options).

In this thesis, we focus on the Linux Kernel. With more than 15.000 options, it is very
representative of the complexity of systems with colossal configuration spaces. We first
apply various learning techniques to predict the kernel binary size, and report that most
of the techniques fail to produce accurate results. In particular, performance-influence
model, a learning technique tailored for SPL problem, does not even work on such large
dataset. Among the tested techniques, only Tree-based algorithms and Neural Networks
are able to produce an accurate model in an acceptable time.

To mitigate the problems created by colossal configuration spaces on learning tech-
niques, we propose a feature selection technique leveraging Random Forest, enhanced
toward better stability. We show that by using the feature selection, the training time
can be greatly reduced, and the accuracy can be improved. This Tree-based feature selec-
tion technique is also completely automated and does not rely on prior knowledge on the
system.

Performance specialization is a technique that constrains the configuration space of
a software system to meet a given performance criterion. It is possible to automate the
specialization process by leveraging Decision Trees. While only Decision Tree Classifier
has been used for this task, we explore the usage of Decision Tree Regressor, as well as a
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novel hybrid approach. We test and compare the different approaches on a wide range of
systems, as well as on Linux to ensure the scalability on colossal configuration spaces. In
most cases, including Linux, we report at least 90% accuracy, and each approach having
their own particular strength compared to the others. At last, we also leverage the Tree-
based feature selection, whose most notorious effect is the reduction of the training time
of Decision Trees on Linux, downing from one minute to a second or less.

The last contribution explores the sustainability of a performance model across ver-
sions of a configurable system. We reused the model trained on the 4.13 version of Linux
from our first contribution, and measured its accuracy on six later versions up to 5.8,
spanning over three years. We show that a model is quickly outdated and unusable as
is. To preserve the accuracy of the model over versions, we use transfer learning with
the help of Tree-based algorithms to maintain it at a reduced cost. We tackle the prob-
lem of heterogeneity of the configuration space, that is evolving with each version. We
show that the transfer approach allows for an acceptable accuracy at low cost, and vastly
outperforms a learning from scratch approach using the same budget.

Overall, this thesis focuses on the problems of systems with colossal configuration
spaces such as Linux, and show that Tree-based algorithms are a valid solution, versatile
enough to answer a wide range of problem, and accurate enough to be considered.
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Chapter 1

INTRODUCTION

Variability is a concept that affects everyone, everywhere, every day. It represents the
set of all choices that we can make, or imposed by external factors. Moreover, each choice
can influence others, and each combination of choices can lead to a different outcome.
These choices are various, such as the different paths you will take to go to work. Each
intersection is a choice and this succession of choices creates a unique path, with its own
outcome. An outcome we could think of is the travel time, which is obviously dependant
on the paths you take, but also on your speed, and is impacted by external factors (heavy
traffic, roadworks, etc.) which could be avoided with a different choice of paths. However,
it is often hard to predict how a choice can impact a specific outcome. Since most of the
choices do not actually impact the outcome, or so little, they are mostly overlooked in
order to avoid to be overburdened by decision making and the analysis work it requires.
One could try every possible set of choices, but if we take our previous example, given the
number of roads that exists, the set of all possible combinations, from the straightest to
the most unexpected, is unfathomable. Such approach can only be considered in a context
with very few choices.

In Software Engineering, variability has been introduced in order to create what we
call Software Product Lines (SPL). The idea is to answer various client needs in a single
system by offering them the possibility to configure that system with options to activate
a part of the system that is needed. As many client can share the same needs, reusing a
software system is a good way to avoid unnecessary costs. Variability brings out its own
problems when used in Software Product Lines. Some options activated together might
see their behavior change, as they can be interacting with each others. This implies that
testing an option without considering others is not enough to ensure that the system
works as expected. Beyond simply working well, options and combinations of options can
affect performance or other non-functional properties. As Software Product Lines evolve,
they become more complex, harder to understand and to profile.

Modelling the performance of a system has been the realm of experts for decades, but
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this time is over. With the constant increase in number of options, the rapid evolution
of the systems, the complex interactions between options and the wide range of metrics
to keep track of, the task became too overwhelming. In the last decade, the democratiza-
tion of Machine Learning allowed it to set foot in SPL performance modelling. Numerous
efforts have been made to derive performance models from a sample of performance mea-
surements, sometimes able to produce more efficient and accurate models than experts
can.

In these efforts, a certain routine appeared, particularly on the use of the same corpus
of datasets for validation. Up to now, none of the subject systems used in the literature
of SPL performance modeling reach more than a few dozens of options, 60 at best, while
today’s systems reach thousands of options such as the Linux kernel, or most of the web
browsers on the market. Due to the combinatorial explosion of the interactions between
options, the configuration space of such systems is colossal. With the slow but steady
increase of the number of options in SPL in continuous development, persisting in elabo-
rating new modelling techniques without challenging their ability to scale on the number
of options is a mistake that should be corrected.

Beyond the warning for researchers on the scalability of the SPL performance mod-
eling techniques, stemming from our observations of their limitations, this thesis offers
solutions. We present the ability of tree-based learning techniques to handle efficiently the
complexity of SPL for various tasks, from simple, yet scalable, performance modelling to
transfer learning, by the way of feature selection and specialization.

Contributions

The first and foremost contribution of this thesis is the application of machine learn-
ing algorithms on a Software Product Line at a scale never reached before. The Linux
kernel, with its 15,000 options, completely outscales all cases study on SPL of at best 60
options present in the literature. This contribution is focused on one research question:
How do state-of-the-art techniques perform on the Linux dataset? The goal
of this question is twofold, at first determine whether a technique can learn over such
dataset, and then how well it can learn. By evaluating the accuracy of several state-of-
the-art algorithms on predicting the binary size of the Linux kernel, we could determine
the limitations of some techniques. Without surprise, linear-based algorithms give poor
accuracy, as they cannot grasp the complexity caused by interactions between options.
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Performance-influence model, while being developed specifically for SPL, cannot handle
that many options despite the measures taken to reduce combinatorial explosion. In the
end, we found out that Tree-based algorithms, as well as neural networks, were able to
provide quite accurate models with reasonable resources in term of time and memory.

The second contribution is the Feature Ranking List, a list of features ranked by im-
portance toward the prediction target, generated by an enhancement of Tree-based feature
selection. We evaluated the relevance of this technique over multiple criterion spanning
over multiple research question. The two first questions aims to compare the efficiency
of learning techniques with and without tree-based feature selection: 1) How accurate
is the prediction model with and without tree-based feature selection? and
2) How much computational resources is saved with tree-based feature selec-
tion? The desired and most known effect of feature selection in general is a major speed
up of the training time, cutting it down by 5 for Gradient Boosting Tree and by 20 for
Random Forests. More unexpected, we also report noticeable accuracy improvement over
most previously considered algorithms. The next research question is 3) How stable if
the Feature Ranking List? As the technique needs to be reliable to be convincing to
use, we inquired about its stability, or its ability to repeatedly produce the same results.
This allowed us to first discover a low stability problem, and then enhance the technique
for better stability. At last the final question is 4) How do feature ranking list, as
computed by tree-based feature selection, relate to Linux knowledge? By this
question, we compared what is known about the Linux kernel, by experts or through doc-
umentation, with the insight synthesized by the Feature Ranking List. When presented
to experts, the Feature Ranking List was deemed accurate. However, there is a high dis-
crepancy when confronted to the documentation, mostly due to the very low number of
options explicitly documented as impacting the Linux kernel size.

The third contribution is the enhancement of automated performance specialization
and its evaluation over various SPL including Linux. Performance specialization is a pro-
cess which consists in adding constraints over an SPLs in order to meet some user defined
performance threshold, to assist him during the configuration of the software. It is possible
to automate this using machine learning, and more specifically Decision Tree Classifiers
predicting if a configuration is acceptable with regard to the performance threshold or
not, from which we can extract rules that can be applied as constraints over the target
SPL. Our enhancements are on two sides. The first is the application of feature selection
based on Feature Ranking List, which improved both accuracy and training time, even
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on an SPL with only a few options. The second is the consideration of Decision Tree
Regressors, producing a similar model when it comes to rule extraction, but with the
advantage of being aware of the performance, while this dimension is reduced to a simple
boolean in a classification process. However, both techniques lack an important informa-
tion, the Classifier lacks information about the performance, while the Regressor lacks
information about the performance threshold. We developed a novel technique, based on
a Decision Tree Regressor, where we simulate a gap in the performance distribution to
make the algorithm aware of the threshold with regard to the loss function. Our two first
research questions are 1) What is the accuracy and cost of learning strategies?
and 2) What is the best learning strategy? These inquire about the viability of the
approaches and to compare them. In the end, all three techniques have their own strengths
and weaknesses, with their own use cases, and should be considered as complementary.
The next question is 3) What are the effects of tree-based feature selection on the
accuracy of performance specialization? By applying tree-based feature selection,
the specialization could achieve slightly more accurate results, but its most important
effect was revealed by the last question: 4) What is the time cost of the 6 learning
strategies to predict performance of a configurable software system?

The last contribution opens the door toward a more sustainable usage of machine
learning for Software Product Lines. In this domain, little to no attention has been given
to the accuracy of models on different versions of a SPL, so this lead to our first research
question: To what extent does Linux evolution degrade the accuracy of a binary
size prediction model trained on a specific version? We took a very accurate model
from the works of our first contribution and evaluated it over later versions and observed
two major problems. The first is the mismatching options, as between two versions, some
options appear and some others disappear, creating a shift in the configuration space.
The second is the drop in accuracy when the model is used on another version that the
one it was trained on. The cost to train the first model was very important, in terms of
configuration measurements and training effort, and such expense is not reasonable when
you consider that there is a new version every two or three months. To tackle these two
problems, we created Evolution-Aware Model Shifting, a transfer learning technique suit-
able for the Linux kernel scale and evolution pace. It leverages the original and deprecated
model, and at a fraction of original cost, adapts it to the new versions. The second research
question challenges this contribution: What is the accuracy of our evolution-aware
model shifting (tEAMS) compared to learning from scratch and other transfer

20



Introduction

learning techniques? Our results show very good accuracy over three years of evolution,
and better accuracy than learning from scratch on the same dataset.

Outline

In Chapter 2, we present the state-of-the-art on Software Product Lines and Software
Variability concerns, as well as machine learning and its uses in Software Engineering. We
also present the Linux kernel and its particularities given how unique it is among other
SPL.

In Chapter 3, we present our evaluation of the state-of-the-art machine learning tech-
niques on the problem of predicting Linux kernel binary size. We show how we set up the
evaluation, and present the dataset we used for the Linux kernel and then present the
results.

In Chapter 4, we propose the Feature Ranking List, and how to use it to perform
feature selection even at the scale of Linux. We develop the concept and present how
we used Tree-based feature selection to obtain the Feature Ranking List and how we
enhance it to increase its stability. By describing the limitations of the state-of-the-art,
we show that this technique is the only reasonable way to deal with highly configurable
systems at this time. We show the results of using this feature selection step with the
algorithm previously explored, on both accuracy and training time. We also compare the
Feature Ranking List with expert knowledge and documentation. At last, we investigate
the stability of the Feature Ranking List, and explore its influence on accuracy for models
using it.

In Chapter 5, we introduce new ways to perform automated performance specializa-
tion. We details the concept of performance specialization, and how it was automated. We
propose two other ways to do it, and evaluate all approaches on Linux and other popular
SPL from the state-of-the-art.

In Chapter 6, we explore the accuracy of a model over different versions of Linux kernel
to measure its degradation. We present evolution-aware model shifting, a transfer learning
technique compatible with software evolution concerns, and compare the accuracy of the
resulting models to learning from scratch.

At the end, the conclusion will offer a wrap up of the contributions and provide the
different perspectives the contributions opened in the field of machine learning applied to
colossal configuration spaces.
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Chapter 2

BACKGROUND

In this chapter, we present the background knowledge needed to understand this the-
sis, and the state-of-the-art of the domains the thesis belongs to. At first, we detail the
background in Software Product Lines, and the limitations that required the use of ma-
chine learning, which we introduce in the following section. Then, we develop the various
efforts made to join Software Product Lines and Machine Learning in the literature. Next
we describe Linux, a good example of a system with a colossal configuration space. At the
end, we summarize the weaknesses in the state-of-the-art that this thesis aims to address.

2.1 Software Product Lines

Production line is a concept said to be created by Henry Ford in the early 1900’s, and
while this claim can be debatable, he brought massive improvements to assembly lines
and standardization. This allowed mass production of cheap and easy to maintain cars,
and paired with socioeconomic developments, it undeniably led to the democratization of
cars. However, this achievement was at the cost of customization as Ford pointed it out
in his famous quote: "Any customer can have a car painted any color that he wants so
long as it is black".

This highlights divergence between expensive but mostly customized cars, and the
cheap and massively produced cars but completely standardized ones. These two concepts
exist in all production domains as of today, though in a more nuanced way, each one being
an extremity of a spectrum. Mass production evolved to include the concept of mass
customization, which allows answering specific customers’ needs, yet still with the large-
scale production requirements. This can be made through the use of options a customer
can select, such as choosing a color other than black, electrical windows, or even a different
engine. All in all, the same model of car, the core, can articulate itself in various end
products through the combination of multiple available options.

In Software Engineering, the same concept of product lines has been applied to reduce
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cost and time of development. Clemens et al. [28] define a Software Product Line (SPL)
as follow:

A software product line is a set of software-intensive systems sharing a
common, managed set of features that satisfy the specific needs of a particular
market segment or mission and that are developed from a common set of core
assets in a prescribed way.

The most particular aspect of SPL that makes it stand out from other product line
engineering is the ability to reuse software almost at will. Krueger [85] presents software
reuse as "the process of creating a software systems from existing software rather than
building software systems from scratch". Even more specifically, with the help of cus-
tomization patterns like options, mentioned with cars, customization is also applied in
Software Product Lines. It then became possible to create a software system meeting very
specific needs without having to write a single line of code. Svahnberg et al. [140] define
this as software variability:

Software variability is the ability of a software system or artifact to be
efficiently extended, changed, customized or configured for use in a particular
context.

Nowadays, almost every software system is configurable in some way, and the number
of options tends to grow bigger over time [31]. The good side of this phenomenon is that
the number of possible configurations grows even faster due to combinatorial explosion,
leading to an increased chance that some of them would meet customers’ requirements.
The bad side of this phenomenon is that the number of possible configurations grows even
faster due to combinatorial explosion, leading to a massive increase in effort to ensure the
proper functioning of every options with one another or to know the behavior of some
options in a specific configuration.

Indeed, not all possible combinations of options are valid, due to constraints and
dependencies. These represent the situations when some options do not work with one
another, such as categorical options (SLOB, SLAB and SLUB are three different memory
management options, only one should be picked at a time), or when an options requires
another one to work. In order to model these, the concept of feature models has been
developed [72]. Over the years, it has been improved, with support for cardinalities [32,
137], or with automated reasoning based on translation to propositional formulas and
SAT solving [13].

Figure 2.1a gives an example of a feature model, applied on a well-known context: a
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(a) Full menu

(b) Vegan menu

Figure 2.1 – Example of feature model representing restaurant menu.

restaurant menu. In this case, each dish is a feature, and without constraint, 12 dishes
would mean 4095 different combinations of possible dishes. However, the feature model
expresses different conditions to make a combination valid. First, all dishes are grouped
into a category: Starters, Main and Dessert. Each of these categories is an "Or Group",
meaning only one dish of each category can be taken. Then, we have optional categories, as
in this menu, only the Main category is mandatory. With all these constraints, the number
of valid menus drops down to 100, in other words, only 2% of the combinations are valid.
This demonstrates the need of having a clearly defined map of the valid combinations to
avoid mistakes during the selection of the features.

2.1.1 The Curse of Configurability

Configurability is a great opportunity for the developers, which comes at some cost in
testing and maintenance, as expressed earlier. However, from a user point of view, being
able to configure a system is more of a curse than a blessing. Xu et al. [163] report that
most options are used by only a small fraction of the users, and that actually less than 10%
of the options are used by more than 90% of the users. The growing number of options
depicted in Figure 2.2 from the same study, with widely used systems having hundreds of
options, only adds complexity at configuration time without effectively adding the desired
flexibility as most options are not used.

Moreover, if unused options are set with a default value, it is shown that it is rarely
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Figure 2.2 – The increasing number of configuration parameters with software evolution
(credit to Xu et al. [163])

a value well-suited for the user’s needs, meaning that every unused options would likely
bloat the system and decrease its performance regarding user’s needs.

One way to alleviate the variability burden on a user is specialization.

2.1.2 Specialization

In Software Engineering, we can find the concept of specialization in many shapes.
Maybe the most known example is in the class diagrams of Unified Modeling Languages
with the inheritance relationship, where specialization and generalization are the two
directions to interpret this relationship.

The work of Consel et al. [29, 94, 126] on program specialization shows the concerns
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that generic programs can be less efficient than specialized ones, and the program spe-
cialization aims to strip down parts of the program that are useless for specific tasks but
that might impact the performance.

Czarnecki et al. [33, 34] enhance features models by porting specialization, or multi-
stage configuration, into them. Usually, the configuration of a system happens in one
go, all the desired features are selected, in accordance with the constraints. However, it
is possible to consider other cases, such as when two or more parties are involved in the
configuration of the system, each having their own needs in term of features. For instance,
a software vendor could support only a subset of the features of the software system they
sell in order to reduce the cost for testing, and provide the client with a specialized system,
that is still configurable in the sense that there would be more than one configuration
available, but always within the boundaries of the vendor support. Other constraints are
possible in the limiting of the feature model expressiveness, such as forcing the activation
of a feature when another is activated.

If we take the feature model in Figure 2.1a, it can be difficult to determine the vegan
options in the menu. By using specialization, we can provide the feature model in Fig-
ure 2.1b, which only presents the vegan options. In this case, the client does not have to
worry about choosing a wrong dish according to his needs.

Performance Specialization While the use cases of specialization proposed by Czar-
necki et al. target directly features, it is possible to leverage the same principles of spe-
cialization for other, less direct and usually more complex targets, such as performance
and properties (speed, energy consumption, etc.). In this case, the specialization works
around a given performance threshold, and all configurations of the specialized systems
should meet that threshold. To achieve that, further constraints have to be created in the
feature model, based on expert knowledge or direct measurements.

Going further with our example of restaurant menu, we annotated each dish with its
calories value in Figure 2.3a, which would allow to filter out menu variants with too many
calories, let’s say 1200 calories. The main difference with the vegan specialization is that
the constraints on a dish will depend on other dishes, such as the constraint that the
Fillet of Beef (650 calories) cannot be taken with the Chocolate Fondant (600) as this
pair gives 1250 calories. In this case, a specialized menu would prune the available dishes
along with the client selecting his own dishes to always respect the given threshold.

However, the calorie problem is an additive problem, meaning that you just have to
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(a) Menu with calories (b) Menu with Carbon Footprint

Figure 2.3 – Example of feature models representing restaurant menu with performance
metrics.

add all dishes value from the menu to know the calories value of the menu. In that case,
measuring the calorie for each dish separately gives enough information. The Figure 2.3b
takes on a more complex problem and is annotated with the carbon footprint of each
dish. In that example, the carbon footprint represent the greenhouse gas emission from
cultivating or raising, transporting and transforming the elements of the dish. If we con-
sider that the Fillet of Beef is cooked in the same oven as the Chocolate Fondant, actively
reducing the energy to cook them independently, it explains why we denote a reduction
of 200 of the carbon footprint when both are taken in the same menu. The difference
with the previous example is that we consider interactions between the dishes and simply
measuring the footprint of each dish separately as we do with calories would be wrong.
For this problem, we need to know which dish interacts with each other and measure
these combinations specifically.

In Software Product Lines, the same problems arise. Some options of the systems
may interact with each other, and affect its performance or its properties. Identifying
interacting options and the degree of impact on properties is crucial when it comes to
predicting them.

However, measurements can be costly, and in case of large configuration spaces, the
number of different combinations to measure can be very high, effectively multiplying the
costs. Exhaustive approaches become more and more infeasible as configuration spaces
grow. Expert knowledge is also a tool that does not scale with the increasing complexity
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of the systems. The more options there are in a system, the harder it is for an expert to
identify the rules needed for specialization.

The growing complexity of Software Product Lines makes the solutions based on ex-
pert knowledge or exhaustive exploration less and less efficient with the regard to the
accuracy or the cost. This has led the SPL community to investigate machine learning as
an alternative approach.

2.2 Machine Learning for SPL

2.2.1 Machine Learning

Mitchell [96] defines learning as follow:

A computer program is said to learn from experience E with respect to some
class of tasks T and performance measure P, if its performance at tasks in T,
as measured by P, improves with experience E

The example given by Mitchell with checkers presents T (task) as the ability to play
checkers, P (performance) as the win ratio, and E (experience) as playing a game of
checkers. The field of Machine Learning aims to develop and enhance algorithms that
enable computers to learn.

Machine learning algorithms come in all sorts of forms, all with their specific usage,
features and complexity. James et al. [62] provide an extensive introduction to machine
learning and first separate algorithms by their purpose. Unsupervised learning aims to
find similarities between examples and create clusters; we do not use these techniques in
this thesis. For supervised learning, the learned model is a function that links the features
to a label, such as a list of symptoms to a specific illness, or a list of options to the price
of a car. In the first case, it is specifically called classification as the label is a discrete
value from a set of classes (the known illnesses), while the latter is called regression, as
the label is a continuous value (the price).

For supervised learning, we can mention different algorithms:
— Linear Regression: the most simple approach of machine learning, used for pre-

dicting quantitative value. The resulting model takes the form of y = ax + b, with
x being a feature, a and b the values determined by the algorithm. Multiple Linear
Regression combine these models to handle more features such as y = a1x1+a2x2+b

— Logistic Regression: the pendant of Linear Regression but for qualitative values,
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hence a classification method, despite the name. The model is similar, with the
difference that the values determined by the algorithm are probabilities.

— Decision Trees (DT): By recursively splitting the dataset, this type of algorithm
obtains a set of decision rules that segment the prediction space into a number of
simple regions. This set of rules can be organized into a Decision Tree, hence the
name of the algorithm. There are actually multiple algorithms that can create a
Decision Tree, and while they can all handle regression and classification tasks,
they can differ in their limitations regarding the number of branches at each node
(only two branches means a Binary Decision Tree) or in whether they can handle
categorical features instead of only numerical features. Decision Trees can be used
in ensembles in different ways:
— Bagging: By averaging the result of multiple Decision Trees trained on different

subsets of the training set, it is possible to reduce the variance of the model.
— Random Forest (RF): Similar to bagging, RF also trains the Decision Trees

on different subset of features, allowing for better use of moderately correlated
features when there are strongly correlated features in the same set. It yields
generally better results and lower variance.

— Boosting: This technique creates Decision Trees sequentially, always with re-
gard to the previous iteration’s errors in order to fix them, hence resulting in
better accuracy. One of the most known algorithm implementing this process
is the Gradient Boosting Tree (GBT)

— Support Vector Machines (SVM): These algorithms are based on the dis-
covery of an hyperplane that separates different classes. As is, it is only able to
handle linear separation, but with the help of the kernel trick to warp the problem
space, non-linear problems can be solved. They can handle both regression and
classification problems.

— Neural Network: Composed of interconnected neurons, individual nodes holding
a function weighting inputs into an output, its flexibility allows to solve a broad
range of problems, with the help of various architectures, the layout of neuron
connections in the network. It is arguably the best type of algorithm developed
in the past years, at great expense of computing power and number of examples
needed.

This is only an excerpt of all existing learning algorithms, and they all come with
variations for handling specific problems.
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Figure 2.4 – Machine Learning stages for exploration of SPL configuration spaces

Interpretability. One aspect of machine learning models is its human readability. A
white-box model can be seamlessly understood by a human when it makes a prediction,
such as by following the rules created by a Decision Tree, or calculating the result of
a Linear Regression. On the other hand, a black-box model, such as SVM or Neural
Networks, is abstruse and its predictions cannot be explained. In between, we can consider
other models such as the ensembles of Decision Trees (Random Forest, Gradient Boosting
Tree, etc.) which cannot be completely explained, but can still give insight on how they
solve a problem, with the help of metrics like feature importance, which weights every
feature according to how useful it is to predict an outcome.

2.2.2 Machine Learning for SPL

Pereira et al. [114] explore the different usages of machine learning in the context of
SPL and identifies four big steps in the usual processes: Sampling, Measuring, Learning,
and Validating (see Figure 2.4). While the state-of-the-art mostly follows the usual ma-
chine learning process, for SPL, the process of data acquisition is here split up between
Sampling and Measuring. The main reason is that these two concepts have already been
studied outside of the machine learning process and have their own existing state-of-the-
art.

Sampling. In order to match the particularities of SPL and their constrained envi-
ronment, several sampling techniques have been devised. The most basic solution is the
random sampling that has been used extensively [50, 51, 67, 69, 101, 106, 131, 143], but

33



Partie , Chapter 2 – Background

has raised many concerns about its feasibility or its uniformity [117].
Other solutions rely on heuristics. By using expert knowledge or documentation, it is

possible to find the features to focus on and the feature interactions to care of [133, 134].
Coverage sampling systematically samples all combinations of feature of n order. Pair-

wise sampling (order n = 2) assumes feature interaction between every possible pair of
features [131, 132, 133, 134]. Other works consider 3-wise sampling [71, 89, 124] or even
higher order [165, 166].

Pereira et al. [8] compare 6 different sampling techniques while varying input workload
on subject systems and with two different performance metrics. The goal is to determine
the impact of workload and metrics on the accuracy of a learning method, when most of
the studies comparing sampling techniques disregard these parameters. It appears that
both workload and metrics greatly change the efficiency of all sampling techniques, and
that random sampling is the most solid technique overall.

Property prediction. Numerous works have investigated the idea of learning non-
functional properties or various performance indicators of configurable systems [48, 67, 69,
71, 81, 101, 102, 119, 124, 127, 131, 142, 143, 150, 151, 168], spanning different application
domains, such as compression libraries, database systems, or video encoding. The goal is
to create a model able to predict the behavior of a configuration without relying on an
often costly exhaustive measurement step, but only on a sample of measurements that
are generalized.

Guo et al. [51] explore the usage of CART (Classification and Regression Tree), an
implementation of the Decision Tree concept, for performance prediction. They measured
the accuracy of the model trained either on random sampling or on pair-wise sampling
and obtain good results.

The work of Siegmund et al. [131, 132, 133, 134] revolves around the performance-
influence model. This model takes the form of a Multiple Linear Regression, as seen in
Section 2.2.1. During the construction of the model, the interactions between options
are encoded as features, meaning that a system with two options a and b will have a
performance-influence model of this form : y = a ·w1 + b ·w2 +a · b ·w3 with w1, w2 and w3

the weight for each feature determined during the learning process. This format is very
interpretable, as each option and combination of options is tied to a weight, a positive
or negative number, allowing to easily understand the influence of each element in the
formula. As is however, the model would be impractical due to combinatorial explosion.
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The solution to that problem evolved over the different iterations of the algorithms to
create the models. At first, they used expert knowledge to identify options that interacted
with each other. Then they moved to a more data-driven approach with the help of
heuristics: only the influential options are combined into features for the model. This is a
process of feature selection which is described later in Section 2.2.4. Numerous works [39,
40, 63] then used and enhanced this model on deeper problems.

Optimization. The problem of optimizing performance of configurable systems (i.e.,
finding the best configuration) has attracted some attention [82, 100, 101, 114]. Despite a
very similar approach as performance prediction, the details on how to reach that goal can
be almost opposed as shown by Nairet al. [102] : some models bad at predicting accurately
performance can be used for optimization.

White-box approaches. By pairing learning techniques with static data-flow analysis
or profiling to guide the performance analysis, white-box approaches [152, 153, 156] have
been proposed to inspect the implementation of a configurable system. They are typically
used to help understand options and their interactions in a fine-grained way and can
provide valuable insights.

Automated Performance Specialization. For the same reasons that performance
modelling is error-prone for large configurable systems if only based on expert knowl-
edge, and almost impossible by systematic measurement, performance specialization is a
complex task given how hard it is to find the right constraints.

Temple et al. [141, 143] leverage a Decision Tree Classifier and its decision rules to
infer the right constraints to obtain a specialized feature model.

Performance specialization is applicable to several domains. Temple et al. [141, 143]
explore the domain of a video generator. To improve the learning process, Temple et
al. [141] specifically target low confidence areas for sampling. The authors use an adver-
sarial learning technique, called evasion attack, after a classifier is trained with a support
vector machine. Beyond a video generator, Temple et al. [142] explore also the domains
of web server, compiler, database system, and image processing. Acher et al. [6] explore
the domain of creating a specialized document (such as a research paper or a resume).
Amand et al. [9] applied learning techniques in the 3D printing domain.

There are several works in the faulty specialization context [11, 45, 46, 84, 116, 122,
143, 165]. These works explore several domains, such as software-intensive systems, combi-
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natorial models, and 3D printing. However, these works focus on mining rules for avoiding
invalid configurations, without having performance in mind.

2.2.3 Transfer Learning

West [159] gives a definition of transfer learning (also called inductive transfer):

Inductive transfer refers to any algorithmic process by which structure or
knowledge derived from a learning problem is used to enhance learning on a
related problem.

Transfer learning is subject to intensive research in many domains (e.g., image process-
ing, natural language processing) [110, 158, 167]. Different kinds of data, assumptions,
and tasks are considered. Some of the most complex tasks handled by machine learn-
ing rely on models that can take months to train, and consequently a huge amount of
resources. Transfer learning has been developed to heavily reuse models with slight modi-
fication to specialize to a user needs, effectively avoiding the costs of training a new model
from scratch. Negative transfer is an important concern [167] in this context: divergence
measures between source and target have been proposed as well as dedicated algorithms
[35, 110, 158, 164].

Transfer Learning for SPL Transfer learning has attracted interest with the promise
to save resources by reusing the knowledge of performance under different settings (e.g.,
hardware settings) [24, 61, 64, 66, 68, 78, 83, 103, 149, 150, 155].

Defect prediction Defect prediction leverages transfer learning to identify defects in
projects lacking data by reusing models created from other projects with more data [25,
26, 88, 104, 154]. Particularly, they handle the problem of heterogeneous context. The
metrics used to predict the defects differ from one project to another. To use information
from a project in another, this heterogeneity needs to be taken in account.

2.2.4 Feature Selection

Feature selection is a terminology used both in Product Line Engineering and Machine
Learning with different significations. In Product Line Engineering, the feature selection
involves setting a value to an option (also named feature), while in Machine Learning,
it is the consideration of only a subset of the available features when learning a model.

36



2.2. Machine Learning for SPL

In this part, as well as in the remainder of this thesis, feature selection uses only its
Machine Learning signification. Chandrashekar et al. [23] provides an extensive review
on feature selection. They describe it as helping "in understanding data, reducing com-
putation requirement, reducing the effect of curse of dimensionality and improving the
predictor performance". They distinguish three main categories of feature selection: filter,
wrapper and embedded methods. A filter method only works as a preprocessing step by
ranking features with regard to a relevance criterion and then selecting the highest ones.
Wrapper methods rely on the prediction model, and by testing subsets of the features
and comparing accuracy of the different subset, they can identify their best subset. This
method is highly sensitive to the number of features as the number of potential subsets
is exponential. In embedded methods, the feature selection is directly part of the model
building phase, such as with decision trees where at each split, a feature is selected.

Sigmund et al. [131] rely on a forward backward feature selection algorithm. As a
wrapper method, it compares subsets of features by measuring the accuracy of the model
trained on each subset. The subsets are created by adding features one by one, in the
forward step, so that only individual features with positive impact on the accuracy are
kept. Then, the backward step consists in taking out features one by one, and putting them
in again if there is an accuracy loss. This is to avoid bias due to the order of appearance
of the features.

This usage of feature selection, backed up by heuristics, helps to reduce the combinato-
rial explosion coming from the increasing number of options in software systems. However,
this does not ensure the scalability of the approach when dealing with thousands of op-
tions. In fact, there is no study applying machine learning on systems with more than a few
dozens of options, and this lack of information can put all the state-of-the-art techniques
at risk if they cannot deal with more complex systems.

The Linux Kernel is a perfect example of a system with a colossal configuration space
with more than 15.000 options to date. We will thus use it as a subject to inquire about
the scalability of state-of-the-art techniques.
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2.3 The Linux Kernel

2.3.1 Linux, options, and configurations

The Linux Kernel is a free and open-source operating system, that is the most used
operating system in the world. While it is almost absent in the desktop market, it is
dominant in every other markets. More than 95% of the servers, the machines hosting
Internet websites, run on Linux. 85% of all smartphones run on Linux. All of the Top 500
supercomputers run on Linux [44]. And if the Linux kernel is omnipresent, it is partly
because it is a highly-configurable system which can adapt to a broad range of needs and
environments.

Thousands of configuration options are available on different architectures (e.g., x86,
amd64, arm) and documented in several Kconfig files. For the x86 architecture and the
version 4.13.3, developers can use 12,797 options to tailor (non-)functional needs of a
particular use (e.g., embedded system development). The majority of options has either
boolean values (‘y’ or ‘n’ for activating/deactivating an option) or tri-state values (‘y’,
‘n’, and ‘m’ for activating an option as a module). There are also numerical or string
values. Options may have default values. Because of cross-cutting constraints, not all
combinations of options will result in successful build.
config LOCK_STAT

bool "Lock usage statistics"
depends on STACKTRACE_SUPPORT && LOCKDEP_SUPPORT ...
select LOCKDEP
select DEBUG_SPINLOCK ...
default n
help
This feature enables tracking lock contention points. For
more details, see Documentation/locking/lockstat.txt This
also enables lock events required by "perf lock", subcommand
of perf. If you want to use "perf lock", you also need to
turn on CONFIG_EVENT_TRACING. CONFIG_LOCK_STAT defines
"contended" and "acquired" lock events. (CONFIG_LOCKDEP
defines "acquire" and "release" events.)

Figure 2.5 – Option LOCK_STAT (excerpt)

For example, Figure 2.5 depicts the KConfig file that describes the LOCK_STAT
option. This option has several direct dependencies (e.g., LOCKDEP_SUPPORT ). When
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selected, this option activates several other options such as LOCKDEP. By default, this
option is not selected (‘n’). The documentation of this option (including the help part)
does not give any indication about its impact on any property such as the kernel size.
In this type of documentation, the impact of options on the different properties is often
missing, and always expressed in a fuzzy way.

Linux kernel builders set values to options (e.g., through a configurator [160]) and
obtain a so-called .config file.

We consider that a configuration is an assignment of a value to each option, either
by the user, or automatically with a default value. Based on a configuration, the build
process of a Linux kernel can start and involves different layers, tools, and languages (C,
CPP, gcc, GnuMake and Kconfig).

KConfig language

The KConfig files, which index all features and their dependencies, are used to express
the feature model, and are written in the KConfig language [73] specifically developed for
the Linux kernel. While the language suits the needs of the kernel developers, it appears
that it is not very compatible with tools and methods developed by research in SPL and
variability for many reasons. The semantics of the languages are reported not entirely
figured out yet [14, 15, 75, 129]. Despite many initiatives and works, KConfig does not
integrate a SAT solver [74], and the various works around it such as Undertaker [37, 147]
tend to only translate the KConfig information towards another compatible format, at
the price of certain loss of integrity and mistakes [128].

2.3.2 Kernel binary size

Use cases and scenarios

There are numerous use-cases for tuning options related to binary size of the kernel in
particular [56, 107]:

— the kernel should run on very small systems (IoT) or old machines with limited
resources;

— Linux can be used as the primary bootloader. The size requirements on the first-
stage bootloader are more stringent than for a traditional running operating sys-
tem;

— size reduction can improve flash lifetime, spare RAM and maximize performance;
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— a supercomputing program may want to run at high performance entirely within
the L2 cache of the processor. If the combination of kernel and program is small
enough, it can avoid accessing main memory entirely;

— the kernel should boot faster and consume less energy: though there is no empirical
evidence for how kernel size relates to other non-functional properties (e.g., energy
consumption), practitioners tend to follow the hypothesis that the higher the size,
the higher the energy consumption.

— cloud providers can optimize instances of Linux kernels w.r.t. size;
— in terms of security, the attack surface can be reduced when optional parts are not

really needed.
When configuring a kernel, binary size is usually neither the only concern nor the ul-

timate goal. The minimization of the kernel size has no interest if the kernel is unable to
boot on a specific device. Size is rather part of a suitable tradeoff between hardware con-
straints, functional requirements, and other non-functional concerns (e.g., security). The
presence of logical constraints and subtle interactions between options further complicates
the task.

Community attempts

There exists (informal) initiatives in the Linux community that are dealing with kernel
sizes.

The Wiki https://elinux.org/Kernel_Size_Tuning_Guide provides guidelines to
configure the kernel and points out numerous important options related to size. However
the page is no longer actively maintained since 2011. Tim Bird (Sony) presented "Advanced
size optimization of the Linux kernel" in 2013 [17].

Josh Triplett (Intel) introduced tinyconfig at Linux Plumbers Conference 2014 ("Linux
Kernel Tinification" [146]) and described motivating use-cases.

The leitmotiv is to leave maximum configuration room for useful functionality while
exploiting opportunities to make the kernel as small as possible. It led to the creation of the
project http://tiny.wiki.kernel.org. The last modifications were made 5 years ago on
Linux versions 3.X https://git.kernel.org/pub/scm/linux/kernel/git/josh/linux.
git/. Pieter Smith (Philips) gave a talk about "Linux in a Lightbulb: How Far Are We
on Tinification (2015)". Michael Opdenacker (Bootlin) described the state of Linux ker-
nel size in 2018. According to these experts, techniques for size reduction are broad and
related to link-time optimization, compilers, file systems, strippers, etc. In many cases, a
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key challenge is that configuration options are spread out over different files of the code
base, possibly across subsystems [1, 2, 99, 16, 95, 112].

Tiny Kernel Configuration

The Linux community has introduced the command make tinyconfig to produce one
of the smallest possible kernels. Though a user cannot use such a kernel to boot a Linux
system, it can be used as a starting point for e.g., embedded systems in efforts to reduce
the kernel size. Technically, it starts from allnoconfig that generates a kernel configuration
with as many options as possible set to ‘n’ values (i.e., this option must not be used).
allnoconfig works as follows: following the order of options in the KConfig files, a greedy
algorithm iteratively sets ‘n’ values to options. Due to numerous constraints among options
and throughout the process, other dependent options may be set to ‘y’ values.

In a second and final step, options’ values of Figure 2.6 override the values originally
set by allnoconfig. For example, the value of CONFIG_CC_OPTIMIZE_FOR_SIZE can be set
to ‘y’ (overriding its original value ‘n’).

# CONFIG_CC_OPTIMIZE_FOR_PERFORMANCE is not set
CONFIG_CC_OPTIMIZE_FOR_SIZE=y
# CONFIG_KERNEL_GZIP is not set
# CONFIG_KERNEL_BZIP2 is not set
# CONFIG_KERNEL_LZMA is not set
CONFIG_KERNEL_XZ=y
# CONFIG_KERNEL_LZO is not set
# CONFIG_KERNEL_LZ4 is not set
CONFIG_OPTIMIZE_INLINING=y
# CONFIG_SLAB is not set
# CONFIG_SLUB is not set
CONFIG_SLOB=y
CONFIG_NOHIGHMEM=y
# CONFIG_HIGHMEM4G is not set
# CONFIG_HIGHMEM64G is not set

Figure 2.6 – Pre-set values of tinyconfig for the X86_64 architecture. As far as possible,
other options are set to ‘n’ values.

Experts of the Linux project have specified options of Figure 2.6 based on their sup-
posed influence on size. Specifically, CONFIG_CC_OPTIMIZE_FOR_SIZE calls the compiler
with the −Os flag instead of −O2 (as with CONFIG_CC_OPTIMIZE_FOR_PERFORMANCE).
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The option CONFIG_KERNEL_XZ is the compression method of the Linux kernel: tinyconfig
relies on XZ instead of GZIP (the default choice). CONFIG_OPTIMIZE_INLINING option
determines whether the kernel forces gcc to inline functions. CONFIG_SLOB is one of three
available memory allocators in the Linux kernel.

Finally, CONFIG_NOHIGHMEM, CONFIG_HIGHMEM4G, or CONFIG_HIGHMEM64G set the phys-
ical memory on x86 systems: the option chosen here assumes that the kernel will never
run on a device with more than 1 Gigabyte of RAM.

2.3.3 Linux kernel rapid evolution

The Linux kernel is a system in constant development, involving thousands of develop-
ers and releasing a new important version every two months. Each release adds hundreds
of thousands of lines of code, over hundred of thousands file changes in tens of thousands
of commits. Each release also changes the configuration space, by adding, removing or
modifying hundreds of options. These releases have an impact on performance and prop-
erties: for instance the tiny kernel configuration binary size went from 7MiB to 12MiB
between version 4.13 and 4.15.

To better handle the evolution in such a large system, automation of tasks is more
and more needed to avoid mistakes. Notably, Coccinelle [109] is a tool developed to au-
tomatically detect, document and update drivers impacted by an evolution in the kernel
API.

2.3.4 Linux and Machine Learning

While using learning techniques to model properties of configurable systems is quite
an active field, the efforts toward Linux are scarce, and always with drastic simplifications.

Sincero et al. [136] considered 352 options and 146 random configurations for the
non-functional property scheduling performance. Using an analysis of covariance, they
mapped a few options to their impact on the property.

Siegmund et al. [133] considered 25 options and 100 random configurations for binary
size.

In both cases, only a tiny fraction of the options has been considered, and selected
with the help of expert knowledge or documentation.

Up to our knowledge, we are not aware of approaches that try to predict or understand
non-functional, quantitative properties (e.g., binary size) over the entire set of options and
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Algorithm Handles
interactions Accuracy Interpretability Scales for

50 options
Scales for

5000+ options
Linear Regression No − ++ Yes ?

Performance-influence
model Yes ++ ++ Yes ?

Decision Tree Yes ++ ++ Yes ?
Random Forest

& GB Trees Yes +++ − Yes ?

Neural Networks Yes +++ −− Yes ?

Table 2.1 – Summary of known approaches.

thousands of Linux kernel configurations.

2.4 Conclusion

In Table 2.1 we summarize some concerns and algorithms of the state-of-the-art when
it comes to performance prediction in Software Product Lines.

The main concern for this is the handling of interactions between options. Linear
Regressions are not able to handle these, which is the reason of a poor accuracy for this
task. Performance-influence models leverage Multiple Linear Regression with a specific
encoding of interactions, which allows for a good accuracy, on par with Decision Trees,
naturally handling interactions. Ensembles of Decision Trees, such as Random Forests or
Gradient Boosting Trees, provide the best accuracy alongside Neural Networks, at the
cost of interpretability.

While a model from Linear Regression and performance-influence model takes the form
of a linear or polynomial function, and a Decision Tree is a propositional formula, which
are directly readable – and understandable – by humans, the two most accurate models are
not. For ensembles of Decision Trees, there are widely used solutions to extract the feature
importance of the models, giving precious insights. For Neural Networks, there are also
solutions to draw insight, but mainly by the use of a surrogate model, or approaches not
targeted at our problem, such are saliency maps for computer vision or natural language
processing.

In all cases, while the scalability on a few dozens options has been well demonstrated,
no study has explored larger numbers of options. Although we know that some algorithms,
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notably Neural Networks, are well-suited for thousands or even millions of inputs, we still
do not know how well they handle SPL performance prediction.

The first objective of this thesis is to explore this scalability over options, and we find
out that most techniques do not scale. Tree-based solutions and neural networks being
the only techniques that we determined to be scalable and accurate, we leverage Random
Forests and its partial interpretability to automate feature selection, that allows other
techniques to scale, or the already scalable technique to perform better and faster.

We then explore the different usages of Tree-based algorithms, for automated perfor-
mance specialization, but also for transferring a model from one version to another at low
cost.
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Chapter 3

BINARY SIZE PREDICTION FOR LINUX

KERNEL: THE CHALLENGE OF

COLOSSAL CONFIGURATION SPACE

3.1 Introduction

With now more than 15,000 configuration options, including more than 9,000 just
for the x86 architecture, the Linux kernel is one of the most complex configurable open-
source system ever developed. If all these options were binary and independent, that
would indeed yield 215000 possible variants of the kernel. Of course not all options are
independent (leading to fewer possible variants), but some of them have tri-states values:
yes, no, or module instead of simply boolean values (leading to more possible variants).
Users can thus choose values for activating options – either compiled as modules or directly
integrated within the kernel – and deactivate options. The assignment of a specific value
to each option forms a configuration, from which a kernel can hopefully be compiled, built,
and booted. Linux kernels are used in a wide variety of systems, ranging from embedded
devices and cloud services to powerful supercomputers [145]. Many of these systems have
strong requirements on the kernel size due to constraints such as limited memory or instant
boot [56, 107]. Obtaining a suitable trade off between kernel size, functionality, and other
non-functional concerns (e.g., security) is an important challenge. For instance, activating
an individual option can increase the kernel binary size so much that it becomes impossible
to deploy it. Hubaux et al. [58] report that many Linux users complained about the lack of
guidance for making configuration decisions, and the low quality of the advice provided by
the configurators. Beyond Linux and even for much smaller configurable systems, similar
configuration issues have been reported [3, 60, 125, 161, 162, 163, 169].

A fundamental issue is that configuration options often have a significant influence
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on non-functional properties (here: binary size 1) that are hard to estimate and model a
priori. There are numerous possible options values, logical constraints between options,
and potential interactions among configuration options [51, 71, 114, 123, 131] that can
have an effect on quantitative properties such as size. As we will further elaborate in Sec-
tion 4.2, the effort of the Linux community to document options related to kernel binary
size is highly valuable, but mostly relies on human expertise, which makes the mainte-
nance of this knowledge quite challenging on the long run. Furthermore, numerous works
have showed that quantifying the performance influence of each individual option is not
meaningful in most cases [51, 71, 114, 123, 131]. That is, the performance influence of n op-
tions, all jointly activated in a configuration, is not easily deducible from the performance
influence of each individual option. As our empirical results will show, the Linux kernel bi-
nary size is not an exception: options such as CONFIG_DEBUG_* or CC_OPTIMIZE_FOR_SIZE
have cross-cutting, non-linear effects and cannot be reduced to additive effects, hence ba-
sic linear regression models, which are unable to capture interactions among options, give
poorly accurate results.

Numerous works have considered the problem of learning the effects of options and
their interactions. The process of "sampling, measuring, learning" configurations has been
applied on several configurable systems in different domains [114, 51, 123, 131, 71]. How-
ever, the number of options was limited to dozens of options. At the scale of Linux, there
are more than 9,000 options for the x86 architecture and only a fraction of possible ker-
nel configurations can be measured owing to the cost of compiling and building kernels
(a build typically takes about 10 minutes on a modern computer). Linux thus questions
whether learning methods used in the state of the art would scale (w.r.t. training time),
provide accurate models, and provide interpretable information at such an unprecedented
scale.

In this chapter, we consider a wide range of state-of-the-art learning algorithms to
explore their behavior on a yet untested scale in term of number of options. The lack of
empirical results on this matter left by previous state-of-the-art experimentations, limited
to at most 60 options, makes it impossible to know if there is a problem or not.

The contributions of this chapter are as follows:
— The design and implementation of a large study about kernels’ sizes. We compute

at scale different measures and we engineer specific methods for feature encoding

1. The terminology footprint is also used in the literature to refer to the "binary size of a generated
product" [133, 135]
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and feature construction 2;
— A comparison of a wide range of machine learning algorithms over prediction errors.

We analyse the amount of configurations needed for training and replicate the
experiments using different learning algorithms and measures of kernel size.

— An infrastructure, called TuxML, and a comprehensive dataset of 95,854 config-
urations with measurements of size as well as learning procedures for replication
and reproducibility of the results [139].

3.2 Non-Functional Property prediction of Software
Product Lines

In this section, we describe the different problems and solutions existing in the state-
of-the-art when it comes to predicting the properties of specific configurations of software
systems. Section 3.2.1 describes the process of building a dataset of configuration mea-
surements. Section 3.2.2 formalizes our problem as a statistical learning one. Section 3.2.3
lists existing solutions in the state of the art and describes their limits.

3.2.1 Gathering configurations’ data

Our approach, like other learning-based performance models, requires engineering ef-
fort to measure non-functional properties (here: the binary size of a Linux kernel) out
of a sample of configurations. We have developed the tool TuxML to build the Linux
kernel in the large i.e., whatever options are combined. TuxML uses Docker to host the
numerous packages and tools needed to compile, build, and measure the Linux kernel.
Inside Docker, a collection of Python scripts automates the build process. Docker offers a
reproducible and portable environment – clusters of heterogeneous machines can be used
with the same libraries and tools (e.g., compiler versions). In particular, we can use a grid
computing or a cloud infrastructure to build a large set of configurations.

The two main steps followed by TuxML to measure kernel binary sizes are as follows:

1. Sampling configurations. For this step, we relied on randconfig to randomly generate
Linux kernel configurations. randconfig has the merit of generating valid configura-
tions respecting the numerous constraints between options. It is also a mature tool
that the Linux community maintains and uses [95]. Though randconfig does not

2. We consider options and features as two separate terminology as explained in 3.4.1
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produce uniform, random samples (see Section 3.5), there is still a wide diversity
within the values of options (being ‘y’, ‘n’, or ‘m’). We use this sample to create a
.config file.

2. Kernel size measurement. Given a set of .config files, TuxML builds the corre-
sponding kernels. Throughout the process, TuxML measures the size of vmlinux,
a statically linked executable file containing the kernel. We saved the configurations
and the resulting sizes in a database.

The outcome is a dataset of Linux configurations together with their binary size. Each
line of the dataset is composed of a set of configuration option values and a quantitative
value.

3.2.2 Statistical learning problem

At this step, we have built a dataset of configurations and binary sizes. Predicting
the size of a configurable system now becomes a supervised regression problem, i.e., we
aim to predict a quantitative variable out of features, built from configuration options as
explained above.

Let us formalize the problem. First, we denote p the number of configuration options
and define the configuration space C = {0, 1}p. Out of this space of configurations C, we
gather a subset of d configurations, denoted CS ⊂ Cd, as explained in Section 3.2.1.

We separate CS into a training set Ctr
S and a test set Cte

S , so CS = Ctr
S

⊕Cte
S .

Then, we denote:
— F (C,R+) the ensemble of functions of C in R+,
— f : C → R+ ∈ F (C,R+) the function affecting to any configuration c ∈ C its

performance f(c) ∈ R+,
— f(S) the distribution of performance of a set of configuration S, verifying: ∀ S ⊂

C, f(S) = {f(c), c ∈ S}.

With respect to these notations, the goal is to train a learning algorithm f̂ estimating
the function f for each measured configuration of the training set c ∈ Ctr

S , i.e., f̂ =
argmin

h∈F (C,R+)
L(f(Ctr

S ), h(Ctr
S )), where L is a loss function.

The training set Ctr
S is used to obtain a prediction model, while the testing set Cte

S

only tests the prediction performances of f̂ . The principle is to confront predicted values
f̂(Cte

S ) to observed (i.e., ground truth) values f(Cte
S ).
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From options to features. Due to discrepancy in vocabulary between the config-
urable systems domain and the machine learning domain, we clarify how both terms,
"option" and "feature" will be used in this chapter and the remaining of this thesis. An
option is a variable in a configuration of a system. In the Linux case, every available
option has a value in the configuration file .config 3. A feature is an independent variable
given to a machine learning algorithm. Traditionally in Software Engineering, a feature
corresponds to one and only one option and vice versa [49, 148]. Most of the time it is
actually the case for Linux. However, we found opportunities to apply feature engineering
techniques that can alter this observation. The most frequent change is an option not
being represented at all by a feature, because it has the same value across all examples.
Another example is when several options can be merged into a single feature, since they
are logically implied or excluded. In any case, it is straightforward to trace back features
to the corresponding options.

3.2.3 Limitations of state-of-the-art solutions

Numerous statistical learning algorithms, capable of handling a regression problem,
are used in the literature of configurable systems. The most used are standard machine
learning techniques, such as linear methods for regression, decision trees (CART), or ran-
dom forests [114]. These algorithms differ in terms of computational cost, expressiveness
and interpretability. For instance, linear regressions are considered as easy to interpret,
but are unable to capture interactions between options or to handle non-linear effects.
On the opposite side of the spectrum, neural networks are blackbox models that can
reach higher accuracy on larger datasets. In between, there are variants of algorithms
(e.g., Lasso [144]) or ensemble methods (e.g., random forests [18]) together with hyper-
parameters that have different impacts on training time, accuracy, and interpretability.
For instance, max_depth, a hyperparameter of random forest, controls the maximal depth
of the trees (i.e., the maximal number of times we can split the dataset) and may affect
results.

Siegmund et al. [131] introduced a learning method called performance-influence model.
Feature-forward selection and multiple linear regression are used in a stepwise manner to
shrink or keep terms representing options or interactions. This method aims to handle
interactions between options, limit the number of options to learn on, and provide a

3. Technically, the Linux options that are not specified in a .config file have the value ’n’.
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human-readable formula describing influence of options and combinations of options on
performance. Performance-influence models can be seen as a wrapper feature selection
method in which feature selection is performed by training models on different sets of
features and comparing the resulting accuracy to determine the best set.

Though performance-influence models have been used in various settings [66, 69, 71,
80, 81, 131, 157], it is yet to be proven whether the method is suited for the scale of Linux.
Specifically, the number of possible interactions in Linux is huge. As stated in [81], for p

options, there are p possible main influences, p × (p − 1)/2 possible pairwise interactions,
and an exponential number of higher-order interactions among more than two options.
In the worst case, all 2-wise or 3-wise interactions among the 9K+ options are included
in the model, which is computationally intractable. Even if a subset of options is kept,
there is a combinatorial explosion of possible interactions. It may hinder the scaling of the
method or dramatically increase the training time. Kolesnikov et al. [81] reported that it
take hundreds of minutes for systems with fewer than 30 options, which is far from 9K+
options. Moreover, it is unclear whether linear regressions, used as part of the stepwise
process to keep relevant options or interactions, are accurate enough in the context of
Linux.

Lack of empirical evidence at the scale of Linux. In general, we do not know
whether learning methods used in the state of the art would scale (w.r.t. training time),
provide accurate models, and interpretable information at the scale of Linux. For instance,
among linear regressions, decision tree, and random forest, what is the most accurate
algorithm? How many configurations should be measured to reach a high accuracy? In
fact, a gap in the literature is the lack of reference for large-scale configurable systems:
there is no report of any experiment, or even any attempt, to work on systems with more
than dozens of options. For instance, Valov et al. [148] and Guo et al. [49] compared
various learning methods over datasets with 52 options at best. As is, there is no evidence
that these techniques can be effective with large-scale systems, but there is no evidence
of the opposite either. We aim to fill this lack of evidence through an empirical study.

3.3 Study design

The purpose of this chapter is to answer only one research question:
— (RQ1, state-of-the-art) How do state-of-the-art techniques perform on

the Linux dataset? We use various state-of-the-art algorithms on our Linux
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dataset to assess how they can be used.
In this section, we describe our choices of implementation when addressing this ques-

tion.
Section 3.3.1 details how we constitute our dataset of Linux configurations. Sec-

tion 3.3.2 describes the statistical learning methods we have considered while Section 3.3.3
presents the metrics used to answer the different research questions of this chapter.

3.3.1 Dataset

For gathering data at scale, we used TuxML (see details in Section 3.2.1) and a com-
puting grid called IGRIDA 4. We only focus on the kernel version 4.13.3 (release date:
20 Sep 2017). It is a stable version of Linux (i.e., not a release candidate). Furthermore,
we specifically target the x86-64 architecture i.e., technically, all configurations have val-
ues CONFIG_X86=y and CONFIG_X86_64=y. During several months, we used a cluster of
machines to build and measure 95,854 random configurations. In total, we invested 15K
hours of computation time. A build took more than 9 minutes per configuration on
average (standard deviation: 11 min). We removed configurations that do not build (e.g.,
due to configuration bugs of Linux).

Data description

The number of possible options for the x86 architecture is 12,797 options, but the
64 bits constraint further restricts the possible values (some options are always set to ‘y’
or ‘n’ values). We observe that more than 3K options have a unique value mainly due to
the presetting of CONFIG_X86_64=y. We use this opportunity to remove the options that
have a unique value.

In total, 9,286 options have more than one value i.e., there are nine thousand predictors
that can potentially have an effect on binary size.

Each configuration is composed of 9,286 options together with one measurement (bi-
nary size of vmlinux).

Finally, after adding the number of activated options as a feature, and the elimination
of feature collinearity, the dimension of the dataset (i.e. number of features x number of
configurations) is 8,743 x 95,854.

4. http://igrida.gforge.inria.fr/
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Figure 3.1 – Distribution of size (in Mb) without outliers

Distribution of performances

Before discussing the statistical learning, we briefly analyze the distribution of ker-
nel sizes of our dataset.

The minimum size of vmlinux is 7Mb and corresponds to the size of tinyconfig, a
predefined configuration that tries to preset option values to ‘n’ as much as possible.
The maximum size is 1,698Mb, the mean is 47Mb with a standard deviation of 67Mb.
Figure 3.1 shows the distribution of vmlinux size (with 0.97 as quantile for avoiding extreme
and infrequent values of sizes). Most values are around 25Mb, and there is an important
variability in sizes.

3.3.2 Statistical learning implementation

Learning methods

For addressing the research question, we have considered a wide range of learning
methods.

Algorithms. We considered Linear Regressions, Performance-Influence Models, De-
cision Trees, Random Forests, Gradient Boosting trees and Neural Networks. We chose
to work with this set of algorithms for two reasons. First, they have already been suc-
cessfully used in the literature of configurable systems [114]. (Polynomial) linear regres-
sions, decision trees, and random forests are the most used learning techniques in the
literature. Second, we aim to gather (strong) baselines and explore the tradeoffs w.r.t.
accuracy and interpretability. In addition, we considered Lasso, Ridge, and Elastic Net
that perform embedded feature selection and/or regularization in order to enhance the
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prediction accuracy and interpretability of standard linear regressions. We also included
in our experiments so-called polynomial regression: it is linear regression that operates
over polynomial combinations of the features with degree two. The goal was to investigate
the effects of handling 2-wise interactions as part of the learning process.

Hyperparameters. Most of the selected algorithms are sensitive to hyperparameters,
which may affect accuracy results. Selecting the right values for hyperparameters should
not be neglected. Otherwise, the best algorithm could be sub-optimal after the hyperpa-
rameter optimization. We optimize their hyperparameters, and explore a wide range of
values as part of our study using grid search and cross-validation [139]. Here are the choices
of construction and hyperparameter optimization we made for the following algorithms:

— Linear Regressions. We rely on ordinary least squares (OLS) method and there is
no specific hyperparameter here.

— Decision Trees. We find the best hyperparameters to be at max depth of 27 and
minimum sample split of 45.

— Random Forests. We performed Random Forests with a maximum depth of 20 and
a minimum sample split of 10, over 48 estimators (to match the 4 cores/8 threads
capacity of the machine).

— Gradient Boosting Trees. For Gradient Boosting Trees, the maximum depth was
15 and the minimum sample split was 100, over 50 estimators.

— Neural Networks. Our implementation of neural networks is a multilayer feed for-
ward network. Linux configurations go through three dense layers with ReLU ac-
tivation functions. We rely on an Adam Optimizer [77], since in our case, it had
better convergence properties compared to a standard stochastic gradient descent.
Besides, we noticed that the architecture of the neural network should be revised
for small training sets. Specifically, when the size of the training set is lower than
one thousand configurations, we chose a monolayer (i.e., a Linear Regression with
a ReLU activation). When the size of the training set is between one and ten thou-
sands of configurations, we chose a 2-layer architecture. We fed the network with
batches of 50 configurations.

Training and test. For each learning method, we split our sample of 95,854 configu-
rations and their associated size measures into multiple training and testing set of various
sizes N (10%, 20%, 50%, 80%, 90% of the dataset). For instance, when N = 10% of the
training set, we use 90% of the remaining configurations to test the predictions. In all
cases, we reproduced the experiment 5 times to mitigate the randomness and report on
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the average as well as the standard deviation.
Loss function. We used the Mean Squared Error (MSE) as the loss function L (see

Section 3.2.2) for all these algorithms. For instance, the loss function evaluated on the
training set MSEtr would be defined as follows:

MSEtr = 1
#(Ctr

S )
∑

c∈Ctr
S

(f(c) − f̂(c))2

where #(Ctr
S ) is the number of configurations of the training set, w.r.t. the notations

of Section 3.2.2.

Experimental infrastructure

Hardware When measuring computation time (RQ4), we only used one machine with
an Intel Xeon E5-1630v3 4c/8t, 3,7GHz, with 64GB DDR4 ECC 2133 MHz memory. We
also used this machine to report on prediction errors.

Reproducible environment. We created an infrastructure on top of a Docker im-
age [139] The infrastructure takes a file as input that includes the specification of ex-
periments (e.g., training set size, feature selection method if any, learning algorithms)
and serializes the results for further analysis (e.g., MAPE and feature importance). This
approach makes it easy to reproduce all our experiments.

Machine learning libraries. We rely on Python modules scikit-learn [20] and Ten-
sorflow [93] to benefit from state of the art machine learning algorithm implementations.
We also build an infrastructure around these libraries to automatically handle the feature
engineering part, the control of hyperparameters, training set size, etc. For example, it
is possible to specify a range of values in order to exhaustively search the best hyperpa-
rameters for a given algorithm (more details can be found online [139]). For Performance-
influence model, we rely on SPLConqueror 5, the implementation made by the authors of
the algorithm.

Bounds for training. We needed to set up bounds to what is deemed reasonable
for the experimentation. The first is about memory consumption, as we performed all our
experiments on the same machine with 64GB of memory, which is already higher than
the current personal computer standard. Since the algorithms are meant to be used by
developers or users of configurable systems on their regular machine, which usually are
equipped from 8 to 32 GB of memory, and seldom with more than 64 GB, an algorithm
needing more than 64 GB will be deemed out of scale. For CPU consumption, we put the
limit at 10 days of computing.

5. https://github.com/se-passau/SPLConqueror, git commit 89b68ce
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3.3.3 Metrics and measurements

To assess the accuracy of each method, we rely on the Mean Absolute Percentage
Error (MAPE), an interpretable and comparable metric. The MAPE of the testing set
MAPEte would be defined as follows:

MAPEte = 100
#(Cte

S )
∑

c∈Cte
S

|f(c)−f̂(c)|
f(c) %

where #(Cte
S ) is the number of configurations of the test set, w.r.t. the notations of

Section 3.2.2.
We choose the MAPE to depict our results since:

1. it is frequently used when the quantity to predict is known to remain above zero
(as in our case) [114];

2. it has the merit of being easy to understand and compare (it is a percentage);

3. it handles the wide distribution and outliers of vmlinux size (Figure 3.1);

4. it is commonly used in approaches about learning and configurable systems [114].

All reported accuracy values are made with this metric in order to have an easier
comparison, and lower is the value the better.

3.4 Results

Most of studied techniques could perform their task in the time and memory limits
we had set. We however failed to get results from two of the techniques we have tried:
SPLConqueror and Polynomial regression:

— Importing the Linux dataset into SPLConqueror raises an error about insufficient
memory, so SPLConqueror cannot perform anything on the dataset 6.

— Polynomial regression integrates interactions among features (in the same vein as
performance-influence model) and does not scale for a degree 2.

Table 3.1 reports the highly variable accuracy in MAPE of all successfully tested
techniques with various training set sizes. We can distinguish multiple groups of similar
performance and techniques:

— Linear regression based techniques: OLS Regression, Ridge, ElasticNet and Lasso
all present poor results, with Lasso being the only one with less than 50% MAPE,
but still 34% at best. The results show that linear regressions are not suited for

6. We used SPLConqueror from commit 9b68ce on Ubuntu 20.04 LTS and got the message "Sys-
tem.OutOfMemoryException: Insufficient memory to continue the execution of the program."
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Algorithm N=10 N=20 N=50 N=80 N=90
OLS Regression 74.54±2.3 68.76± 1.03 61.9 ± 1.14 50.37±0.57 49.42±0.08
Lasso 34.13±1.38 34.32±0.12 36.58±1.04 38.07±0.08 38.04±0.17
Ridge 139.63±1.13 91.43±1.07 62.42±0.08 55.75±0.2 51.78±0.14
ElasticNet 79.26±0.9 80.81±1.05 80.58±0.77 80.57±0.71 80.34±0.53
Decision Tree 15.18 ± 0.13 13.21 ± 0.12 11.32±0.07 10.61± 0.10 10.48± 0.15
Random Forest 12.5±0.19 10.75±0.07 9.27±0.07 8.6±0.07 8.4 ±0.07
GB Tree 11.13±0.23 9.43±0.07 7.70±0.04 7.02±0.05 6.83±0.10
N. Networks - 13.92 ± 0.99 9.46 ± 0.15 8.29 ± 0.18 8.08 ± 0.12
Polynomial Regression - - - - -

Table 3.1 – MAPE of different learning algorithms for the prediction of vmlinux size, with
N being the percentage of the dataset used as training

Linux and that the problem of predicting size cannot be trivially resolved with a
simple additive, linear model (as hypothesized earlier in the chapter);

— Tree-based techniques: Decision Tree, Random Forest and Gradient Boosting Tree
all show MAPE at less than 20% even with "only" 10% of the dataset, even reaching
6.83% for GB Tree at 90% of the dataset. Decision trees are inferior to random
forest and GB Trees;

— Neural Networks work quite well but require much more data to be efficient com-
pared to Tree-based techniques.

How does state-of-the-art techniques perform on large configurable sys-
tems? At the exception of Performance-Influence model and Polynomial Regres-
sion, most of the techniques studied can handle the Linux dataset in reasonable
time and memory limits. On the accuracy side, we can notice that Linear regression
based techniques do not present very accurate results, and only Tree-based and
neural network techniques are suited for Linux.

3.5 Threats to Validity

3.5.1 Internal Validity

The selection of the learning algorithms and their parameter settings may affect the
accuracy and influence interpretability. To reduce this threat, we selected the most widely
used learning algorithms that have shown promising results in this field [114] and for a fair
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comparison we searched for their best parameters. We deliberately used random sampling
over the training set for all experiments to increase internal validity. For each sample
size, we repeat the prediction process 5 times. For each process, we split the dataset
into training and testing which are independent of each other. To assess the accuracy of
the algorithms and thus its interpretability, we used MAPE since most of the state-of-
the-art works use this metric for evaluating the effectiveness of performance prediction
algorithm [114].

Another threat to validity concerns the (lack of) uniformity of randconfig. Indeed
randconfig does not provide a perfect uniform distribution over valid configurations [95].
The strategy of randconfig is to randomly enable or disable options according to the order
in the Kconfig files. It is thus biased towards features higher up in the tree. The problem of
uniform sampling is fundamentally a satisfiability problem. To the best of our knowledge,
there is no robust and scalable solution capable of comprehensively translating Kconfig
files of Linux into a format usable by a SAT solver. Second, uniform sampling either does
not scale yet or is not uniform [117, 21, 22, 42]. So we had to stick with randconfig. We
see randconfig as a baseline widely used by the Linux community [121, 95].

3.5.2 External Validity

A threat to external validity is related to the target kernel version and architecture
(x86) of Linux. Because we rely on the kernel version 4.13.3 and the non-functional prop-
erty binary size, the results may be subject to this specific version and quantitative prop-
erty. However, a generalization of the results for other non-functional properties (e.g.,
boot time) would require additional experiments. It is actually a challenge per se to scale
up such experiments. Binary size has the merit of being independent of the hardware:
we do not need to control for the heterogeneity of machines or repeat the measurements.
Binary size has also proved to be a non-trivial property to learn.

Overall, we focused on a single version and property to be able to make robust and
reliable statements about whether learning approaches can be used in such settings. Our
results suggest we can now envision to perform an analysis over other versions and prop-
erties to generalize our findings.
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3.6 Conclusion

Is it possible to learn the essence of a gigantic space of software configurations with
respect to a given property of interest? We addressed an instance of this problem through
the prediction of Linux kernel sizes for the x86_64 processor architecture, dealing with
over 9,000 options and thus a huge configuration space.

We invested 15K hours of computation to build and measure 95,854 Linux kernel
configurations and found that:

— Linear regression based techniques give low accuracy results.
— Polynomial regression and performance-influence models run out of memory, pos-

sibly due to the way interactions are encoded.
— Tree-based algorithm and neural networks show quite a good accuracy, and Gra-

dient Boosting Trees yield the best results.
The fact that performance-influence models approach, a well-established algorithm

designed especially to deal with Software Product Lines problems and maybe the most
advanced one currently in the field, does not scale with the number of options in Linux,
is a worrying discovery for the relevance of current research based on that algorithm and
yet claiming their scalability to all Software Product Lines.

We believe that the limitation comes from the way interactions are encoded into the
algorithm, as each interaction is represented by a new features when presented to the
algorithm building the model. This lead to a combinatorial explosion, and this despite
the heuristics used to mitigate it. This type of encoding is used in other works around
SPL, and thus severely limits its applicability for really large configurable systems.

Tree-based algorithm and neural networks are the best algorithms in our study and
offer a positive answer to the question about the possibility to learning on such a con-
figuration space. However, the costs in term of resources needed to gather the dataset,
and to a lesser extent to train the models, can be a deterrent to engage in such initiative,
especially in a context of constant evolution.
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Chapter 4

TREE-BASED FEATURE SELECTION

4.1 Introduction

Feature Selection is a well-known process in machine learning, and after considering
the previous chapter on property prediction of Linux Kernel, we aim to follow a novel
research direction. Instead of considering the whole set of options when training a model,
we first compute a subset of influential options with tree-based algorithms. Then learning
methods can operate over a much reduced feature space.

Our hypothesis is that some configuration options of Linux have little effect on a given
property of interest (e.g., the kernel binary size) and thus can be removed without incur-
ring much loss of information. So-called feature selection techniques are worth considering
when there are many features and comparatively few samples as in Linux (see e.g., Chap-
ter 18 of [53]). Though we are not necessarily in extreme cases like the analysis of DNA
microarray data [138, 23] in which there are only a few samples available, the Linux case
exhibits a very large number of options p.

The promise of feature selection is that the resulting models are easier to interpret
and faster to train since only a few options are considered (i.e., p′ << p with p′ the new
number of considered options). The danger, however, is that the accuracy might decrease
if the subset of options is badly chosen. Hence several empirical questions arise: Can tree-
based feature selection identify relevant options with effects on binary size? Is feature
selection competitive w.r.t. accuracy? How many configurations should be measured and
what machine learning algorithms should be used to reach a high accuracy?

Prior works considered only a few options and configurations. Sincero et al. [136]
considered 352 options and 146 random configurations for the non-functional property
scheduling performance. Siegmund et al. [133, 135] considered 25 options and 100 random
configurations for binary size. In this study and in contrast to prior works, we make no
assumption about the supposed influence of some options and our experiments consider
the entire 9K+ options of the Linux kernel on the x86_64 architecture. We also considered
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a baseline of 95K+ different configurations. Beyond Linux, only dozens of options over a
few configurations are usually considered in the literature of configurable systems [114].
The gap with the Linux case is substantial, up to the point that some learning algorithms,
including the ones proposed in the literature, do not scale (see Section 3.2.3) or have poor
accuracy (see Section 4.5). We also aim to automate the process of selecting a subset of
relevant options prior to the training of a prediction model. Owing to the large number of
options (9K+), feature selection is particularly suited for Linux. Yet, it is unclear whether
feature selection is effective at this scale. Feature selection can be done manually: some
experts chose a subset of options based on some knowledge to make the experiment less
costly and thus affordable. We want to automate this process, thus avoiding to rely on
a potentially incomplete and outdated knowledge. Feature selection can also be realized
through wrapper methods that determine the best set of features by comparing models
trained on different sets [23]. Techniques such as performance-influence models [131] enter
into this category. Empirical results show that such state-of-the-art methods either do not
scale or are poorly accurate at the scale of Linux. For addressing these limitations, we
develop a two-step method that relies on tree-based feature selection. First, a learning
process computes a so-called feature ranking list for ordering important features. Then,
this list is fed to a learning algorithm that operates over a subset of predictive features. We
use tree-based learning algorithms (e.g., random forest) to learn the feature ranking list,
owing to their predictive power and interpretability. As detailed in the rest of this chapter,
empirical results show that (1) tree-based learning algorithms are the most accurate among
al tested algorithms and (2) the use of tree-based feature selection outperforms learning
approaches that do not resort to feature selection.

The contributions of this chapter are as follows:

— A measurement of the effect of tree-based feature selection on a wide range of
machine learning algorithms over prediction errors, interpretability, and training
time. We find that tree-based feature selection is able to identify a reduced set
of options that both speeds up the training time and produces simpler and more
accurate models;

— A qualitative analysis of identified options based on the cross-analysis of Linux
documentation, default options’ values and configurations, and experts’ knowledge.
We find that the subset of options found by tree-based feature selection is consistent
w.r.t. Linux knowledge;
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4.2 Kernel Sizes and Documentation

We first conducted a study that identifies the kernel options for which the documen-
tation explicitly discusses an impact on the kernel size. We apply the following protocol.

Protocol. The objects of the study are the KConfig files that describe and document
each kernel option. We use the KConfigLib tool to analyze the documentation of the Linux
kernel 4.13.3 for the x86 architecture [54]. This architecture contains 12,797 options. For
this analysis, we automatically gathered the options whose documentation contains spe-
cific terms related to size terminology: big, bloat, compress, enlarge, grow, huge, increase,
inflat, inlin, larger, little, minim, optim, overhead, reduc, shrink, size, small, space, trim,
percent and size values (e.g., 3%, 23 MB). The list of terms was built in an iterative
way: we intensively read the documentation and checked whether the terms cover rele-
vant options, and to include new terms, until a fixed point is reached. We then manually
scrutinized the KConfig documentation to state whether it indeed discusses a potential
impact of the option on the kernel size.

Results. On the 12,797 options, 2,233 options have no documentation (17.45%). We
identified 147 (1.15%) options that explicitly discuss potential effects on the kernel size.
Kernel developers use quantitative or approximate terms to describe the impact of options
on the kernel size.

Quantitative examples include: "will reduce the size of the driver object by approxi-
mately 100KB"; "increases the kernel size by around 50K "; "The kernel size is about 15%
bigger".

Regarding approximate terms, examples include: the "kernel is significantly bigger";
"making the code size smaller"; "you can disable this option to save space"; "Disable it only
if kernel size is more important than ease of debugging".

4.3 Learning with Tree-based Feature Selection

This section describes our learning approach based on tree-based feature selection.
The whole process is depicted in Figure 4.1 and each step is detailed in the remainder of
this section. The first step of the process, the data acquisition part, is presented in the
previous chapter, as we are using the exact same dataset. Section 4.3.1 details feature
encoding, feature construction and tree-based feature selection that can be used as inputs
of learning algorithms (see middle part of Figure 4.1). By selecting influential features in
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Figure 4.1 – From measuring to learning with tree-based feature selection

large configuration spaces, the promise of the solution is to improve accuracy, training
time, and interpretability (see bottom part of Figure 4.1).

4.3.1 Our Approach: Tree-based feature selection

Feature engineering and selection for learning at scale. A major problem when
predicting the non-functional property of software variants is to identify the influence of
options together with their interactions. Trying to simply list all interactions would lead
to a combinatorial explosion, especially at the scale of Linux. The approach taken by
embedded feature selection methods such as Lasso or decision tree, or wrapper methods
such as in performance influence model, is good in that sense: the goal is to reduce the
number of options p by only taking the relevant ones in a step-wise manner. However,
this reduction still operates over a very large number of variables at training time. In
contrast, we propose to encode and identify a subset of options before applying machine
learning algorithms. The idea of this pre-processing is that machine learning algorithms
can then operate over a reduced number of variables at training time. We detail so-called
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tree-based feature selection in the next section. To the best of our knowledge, the use
of feature selection prior to the learning has not received attention in the literature of
configurable systems.

Intuition. A hypothesis is that some configuration options of Linux have little
effects and can be removed without incurring much loss of information. Feature selection
techniques are worth considering when there are many features and comparatively few
samples. Though we are not necessarily in an extreme case like the analysis of DNA
microarray data [23, 138] in which there are only a few available samples, the Linux case
exhibits a very large number of options p. The goal is to operate over a reduced number
of variables p′ ≪ p when training, ideally over a relatively small training set (e.g., less
than 10K) to reduce the overall cost of learning.

The left middle part of Figure 4.1 lists each step of the tree-based feature selection
method.

Feature encoding A first way to reduce p is to properly encode options as features.
Regression analysis requires that we encode three possible values of options (e.g., ‘y’, ‘n’,
‘m’) into numerical values. An encoding of ‘n’ as 0, ‘y’ as 1, and ‘m’ as 2 is a first possible
solution. However, some learning algorithms (e.g., linear regression) will assume that two
nearby values are more similar than two distant values (here ‘y’ and ’m’ would be more
similar than ‘m’ and ‘n’). This encoding will also be confusing when interpreting the
negative or positive weights of a feature. There are many techniques to encode categorical
variables (e.g., dummy variables [41]). We observe that the ‘m’ value has no direct effect
on the size since kernel modules are not compiled into the kernel and can be loaded as
needed. Therefore, we consider that ‘m’ values have the same effect as ‘n’ values, and these
values can be merged. As a result, the problem is simplified: an option can only take two
values (i.e., "yes" or "no", 1 or 0 as defined in Section 3.2.2). For non-tri-state options,
which are only 319, we simply discarded them. With this encoding, the hypothesis is that
the accuracy of the prediction model is not impacted whereas the problem is simpler to
handle for learning algorithms and easier to interpret.

Feature construction. The number of ‘y’ options’ values in a configuration, denoted
#yes, can have an impact on the kernel size, and has been added as a new feature in the
dataset. The rationale is that the more options are included, the larger is the kernel. At
first glance, the inclusion of a new feature is counter-intuitive since our focus is rather
to reduce the number of variables. However, this feature is informative and may have a
strong predictive power: it makes explicit the domain knowledge about the relationship
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between binary size and number of options. By adding such a feature, the hypothesis is
that the accuracy of the prediction model can be improved.

Feature selection Knowing which configuration options are most predictive of size is
part of our goal. With that in mind, feature importance is a useful concept: it is the increase
in the prediction error of the model after we permuted the feature’s values [97]. For a
decision tree, the importance of a feature is computed as the (normalized) total reduction
of the splitting criterion (e.g., Gini or entropy) brought by that feature. For random
forest, feature permutation importance is computed through the observation of the effect
on machine learning model accuracy of randomly shuffling each predictor variable [18, 97,
111].

Elimination of feature collinearity. In machine learning, feature collinearity happens
when two (or more) features are completely correlated. Feature collinearity is in fact a
well-known, general issue in machine learning, especially for model interpretability [38,
18, 111, 97, 43]. Feature collinearity also becomes an issue when quantifying how much a
feature is important to predict the target values. Specifically, when multiple features share
the same values, hence all having the same information value, there is no other choice to
be made than random split between those features. It has two major consequences:

1. there is some instability: it is hard to reproduce a feature’s importance without
setting a random seed at all levels of the experiment, as a feature’s importance
depends on the previous splits in the tree.

2. the importance of the information held by a group of features will be distributed
between them and considered far lower than it should be [97].

In order to mitigate feature collinearity, we grouped collinear options into a single feature.
There are at least two relevant cases of collinear options: (1) some options are logically
bi-implied and have always the same values in a configuration; (2) some options are
mutually exclusive and have always opposite values (e.g., CC_OPTIMIZE_FOR_SIZE and
CC_OPTIMIZE_FOR_PERFORMANCE). In both cases, we create one "artificial" feature that
acts as a representative group of all involved options. It does not bring any problem for
interpretation as it is possible to retrieve which options compose one "artificial" feature.

The elimination of feature collinearity is an important step realized just before the
actual feature selection. We choose to rely on a tree-based feature selection. The principle
is to rely on decision trees or ensembles like random forest to produce a feature ranking
list. Such algorithms are capable of handling non-linear effects and have strong predic-
tion power. (Empirical results confirm that tree-based learning algorithms are the most
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accurate, see Section 4.5).
Once the feature importance of random forests is computed, the feature ranking list can

be created. The feature ranking list orders features by importance. We use a threshold to
select a subset of relevant options (e.g., the top 500 of the list, by decreasing importance).
This threshold allows one to control the reduced number of variables p′ ≪ p to consider
at training time. A learning algorithm can use the subset of features to eventually train
a predictive model.

Stability. It should be noted that the algorithm of random forest relies on random
selection: this can cause instability in the computation of feature importance. To mitigate
this threat, we rely on two techniques. First, we simply repeat the process several times
and compute the average of feature importance. Second, we eliminate collinear features
before training the random forest (see previous explanations).

4.4 Study design

The main research question is RQ: How effective is tree-based feature selection for
predicting Linux kernel sizes?, which can be decomposed into five main research questions:

— (RQ1, accuracy) How accurate is the prediction model with and without
tree-based feature selection? Depending on e.g., training set size, feature selec-
tion or hyperparameters of learning algorithms, the resulting model may produce
more or fewer errors when predicting the size of unseen configurations.

— (RQ2, stability) How stable is the Feature Ranking List? Depending on
the models used to create the Feature Ranking List, the set of selected features
can vary.

— (RQ3, training time) How much computational resources is saved with
tree-based feature selection? By selecting a subset of relevant features, learning
algorithms operate on a smaller number of features at training time. Depending on
e.g., training set size, feature selection or hyperparameters of learning algorithms,
the resulting model may need more or fewer computational resources to get trained.

— (RQ4, interpretability) How do feature ranking lists, as computed by
tree-based feature selection, relate to Linux knowledge? We aim to compare
the retrieved knowledge extracted from models with knowledge from the Linux
community. Linux knowledge notably comes from the Kconfig documentation and
experts’ insights.
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In this section, we describe our choices of implementation when addressing these ques-
tions. For most of the experiments, we use the same process as in the last chapter, with
additional steps when it comes to feature selection.

Tree-based feature selection

Each learning algorithm previously described can be used with tree-based feature
selection. Our automated feature selection process is based on the feature ranking list,
created from insights extracted from a machine learning algorithm. In our case and for
RQ2, we rely on 20 random forests to compute the list. Random forests appear to reach
high accuracy, better than decision trees. For each random forest, the importance of each
feature is computed, then all features are sorted by their importance, the most important
feature being the top one in the ranking. We take the average ranking across all 20 random
forests to get the final feature ranking list. As further elaborated in RQ3, we needed to
rely on the results of multiple random forests due to the instability of the model. Even
with the same dataset and hyperparameters, the feature importance of two random forest
was fairly different. For example, if we take the 300 most important features of the first
random forest, we could only retrieve half of them in the second random forest top 300.

An important factor that can influence the accuracy of a learning method with tree-
based feature selection is k, the number of selected features within the feature ranking
list. We make k vary from 50 (i.e., the 50 top influential features) to 8,743 (the size of the
entire list), in steps of 50. The goal is to identify how many features are ideally needed at
training time for reaching high accuracy.

We apply all learning methods of Section 3.3.2 with and without tree-based feature
selection, and report on the difference of accuracy in Section 4.5.1.

4.4.1 Metrics and measurements

Aside from the accuracy metric, Mean Absolute Percentage error which is described
in Section 3.3.3, we also measure the stability of the Feature Ranking List, the training
time and the quality of the List.

(RQ3) Stability

The Feature Ranking List is created using the feature importance given by a model.
The Random Forest relies on random selection and this can cause inconsistency in the
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feature importance.
To measure the stability of Feature Ranking Lists, we count the number of common

features in the top N features between two lists. The two lists have to be created under the
same conditions (training set and hyperparameters) to be sure that only the randomness
introduced by the machine learning algorithm causes the instability.

(RQ4) Training time

During experiments, we also collected the time needed to train each model. All reported
times are given in seconds and have been measured on the same machine.

(RQ5) Interpretability

We quantitatively and qualitatively confront the feature ranking list with Linux knowl-
edge coming from the Kconfig documentation, expert insights (two developers of the Linux
kernel), and tinyconfig. We report on options considered as influential by both sides, but
also options absent in the list or in the Linux documentation.

4.4.2 Feature Ranking List scenarios

Our approach consists in two distinct phases: the Feature Ranking List creation and
the actual model training using the Feature Ranking List. In practice, we consider two
usage scenarios. The first one is based on the creation of a feature ranking list over a large
portion of the dataset. This usage typically occurs offline, once and for all. This would
represent a case when organizations (e.g., KernelCI 1 for the Linux kernel) with computa-
tional resources share a Feature Ranking List to the community. It aims to synthesize a
knowledge that can be beneficial whenever a training (including hyper-parameterization)
is performed. In our experimental settings, we leverage a Feature Ranking List trained on
90% of the dataset with an ensemble of random forests. We investigate the effect of this
list on several training sizes and all algorithms. The goal is to understand the potential
of the feature ranking list in terms of accuracy (RQ2), computation time (RQ3), and
interpretability (RQ4 and RQ5).

A second scenario, with limited resources, is to consider both creating a feature ranking
list and actual training phases on the same portion of the dataset. In order to investigate
the effect of the Feature Ranking List trained on a lower number of examples, we set

1. https://kernelci.org/
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Algorithm Without tree-based Feature Selection
N=10 N=20 N=50 N=80 N=90

OLS Regression 74.54±2.30 68.76± 1.03 61.9 ± 1.14 50.37±0.57 49.42±0.08
Lasso 34.13±1.38 34.32±0.12 36.58±1.04 38.07±0.08 38.04±0.17
Ridge 139.63±1.13 91.43±1.07 62.42±0.08 55.75±0.20 51.78±0.14
ElasticNet 79.26±0.90 80.81±1.05 80.58±0.77 80.57±0.71 80.34±0.53
Decision Tree 15.18 ± 0.13 13.21 ± 0.12 11.32±0.07 10.61± 0.10 10.48± 0.15
Random Forest 12.5±0.19 10.75±0.07 9.27±0.07 8.6±0.07 8.4 ±0.07
GB Tree 11.13±0.23 9.43±0.07 7.70±0.04 7.02±0.05 6.83±0.10
N. Networks - 13.92 ± 0.99 9.46 ± 0.15 8.29 ± 0.18 8.08 ± 0.12
Polynomial Regression - - - - -

Algorithm With tree-based Feature Selection
N=10 N=20 N=50 N=80 N=90

OLS Regression 43.56±1.48 42.58±2.22 40.23±0.22 39.56±0.39 39.29±0.48
Lasso 35.18±0.45 36.53±0.60 39.28±1.06 38.28±0.04 38.61±0.81
Ridge 43.52±1.41 42.29±2.16 40.2±0.27 39.53±0.33 39.24±0.43
ElasticNet 79.66±2.11 81.74±0.65 81.0±0.24 80.84±0.60 81.45±0.20
Decision Tree 13.97±0.08 12.34±0.08 10.75±0.05 10.07±0.09 9.91±0.12
Random Forest 10.44±0.12 9.3±0.06 8.2±0.02 7.67±0.06 7.54±0.02
GB Tree 8.34±0.07 7.00±0.04 5.89±0.02 5.50±0.02 5.41±0.02
N. Networks - 12.91±0.17 6.17 ± 0.09 5.77 ± 0.04 5.71 ± 0.05
Polynomial Regression 24.65 ± 1.23 22.58 ± 0.18 20.49 ± 0.24 21.53 ± 0.10 20.86 ± 0.04

Table 4.1 – MAPE of different learning algorithms for the prediction of vmlinux size,
without and with tree-based feature selection, with N being the percentage of the dataset
used as training

up another experiment. We take a percentage of the dataset (e.g., N=10%), create the
Feature Ranking List and train a model using that List – all on the same training set. We
repeat the process 5 times and report the mean MAPE. Specifically, we report prediction
errors on Random Forest and Gradient Boosting Tree – two learning methods that proved
to be highly accurate (see results of RQ1) – and on varying training sizes.

4.5 Results

In this section, we present our results and answer the different research questions
defined in Section 4.4.
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4.5.1 (RQ1) Accuracy

What is the best algorithm to learn the Linux kernel’s size?

In Table 4.1, we report the MAPE (and its standard deviation) of multiple statistical
learning algorithms, on various training set sizes (N), with and without tree-based feature
selection.

We observe that algorithms based on linear regression (Lasso, Ridge, Elasticnet) do
not work well, having a MAPE of more than 30% whatever the training set size or the
feature selection, showing that the size problem is not only an additive problem. Some do
not even take advantage of a bigger training set, like Lasso which even increases its MAPE
from 34% to 38% when the training set size goes from 10% to 90%. Tree-based algorithms
(Decision Tree, Random Forest, Gradient Boosting Tree) tend to work far better (MAPE
of 15% and lower) and effectively take advantage of more data to train on. As a base of
comparison, we also report results from Neural Networks which are better than most of
algorithms when fed with a big enough training set. 10% of the data in the training set
was not enough to make a multiple layer network converge; it led to a MAPE greater than
90%. Besides, using a monolayer network would not be different from a linear regression.

How many configuration options do we need to learn the Linux kernel’s size?

Figure 4.2 aims to show the influence on the accuracy of (1) the number k of selected
features and (2) the training set percentage (N) of the full dataset. In particular, it depicts
how Random Forest performs when varying k and N.

We observe that for a training set size of N=10% (9,500), the accuracy peaks (i.e.,
lowest error rate) when k=100 with a MAPE of 9.57, and consistently increases with more
features. For a training set size of N=50% (47,500), accuracy peaks when k=200 with a
MAPE of 7.74. For N=90% (85,500), we reach a MAPE of 7.29 with k=250. Independently
from the training set size, we consistently observe in Figure 4.2 that the MAPE is the
lowest when k is in the range 100—250.

This optimal number of selected features depends on the algorithm used. Table 4.1
reports the accuracy results with feature selection of the optimal number for each learning
method. For example, for Ridge or ElasticNet, it is in the range 250—300, for Lasso, 350—
400, for Gradient boosting tree, 1400–1600, for Neural Networks, 1500 (see [139] for more
details).

Given these results, we can say that out of the thousands of options of Linux kernel,
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Figure 4.2 – Evolution of MAPE w.r.t. the number k of selected features and the training
set percentage N (Random Forest).

Algorithm With tree-based Feature Selection
N=10 N=20 N=50 N=80 N=90

Random Forest 11.70±0.02 9.73±0.02 7.97±0.01 7.53±0.01 7.49±0.01
GB Tree 8.64±0.10 7.20±0.07 6.16±0.29 5.21±0.12 5.13±0.04

Table 4.2 – MAPE of different learning algorithms for the prediction of vmlinux size, with
a Feature Ranking List based on the same training set, with N being the percentage of
the dataset used as training

only a few hundred actually influence its binary size. From the machine learning point
of view, the other features do not bring any more information and even make the model
worse by biasing it. The effect of the engineered feature #yes is also quite noticeable, by
improving accuracy on tree-based solution by at least 2 points at every training set size.
Overall, the approach of reducing the dimensionality of configuration data is validated:
feature engineering and feature selection are beneficial to learning methods.

What is the effect of a lower training size on the Feature Ranking List?

Table 4.2 shows the MAPE of models trained on different training set sizes, with the
help of a Feature Ranking List itself created with the same training set. The impact of
having fewer measurements to create the Feature Ranking List can be noticeable but
is non significant overall. The only noteworthy changes compared to Table 4.1 (bottom
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table, with tree-based feature selection) is that at 10% of training set size, the MAPE of
Random Forest is 1.3 point higher (10.44% vs 11.70%). However, it is still better than
without feature selection (12.5%). In this practical scenario, the use of tree-based feature
selection gives better accuracy results than the traditional training.

Answering RQ1

(RQ1, accuracy) How accurate is the predictive model with and without
tree-based feature selection? We find a sweet spot where only 200—300 features
are sufficient to efficiently train a Random Forest and a Gradient Boosting Tree to
obtain a prediction model that outperforms other baselines (6% prediction errors for
40K configurations). We observe similar feature selection benefits for any training
set size and tree-based learning algorithms. Overall, the use of tree-based feature
selection is to be recommended when building a predictive model for Linux.

4.5.2 (RQ2) Stability

First benefit of tree-based selection: a stable Feature Ranking List

We studied the stability of the Feature Ranking List, and revised our method to
create it. At first, we simply created a list using only one Random Forest. However, when
comparing two lists created using two different models yet trained in the same conditions,
we could observe major differences already in the top 10 features, with only 9 features
being in that top 10 in both. When comparing the top 300, we could only observe from
100 (with feature collinearity) up to 130 (after elimination of feature collinearity) common
features. This instability would be a problem so we changed the way we create the Feature
Ranking List by using an ensemble of Random Forests.

By using the average feature importance of 20 Random Forests, the resulting Feature
Ranking List shows a stability of 10 common features in the top 10 and 286 common
features in the top 300. Despite not being perfectly stable, relying on an ensemble of
Random Forests proves itself far more stable then using a single model.

When comparing Feature Ranking Lists with and without eliminating feature collinear-
ity, we can observe its influence. For instance, the group #153 is in the 30th position, so a
quite important feature, but when each of the options composing the group are taken in-
dividually, namely IOSCHED_NOOP, SBITMAP, and BLOCK, they are positioned 136th, 109th,
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and 130th, which shows a significant decrease in their computed importance.

Answering RQ2

(RQ2, stability) How stable is the Feature Ranking List? Using an ensemble
of Random Forest allows the creation of a far more stable list, with more than 95%
features in common among the top 300 between multiple lists.

4.5.3 (RQ3) Training time

Our obtained results show that tree-based feature selection is promising w.r.t. accuracy
and interpretability. However, this is not the only observed benefit. In fact, it also has a
positive impact on computational resources.

Second benefit of tree-based feature selection: a shorter training time

During the experiments, we observed that training the model without feature selection
took a lot of time (up to 24 hours for some settings of boosting trees). To further assess
the effect of feature selection, we performed a controlled experiment. We measure the
computation time for Random Forest and Gradient Boosting Tree, on multiple numbers of
features and training set sizes, and report the results in Table 4.3. For Random Forest, we
report a 4,632 seconds (77 minutes) computation over 85K rows of the dataset (N=90%),
with all features. With 200 features selected, we report a computation time of 97 seconds,
147 seconds for 300 features and 254 seconds for 500 features. The time reduction was
respectively 48, 31, 18 fold less than without feature selection.

With Gradient Boosting Tree, on all features and 85k rows of the dataset, we report
a computation time of 22,090 seconds (more than 6 hours). In the same conditions, for
different numbers of selected features, we observed a difference in time. With 500 features
selected, we report a computation time of 1,252 seconds (21 minutes), 2,679 seconds (45
minutes) for 1,000 features, and 4,350 seconds (72 minutes) for 1,500 features. The time
reduction was respectively 17, 8, 5 fold less than without feature selection.

The computation time difference between Random Forest and Gradient Boosting Tree
is explained by the capability of Random Forest to use multiple threads while Gradient
Boosting Tree is not multi-threaded. In the context of intensive search of hyperparameters,
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Algorithm Features N=10% N=20% N=50% N=80% N=90%

Random Forest

100 13 14 26 43 49
200 14 21 50 86 97
300 17 29 75 129 147
400 21 37 101 173 199
500 25 47 126 220 254

87431 383 814 2342 4030 4632

GB Tree

250 51 108 317 555 604
500 100 210 630 1089 1252
750 148 328 993 1705 1952
1000 202 449 1360 2341 2679
1250 266 580 1759 3029 3562
1500 328 719 2169 3755 4350
87431 1693 3675 11234 19302 22090

1 Without feature selection.

Table 4.3 – Computing time (in seconds) for Random Forest and Gradient Boosting Trees
with 5 folds, w.r.t. number of features and N (training set percentage). The baseline is
when feature selection is not applied (8743 features are used).

it is perfectly possible to run multiple Gradient Boosting Trees in parallel, effectively using
multiple threads.

For reference, the end-to-end process takes 13 hours per fold, from finding good hyper-
parameters for Random Forests to create the Feature Ranking List, to hyperparameters
optimisation of Gradient Boosting Tree and training the final model.

These results show big savings in computation time, especially for Random Forest.
It allows more intensive search of hyperparameters which greatly impacts the overall
accuracy of the models. We are convinced that similar benefits of tree-based feature
selection can be obtained for other learning algorithms.

Answering RQ3

(RQ3, training time) How much computational resources is saved with
tree-based feature selection? We find that tree-based feature selection speeds
the model training by at least 5 times and 0up to 48 times. This way, we show
that it is possible to greatly reduce the time needed to produce a model without
sacrificing accuracy.
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4.5.4 (RQ) Interpretability

On the interpretability of the Linux documentation

Contrary to Neural networks, Gradient Boosting Tree or Random Forest are algorithms
with built-in interpretability. There, we can extract a list of features that can be ordered
by their importance with respect to the property of interest (here size). So the question
is: How do feature ranking lists, as computed by tree-based feature selection, relate to
Linux knowledge?

Confrontation with documentation. We confront the feature ranking list to the
147 options referring to size in the Kconfig documentation (see Section 4.2). First, we
notice that 31 options have a unique value in our dataset: randconfig was unable to diversify
the values of some options and therefore the learning phase cannot infer anything. We see
it as an opportunity to further identify influential options. As a proof of concept, we sample
thousands of new configurations with and without option KASAN_INLINE activated (in our
original dataset, KASAN_INLINE was always set to ’n’). We did observe a size increase (20%
on average), suggesting that the documentation could help identifying influential options
we have missed due to randconfig. However, the documentation can put us on the wrong
track: we have also tried for 5 other options and did not observe a significant effect on
size [139].

Among the resulting 116 options (147 − 31), we found that:
— 7 are in the top 50, 6 are in the top 50—250, 6 are in the top 250—500, and 28 in

the top 500—1,500
— 60% of options are beyond the rank 1,500, hence not considered after feature se-

lection. We identified two possible explanations. First, the effect on size is simply
negligible: It is explicitly stated as such in the documentation ("This will increase
the size of the kernelcapi module by 20 KB" or "Disabling this option saves about
300 bytes"). Second, some option values are not distributed uniformly (e.g., 98% ‘y’
and 2% ‘n’ value) in our dataset: the learning phase needs more diverse instances.

Finding of undocumented options. A consequence from the confrontation with
Kconfig is that the vast majority of influential options is either not documented or not
referring to size. In order to further understand this trend, we analyze the top 50 options
in the feature ranking list (representing 95% of the feature importance in the Random
Forest):

— only 7 options are documented as having a clear influence on size;
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— our investigations and exchanges with domain experts 2 show that the 43 remaining
options are either (1) necessary to activate other options; (2) the underlying mem-
ory used would be based on the size of the driver; (3) chip-selection configuration
(you cannot run the kernel on the indicated system without activating this option);
(4) related to compiler coverage instrumentation, which will affect lots (possible
all) code paths; (5) debugging features; (6) related to DRM (for Direct Rendering
Manager) and GPU drivers

Revisiting tinyconfig

In our dataset, we observe that tinyconfig is by far the smallest kernel (≈7Mb). The
second smallest configuration is ≈11Mb. That is, despite 90K+ measurements with rand-
config, we were unable to get closer to 7Mb. Can our prediction model explain this signif-
icant difference (≈4Mb)?

A first hypothesis is that the four pre-set options of tinyconfig have an important im-
pact on the size (see Figure 2.6, page 41). We observe that our prediction model indeed
ranks CC_OPTIMIZE_FOR_SIZE, one of the four pre-set options, in the top 200. The other
three remaining options have no significant effects according to our model and cannot
explain the ≈4Mb difference. In fact, there is a more simple explanation: the strategy of
tinyconfig consists in minimizing #yes. According to our prediction model, #yes is highly
influential feature. We notice that the number of ‘y’ options of tinyconfig is 224 while
the second smallest configuration exhibits 646 options: the difference is significant. Fur-
thermore, tinyconfig deactivates many top-influential options like KASAN or DEBUG_INFO
that have a positive effect on the binary size when activated. We can conclude that the
insights of the predictive model are consistent with the heuristic of tinyconfig.

Collinearity and interpretability.

The top 50 of our feature ranking list exhibits 4 groups with collinear features.
Thanks to removal of feature collinearity, we have automatically identified cases in

which some options can be grouped together (e.g., we can remove KASAN_OUTLINE and
only keep KASAN). We found that taking in account feature collinearity is beneficial for two
reasons (1) we do not miss influential features since the importance is not split among
features; (2) experts only have to review a group of features instead of unrelated and

2. The full data is available on the companion web site [139]
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supposedly independent features.

Documentation-based feature selection

Instead of using the top X features from the Features Ranking List of a tree-based
feature selection, the 147 options referring to size in the Kconfig documentation (see
Section 4.2) can be used to form the feature list fed to the actual training. This scenario
corresponds to feature selection realized with expert knowledge. We use all the 147 options
in the Linux documentation and only them (considering that an option is encoded as a
feature).

The resulting prediction model exhibits a MAPE of 23.6% for Gradient Boosting Tree
(the best learning algorithm) and over 90% of the dataset for training. It is more than
4 times the error rate of using the Feature Ranking List used with tree-based feature
selection. This show that documentation alone is not suited for feature selection. It is
in line with previous observations: the Linux documentation is incomplete (i.e., some
important features are missing) and describes features that have little influence on size.

Answering RQ4

(RQ4, interpretability) How do feature ranking lists, as computed by
tree-based feature selection, relate to domain knowledge? Thanks to our
prediction model, we have effectively identified a list of important features that
is consistent with the options and strategy of tinyconfig, and Linux knowledge
(Kconfig documentation and expert insight). We also found options that can be
used to refine or augment the incomplete documentation of the Linux kernel.

4.6 Threats to Validity

4.6.1 Internal Validity

Aside from the threats describe in Section 3.5.1 about the range of algorithms con-
sidered, and the sampling method used which both also affect the experiment from this
chapter, we can raise another threat about the Feature Ranking List. The computation of
feature importance is subject to some debate and some implementation over random for-
est, including the scikit-learn’s one we rely on, may be biased [18, 43, 97, 111]. This issue
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may impact our experiments e.g., we may have missed important options. To mitigate this
threat, we have computed feature importance with repetitions (i.e., 20 times). Our ob-
servation is that the top influential options then remain very similar [139] (see RQ2). As
future work, we plan to compare different techniques to compute feature importance [18,
43, 97, 111].

4.7 Conclusion

Feature selection is a process that has proved itself efficient in the usage of machine
learning in many domains. While Software Product Lines is not an exception, the only
previous use was done in a way that does not scale to the number of options of Linux.

Tree-based feature selection is a technique that has been used a lot in biology when
dealing with very large datasets, making it potentially suitable for SPL.

In this chapter, we explored this process, the concerns of stability and how to deal
with it.

We compared multiple state-of-the-art solutions with and without feature selection
and found that tree-based feature selection pays off:

— the accuracy is better with than without tree-based feature selection. It is possible
to reach low prediction errors (5.5% for binary kernel size);

— the training time is decreased by at least an order of magnitude;
— the identification of influential options is consistent with, and can even improve, the

expert knowledge about Linux kernel configuration. Models are easy to interpret:
insights can be validated and communicated;

The decrease of prediction errors is perhaps the most surprising positive result of our
empirical inquiry, since feature selection does not necessarily improve accuracy. Overall,
we found a subset of options (≈500) that can achieve an interesting sweet-spot along the
three dimensions (accuracy, training time, interpretability). Furthermore, feature selection
has the merit of being agnostic and fully automated: we did not rely on expert knowledge
to achieve this result.
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Chapter 5

AUTOMATED PERFORMANCE

SPECIALIZATION

5.1 Introduction

More and more software systems are configurable through command-line parameters,
configuration files, or compile-time options. Users can set many configuration options’
values to fit their functional requirements and performance objectives. For instance, users
can change parameters’ values of the x264 encoder to obtain a video in a fast way; users
can configure Linux to obtain a kernel with a binary size below a certain threshold (e.g.,
less than 20Mb).

The configuration of a configurable system is an error-prone and time-consuming task.
There is a combinatorial explosion of possible configurations and the effects of options
on performance is hard to document and formalize. Numerous works have shown that
quantifying the performance influence of each individual option is not meaningful in most
cases [114]. That is, the performance influence of n options, all jointly activated in a
configuration, is not easily deducible from the performance influence of each individual
option. We thus need to try to capture the complex interactions among options and their
effects on performance.

An approach for supporting users in the configuration process is to specialize the con-
figuration space of a software system. Given a performance objective, the specialization
builds presets or profiles through constraints over options’ values. Constraints can be on
individual options: some specific values are already preset and users can focus on the
remaining options. Constraints can also be among several options to only keep combina-
tions of options’ values (configurations) that have acceptable performance. For instance,
the encoder x264 can be specialized to encode videos in a fast way: some options values
are preset while the remaining options can still be configured for dealing with hardware
constraints, output quality, or functional concerns.
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Specializing the configuration space of a software system has a long tradition since the
seminal paper of Czarnecki et al. [33].

Specialization has been considered for targeting specific profiles, usages, deployment
scenarios, or hardware settings [6, 9, 32, 59, 143]. The idea is to retain only a subset of
configurations that meet a performance threshold (e.g., execution time below one second)
and thus discard the rest. Specialization should not be confused with configuration opti-
mization (tuning) where the goal is to find a unique and optimal configuration. Through
specialization, users still have flexibility (variability) to configure their systems. The ben-
efit is that some options’ value are already preset for reaching a performance threshold.
A unique challenge is to identify configurations that should be kept (or, equivalently, to
discard non-acceptable configurations), which boils down to specifying constraints among
options’ values.

On the one hand, measuring all configurations is infeasible in practice owing to the
combinatorial explosion of possible configurations. On the other hand, the manual specifi-
cation of constraints is an error-prone, time-consuming, and hardly repeatable task for any
performance objective. It should however be possible to automate the specialization pro-
cess using machine learning, i.e., measuring a sample of configurations and then learning
what options’ values should be constrained. Even focusing on learning techniques based
on decision trees for their built-in explainability, there is still a wide range of possible
approaches that need to be evaluated, i.e., how accurate is the specialization with regards
to sampling size, performance thresholds, and kinds of configurable systems.

In this chapter, we propose six learning techniques based on regression, classification,
feature selection and a combination thereof. We first perform a study on 8 configurable
systems with dozens of options, as usually considered in the literature. We then perform a
study on a much larger configurable systems – the Linux kernel considering 9K+ options.
In summary, our contributions are as follows:

— We propose a new way to use decision trees, called specialized regression and
tailored toward performance specialization;

— We design and develop six performance specialization learning strategies with three
variants of Decision Trees: regression, classification, and specialized regression;

— We perform an empirical study to compare the accuracy results of these techniques.
Through our experimental results, we find that Decision Tree is a very accurate
algorithm for performance specialization. However, it is sensitive to threshold vari-
ation. Feature selection is a reliable way to produce more accurate results; however
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the impact on training time was not significant.
— We perform a case study with the Linux kernel and we show very similar results as

for the 8 previously considered configurable systems, except for training time which
for Linux presented significant improvements with the use of feature selection.

— We provide insights on how to use the different strategies for automated perfor-
mance specialization. We discuss the tradeoffs of training a model on the fly, and
using the default strategy and feature selection. We also point out future directions.

— We have made all the artifacts from our experiments publicly available at https:
//github.com/HugoJPMartin/SPLC2021.

5.2 Performance Specialization

In a configurable system, not all combinations of options’ values are possible (e.g.,
some options are mutually exclusive and some thresholds are required). Variability mod-
els are used to precisely define the space of valid (functional) configurations, typically
through the specification of logical constraints among options. Assuming that all sup-
posedly valid configurations of a variability model lead to acceptable products can be
misleading since constraints may not be specified due to missing knowledge beforehand
when the variability model is built. Moreover, nowadays systems are developed by inte-
grating products, which belong to multiple systems, and communicate and interact with
each other under various configurations [122]. In this scenario, configurations may fail to
interact leading to unacceptable performance, e.g. dependencies on external libraries are
not considered. The manual identification of constraints is a difficult task and it is easy to
forget or wrongly specify a constraint leading to configurations that do not meet a particu-
lar requirement [141]. However, it is most of the time impractical to exhaustively test and
measure system performance under all possible configurations. To overcome this issue,
we can specialize a variability model to deliver the right functionality and performance,
assisting stakeholders in making informed decisions.

Specialization is the process of limiting the variability space to a subset of config-
urations that meet a specific threshold. Thresholds are logical decision rules over non-
functional property values with regards to system limitations, such as binary size <

50Mb. They are constraints defined as equality (i.e., =) or inequalities (i.e., ≤; <; >;
≥) [105]. The specialization process is a transformation process that takes a variability
space as input and yields another variability space as output, such that the set of con-
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figurations denoted by the latter space is a subset of the configurations denoted by the
former space (see Figure 5.1) [32].

Figure 5.1 – Configuration of a specialized Linux kernel. Given a performance threshold
(binary size < 50Mb), the specialization process identifies constraints among options
that preclude some (combinations of) values (in gray); users still have some flexibility to
configure other options (in black).

The specialization of a variability space involves the addition of a set of new con-
straints (rules) to options’ values. Such rules describe how performance influences the
system options’ interactions, i.e. the variability space is restricted to only configurations
satisfying the given performance threshold. The restricted subset of configurations repre-
sents the space of specialization. As an example, the Linux can be specialized to obtain
a kernel binary size below 50Mb (see Figure 5.1). To meet the threshold, a set of options
values (in gray) are preset to true while others to false, and the remaining options (in
black) can still be configured. This is helpful to avoid large kernels that take too much
time to compile. Notice that we consider a threshold, thus contrary to optimization ap-
proaches that aim at satisfying a specific optimization objective (e.g. minimize binary
size), we aim at specializing the configuration space to a subset of acceptable configu-
rations. Although optimization is not our aim here, the specialization may highly assist
the optimization process later when deriving a suited configuration, e.g. to support the
variability at runtime.

How do we find a set of options that affect considerably performance? Op-
tions can be captured by running the system and measuring performance of each config-

82



5.2. Performance Specialization

uration. However, as the configuration space is typically very large and measuring each
valid configuration is often infeasible, the use of learning-based techniques are promis-
ing for specialization. Learning techniques automatically obtain rules without exploring
all possible configurations. They are used under the condition a sample of configuration
measurements is available. The idea is to learn out of a (small) sample of configuration
observations and hopefully generalize to the whole configuration space.

The learning process consists of four main stages: (1) definition of a performance
threshold, (2) sampling, (3) measuring, and (4) learning (see Figure 5.1). The fifth stage
(validation) is interesting for assessing the prediction models and their accuracy – a cen-
tral research question of this chapter. First, the process starts by defining a threshold
and selecting a sample set of valid configurations. Second, the sample of configuration is
built, and the properties of interest are measured. Third, these measurements and the
performance threshold are used as input to accurately learn a prediction model. Finally,
the validation step computes the accuracy of the prediction model.

Prediction models support stakeholders understanding the characteristics of the vari-
ability space, i.e. the effects of some options and how options interact. Interpretability for
specialization is very important both for validating the insights of the learning and for
encoding the knowledge into a variability model. As an example, consider learning tech-
niques based on decision trees. Each branch of a tree represents a set of rules (decisions)
that satisfy a threshold leaf. Thus, as a result, rules are mined by building the conjunction
of a path to reach a threshold leaf. In the example of Figure 5.1, the algorithm learns
that by having the options CONFIG_64BIT, CONFIG_SLOB, and CONFIG_PCI deselected, and
CONFIG_DEBUG_INFO_SPLIT, CONFIG_UBSAN_SANITIZE_ALL,
CONFIG_OPTIMIZE_INLINING, and CONFIG_DEBUG_INFO_REDUCED selected, the binary size
threshold is (almost) guaranteed to be respected. Thus, options are preset and no mod-
ification of these option values are allowed. Without specialization, we are likely to set
different option values. An interesting example is "defconfig", a default configuration for
Linux, in which the binary size is around 70Mb. So, in case users start the configuration
with "defconfig", they do not meet the specified threshold. Notice that learning is useful
and necessary since manually discovering such rules is tedious, error-prone, and time-
consuming. Moreover, it requires expert knowledge of the system domain. The overall
outcome is constraints among options that are retrofitted into a variability model and
a configurator. Constraints can either force the values of individual options or logically
involve several options. Such constraints are learned out of learning models.

83



Partie , Chapter 5 – Automated Performance Specialization

5.3 Automated Performance Specialization

The key to automated specialization is the identification of constraints that can pre-
clude configurations not fitting a performance threshold. We first frame the specialization
problem as a learning problem. We discuss the space of possible learning algorithms and
show that decision trees represent a good fit between accuracy and the identification
of constraints. We then present three techniques that can be combined with tree-based
feature selection to realize performance specialization.

5.3.1 Specialization as a learning problem

We denote p the number of configuration options and define the configuration space
C = {0, 1}p. Out of this space of configurations C, we gather a subset of d configurations,
denoted CS ⊂ Cd. We separate CS into a training set Ctr

S and a test set Cte
S , so CS =

Ctr
S

⊕Cte
S . Let B = {0, 1} resp. for "non-acceptable" and "acceptable". Then, we denote:

— f : C → R+ the function affecting to any configuration c ∈ C its performance
f(c) ∈ R+,

— p : R → B a predicate that determines whether a performance value is acceptable
or non-acceptable,

— s : C × p → B the specialization function affecting to any configuration c ∈ C its
acceptability p(f(c)) ∈ B.

With respect to these notations, the goal is to train a learning algorithm ŝ estimating
the function s for each measured configuration of the training set c ∈ Ctr

S . The training set
Ctr

S is used to obtain a learning model, while the testing set Cte
S only tests the prediction

accuracy of ŝ.

5.3.2 Learning algorithms for specialization

Numerous statistical learning algorithms can be used for performance specialization.
These algorithms differ in terms of computational cost, expressiveness and interpretabil-
ity. We now review the literature of configurable systems (based on the systematic sur-
vey [114]). We discuss what algorithms are suited or not for our specific problem. Linear
regressions are considered as easy to interpret, but are unable to capture interactions be-
tween options or to handle non-linear effects [97]. Neural networks can reach high accuracy
on large datasets. DeepPerf [52] has been developed for tackling configurable systems with
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dozens of options. Empirical results show the effectiveness of DeepPerf [52] on all systems
of our study (except Linux that has not been considered). However, neural networks are
black-box functions for which it is hard to extract rules (constraints) among options, a
top requirement in the specialization problem.

Siegmund et al. [131] introduced a learning method called performance-influence model.
Feature-forward selection and multiple linear regression are used in a stepwise manner to
shrink or keep terms representing options or interactions. This method aims to handle
interactions between options, limit the number of options to learn on, and provide a
human-readable formula describing influence of options and combinations of options on
performance. However, performance-influence model does not address the performance
specialization problem. First, the model addressed a regression problem while we are in-
terested in predicting the class of a configuration. Second, the technique does not retrofit
constraints into a variability model. The synthesized information (a formula with coeffi-
cients) is not designed for extracting rules and constraints. Third, a performance-influence
model aims to construct a global performance model: a rewrite is necessary to take the
threshold into account. Fourth, the step-wise addition of interactions among options does
not scale for Linux that exhibits 9K+ options (see more details hereafter).

Decision trees ( e.g., CART) are the most used technique in the literature [114]. De-
cision trees have been used either for classification or regression, have reached competing
accuracy with the state-of-the-art, and are interpretable by construction [142, 148, 150].
The tree structure is ideal for capturing interactions between options. Rules can easily be
extracted and retrofitted into a variability model.

Random forests are an ensemble learning method that constructs a multitude of deci-
sion trees at training time. As an ensemble method, the accuracy of random forests can
be better than decision trees. However the question of extracting rules out of multiple
trees is still an open issue.

Overall, decision trees represent a good fit for our specialization problem. We will
consider this learning technique under different strategies in the following.

5.3.3 Learning strategies

Fundamentally, the learning problem presented in Section 5.3.1 is a supervised, binary
classification problem. However, and which makes it noteworthy, the learning has at its
disposal continuous values (performance measurements). In this regard, the problem is
close to a regression problem, except that one does not want to eventually predict a
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quantity but a class.

We now describe three possible techniques for performance specialization learning:
classification, regression, and specialized regression.

Classification. The strategy is to use a classification tree, ie a Decision tree model where
the target variable can take a discrete set of values (acceptable, non-acceptable). From the
measured performance of configurations and the defined threshold, it is possible to label
each configuration as acceptable or non-acceptable. Then a classification tree is trained to
predict the performance acceptability on new configurations. One of the downsides of this
approach is that the actual performance value is lost from the dataset, as it is replaced
by a simple boolean value. Not having the numerical information to indicate whether a
configuration is close to the performance threshold, or very far from that threshold, is
likely to degrade the accuracy of the learning process.

Gap in the related work. Classification trees have been considered in prior works [6, 9,
142]. However, a systematic comparison with other techniques is missing and it is unclear
how the approach works for large systems like Linux.

Regression. Another way to produce a decision tree is to tackle the regression problem.
In this case, a regression tree would predict directly the performance of a configuration
and then a post-process step can be applied to determine if that predicted performance is
acceptable. It means that the regression tree has to be rewritten for predicting the outcome
(a class). The promise is to better use the performance value, unlike the classification
approach. However, the learning is focused on minimizing the error between the predicted
performance value and the actual value independent of the threshold. As a result, a
configuration could well have its performance value, predicted with a very low error but
just on the other side of the threshold, leading to a classification error unrecognized by
the regression algorithm. It should be noted that a regression approach is agnostic to the
threshold, meaning that the model can be used once and for all, for any threshold. In
contrast, a classification tree should be trained anytime a new performance threshold is
specified.

Gap in the related work. Although regression problems have been widely considered for
performance prediction or optimization, we are unaware of existing works that investigate
their effectiveness in the context of specialization. As stated, specialization is in-between
a regression and classification problem, which questions the accuracy of such techniques
in this context.
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Specialized regression. Considering the weaknesses of the two previous approaches,
we propose a novel and hybrid strategy. The training of a regression tree is performed
over the dataset where all performance values higher than the performance threshold
are increased by an important amount. Intuitively, we artificially create a "gap" in the
performance distribution representing the threshold. The intent is to punish errors across
the border, while still being able to take advantage of the insight given by the performance
value. We call this techniques specialized regression since the regression is aware of the
specialization criterion (performance threshold). In contrast, regression is only aware of
the performance values of the training set and ignores the performance threshold.

5.3.4 Tree-based Feature selection

As we demonstrate in Chapter 4, the feature selection can have positive impact on per-
formance prediction models, both on accuracy and training time. The idea is to decrease
the complexity of the problem, without removing too valuable information. This selection
can be done in several ways, such as using expert knowledge, or in an automated fashion.
We will reuse here the process based on extracting the feature importance of Random
Forest, and ranking feature by this metric, as we showed its ability to scale on thousands
of features.

As the learning task is a classification one and not a regression one, the effects of this
feature selection on the automated specialization process are yet to be determined.

5.4 Study Design

To investigate the proposed approaches, we elaborate four research questions to con-
duct our experiment:

— RQ1: What is the accuracy and cost of learning strategies? We aim to eval-
uate the prediction errors of specialization learning on nine real-world configurable
systems, with varying cost in terms of the number of configuration measurements.

— RQ2: What is the best learning strategy? There are multiple ways to use
decision trees (namely classification, regression and specialized regression) in order
to synthesize the rules needed for the specialization. With regard to accuracy, is
there a best strategy e.g., whatever the subject system?

— RQ3: What are the effects of tree-based feature selection on the accuracy

87



Partie , Chapter 5 – Automated Performance Specialization

System Features Measured Configurations

Apache 9 192
Berkeley C 19 2.560
Berkeley J 26 180

Dune 11 2.304
HMSGP 14 3.456
HIPAcc 33 13.485
LLVM 11 1.024
SQLite 39 4.553
Linux 9.467 92.562

Table 5.1 – Datasets information, including number of features and number of measured
configurations

of performance specialization? We aim to investigate whether feature selection
improves or degrades the accuracy of learning strategies and for which subject
systems, performance thresholds, and training set size.

— RQ4: What is the time cost of the 6 learning strategies to predict per-
formance of a configurable software system? This question is to evaluate
the practicality and feasibility of a proposed strategy. To answer this question, we
show the time consumed by the feature selection (if used), hyperparameter search-
ing and training process on various highly configurable software systems (including
Linux). We also put in perspective the fact that some techniques are learned once
and for all, whatever the performance thresholds.

5.4.1 Datasets

In order to perform our experiments, we relied on datasets already used in the com-
munity (see details in Table 5.1).

Common SE datasets

Our first part of the experiments is to train Decision Trees on reliable datasets com-
monly used on numerous occasions in the past [52, 131] to observe the efficiency of learning
techniques.
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Linux dataset

To investigate the scalability of the approaches, we rely on the dataset made available
by Acher et al. [5] on Linux kernel size. It consists of the binary size measurement of 92.562
configurations, limited to x86 architecture and 64 bits systems, and obtained with the use
of randconfig, a widely used tool to generate random kernel configurations, and valid w.r.t
constraints between options. It contains all boolean and tristate options, encoded as 0 and
1; the "module" options value encoded as a 0; as well as a feature counting the number of
active options, for a total of 9,467 features.

5.4.2 Learning algorithms

Our three approaches rely on Decision Trees, and we used the CART implementation
in scikit-learn [113], a widely used state-of-the-art Python library for machine learning.
We explored a wide range of hyperparameters, such as the maximum depth of the Tree,
or the loss function for regression approaches between MSE and Friedman MSE, in a grid-
search fashion to optimize the efficiency of the Decision Trees. We also varied the training
set size from 10% to 70% and used the remaining (at least 30% to avoid overfitting) as
test set to study its impact on the accuracy, the sampling being made at random among
the datasets, as Pereira et al. [115] show that this sampling method is a strong baseline
overall. We repeated each iteration from 5 to 20 times and report on the average value,
to reduce the impact of randomness on the experiments.

Specialized Regression This novel technique relies entirely on the Regression Tree
from scikit-learn. The difference is made on the dataset. The performance value, which is
the learning target, is modified to suit a specific threshold. However, the amount of the
modification can be any value, and we investigate multiple different values that we will
call the gap. As using a fixed value might not make sense for some performance values, we
choose gap values depending on the performance values found in each dataset: maximum,
mean, ½ of the mean and ¼ of the mean.

5.4.3 Threshold influence

The threshold is the performance value for which a configuration becomes acceptable
or not. To investigate a possible influence of this value on the accuracy of the models, we
repeat the learning phase using different thresholds, hence specializing each model to a
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particular threshold. For the regression approach, we do not repeat the learning process,
since a regression model is threshold-agnostic. Thus, we repeated only the accuracy mea-
surement. We choose 5 threshold values based on the performance distribution for each
dataset, namely 10%, 20%, 50%, 80% and 90% quantiles.

5.4.4 Metrics

To measure the accuracy of the Decision Trees classification, we use the balance accu-
racy[19], which is a combination of sensitivity and specificity:

Balanced accuracy = 1
2

(
TP

TP + FN
+ TN

TN + FP

)

with TP for True Positive, TN for True Negative, FN for False Negative and TP for False
Positive. The balanced accuracy heavily takes in account the influence of imbalanced class
distribution, which inevitably happens due to the threshold variation in the experiment.
In the remaining of the chapter, we will refer to balanced accuracy as "accuracy".

5.4.5 Tree-based Feature selection

We trained 20 Random Forests on 10% of the training set and extracted a Feature
Ranking List, except for Linux kernel, where we used the List provided with the dataset [5].
We then repeated the learning as much as needed to find the optimal number of options.

We consider 6 different strategies:

1. Classification

2. Classification with Feature Selection

3. Regression

4. Regression with Feature Selection

5. Specialized Regression

6. Specialized Regression with Feature Selection

As mentioned, we evaluated all 6 strategies over 5 different thresholds, and with 4
different training sizes.
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5.5 Results

In this section, we discuss the answers to our research questions defined in Section 5.4.
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5.5. Results

Figure 5.2 – Performance Distribution for BerkeleyJ

5.5.1 Results RQ1 and RQ2—Accuracy

Table 5.2 is a summary of the accuracy over all thresholds for each system with 70%
training set size. With the exception of the SQLite system, we report an accuracy of
more than 90% overall, showing that Decision Tree is able to handle the complexity of
configurable systems for the specialization task in most cases. We observe that the best
results are held by the Classification strategy on 6 out of 9 systems. However, since the
difference between strategies is very slight, we can consider the 6 strategies to be accurate.
Furthermore, there is no learning strategy better than another on all thresholds. For some
systems, a high standard deviation can be observed due to thresholds variations within a
subject system. For instance, for BerkeleyJ 1 the accuracy for 70% T.S. (training set size)
goes from 77.2% to 100%, respectively at 10% and 50% of A.C. (acceptable configurations),
which is tied to the threshold variation. This can be explained by the very inconsistent
performance distribution shown in Figure 5.2.

(RQ1) Decision Tree is an accurate algorithm for performance specialization, with
more than 90% accuracy for 8 out of 9 systems, including Linux.

Strategies

In this section, we report mainly on the tables present in our supplementary material2,
where we detailed results over all strategies and systems for each considered threshold and
training size. Here, due to space limitations, we add the detailed results only for Apache
and Linux (see Tables 5.3 and 5.4). Notice that the results in Table 5.2 (for all systems)

1. https://raw.githubusercontent.com/HugoJPMartin/SPLC2021/master/tables.pdf
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refer to a 70% training set size and an average over all thresholds.

Classification. As seen previously, classification is overall the best strategy, and its
strength resides mainly in the restrictive threshold of 10% or 20% A.C. (acceptable con-
figurations). For Apache, at 10% A.C. and 10% and 20% T.S. (training set size), the
accuracy is more than 3 points higher on classification than the two other strategies. For
HIPAcc, at 10% A.C. that difference is from 4 to 5 points, while regression shows 92.2%
accuracy at 70% T.S., classification shows 97.3% accuracy.

Regression. The overall accuracy of regression is very similar to specialized regression.
For 1 out of 8 systems (HMSGP) it is the best solution. However, regression is a threshold-
agnostic approach. It tends to be very sensitive to extreme thresholds (10% and 90% A.C.),
which can be seen as a limitation. HMSGP and Linux are the exceptions, where regression
shows itself the best strategy i n many cases. For Linux, regression is the best at 50%
A.C. on all T.S., and at low T.S. and A.C. We note also that regression is often better
than classification on higher thresholds, and better than specialized regression on lower
thresholds.

Specialized Regression. This approach shines at higher thresholds, being the best
strategy in almost all cases at 80% and 90% A.C. The improvement can be very important,
for instance Apache at 90% A.C. and 10% T.S., specialized regression is better by 6 and
9 points over regression and classification. About the gap influence (Section 5.4.3), most
of the time the minimum value (¼ of the mean) gives the best results, and in some cases
(for Berkeley C and Berkeley J) it’s the maximum value.

(RQ2) The 6 strategies are particularly sensitive to performance thresholds.
Classification is the most efficient on low thresholds, specialized regression on high
thresholds, while regression proves itself a good middle ground.

5.5.2 Results RQ3—Feature selection

In Tables 5.3 and 5.4, the influence of feature selection is represented by the value
inside brackets. In the vast majority of cases, the use of feature selection improves the
results, though the improvement can be very low (less than 1 point). The most significant
improvements are for LLVM (see in our supplementary material), with cases showing up
to 10.3 points more than their counterpart without feature selection.
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On the other hand, some cases show that feature selection does not improve the ac-
curacy (mostly for classification strategy). We report one case where the feature selection
has a significantly negative impact with regression, while there are 21 of such cases (out
of 180 possible cases per strategy) for classification.

Beside, the optimal number of options to select is very variable depending on threshold
and training set size. We did not identify particular pattern to predict that number before-
hand, so the number of selected options should be considered as a new hyperparameter
for the Decision Tree.

(RQ3) Feature selection is a reliable way to produce more accurate results (im-
provements up to 10%), although the increase is often insignificant. Note that
classification-based learning sometimes does not take advantage of feature selec-
tion – using all features lead to better results.

5.5.3 Results RQ4—Training time

The training time of a Decision Tree is in the order of milliseconds (except for Linux).
It is up to 22 ms for Specialized Regression on HIPAcc, which is the system with the
largest configuration dataset (see Table 5.1). The training time reduction after feature
selection is very slight. The most significant improvement is the reduction from 6.4 ms
to 3.5 ms (for Regression Decision Tree on SQLite). Proportionally, it is a 45% time
reduction. However, the reduction is imperceptible for a human.

For Linux, the training time of a Decision Tree is 54 seconds for Classification, 86
seconds for Regression and 93 seconds for Specialized Regression. With feature selection
however, these training times are reduced to 0.5 second for Classification, 2.3 seconds
for Regression and 1 second for Specialized Regression. These improvements are massive,
cutting down the training time from 40 folds up to 100 folds, making them fit for a
real-time usage.

(RQ4) The training time of Decision Trees is in the order of milliseconds, which
makes it very affordable as a learning technique, except for Linux which takes a
minute or more. For Linux, the use of feature selection makes it possible to cut
down that training time to the order of second(s).
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Training set size Acceptable configurations
10% 20% 50% 80% 90%

Classification
19 (10%) 87.4 (-3.5) 88.5 (+1.4) 83.2 (+1.4) 85.3 (+1.6) 77.1 (-1.3)
38 (20%) 90.2 (-3.3) 90.9 (+1.0) 87.4 (+0.1) 88.5 (-0.6) 81.7 (+0.5)
96 (50%) 91.7 (-0.9) 91.9 (-0.5) 90.5 (-0.8) 95.0 (-1.5) 85.1 (-0.3)
134 (70%) 95.2 (-2.7) 93.6 (-0.8) 93.1 (-2.8) 97.7 (-0.9) 91.6 (-2.7)

Regression
19 (10%) 83.7 (+0.5) 87.6 (+3.8) 84.5 (+0.9) 91.9 (+7.1) 80.5 (+2.8)
38 (20%) 86.7 (+0.9) 90.6 (+3.1) 86.8 (+1.0) 91.9 (+3.6) 84.0 (+3.8)
96 (50%) 91.3 (+0.6) 91.7 (+2.3) 88.1 (+0.2) 94.9 (+1.3) 89.2 (+0.1)
134 (70%) 93.3 (+0.3) 92.4 (+0.7) 89.9 (+0.6) 98.5 (+1.2) 93.4 (+0.3)

Specialized Regression
19 (10%) 83.0 (+1.1) 85.9 (+1.6) 83.7 (+1.6) 92.1 (+4.5) 86.5 (+4.8)
38 (20%) 86.8 (+2.1) 86.7 (+1.2) 86.4 (+0.4) 92.3 (+1.1) 89.2 (+1.8)
96 (50%) 90.6 (+0.1) 88.9 (+0.3) 87.8 (+0.2) 95.7 (+1.7) 93.8 (+2.2)
134 (70%) 93.0 (+0.2) 91.2 (+0.8) 89.9 (+0.7) 98.1 (+1.8) 95.9 (+1.5)

Table 5.3 – Decision tree classification accuracy on performance specialization for Apache
on three strategies. The difference of feature selection on accuracy is represented by the
value inside brackets. Bold represents the best result among other strategies (including
feature selection).
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Training set size Acceptable configurations
10% 20% 50% 80% 90%

Classification
9256 (10%) 84.4 (+1.7) 88.4 (+0.2) 90.3 (+0.2) 91.8 (+0.7) 91.6 (+2.8)
18512 (20%) 85.4 (+0.4) 89.0 (+0.4) 91.1 (-0.0) 92.5 (+1.0) 92.4 (+0.2)
46281 (50%) 87.3 (-0.4) 90.1 (-0.2) 92.1 (+0.2) 93.1 (+0.4) 93.5 (+1.2)
64793 (70%) 87.4 (-0.4) 89.9 (+0.0) 92.6 (-0.2) 93.4 (+0.4) 93.7 (+1.3)

Regression
9256 (10%) 85.1 (+1.8) 88.5 (+1.4) 91.6 (+1.3) 92.0 (+0.8) 92.0 (+2.4)
18512 (20%) 86.1 (+1.9) 89.5 (+1.2) 92.0 (+0.3) 92.9 (+1.0) 92.4 (+0.8)
46281 (50%) 86.8 (-1.0) 89.7 (+0.0) 92.9 (+0.7) 93.8 (+0.6) 94.2 (+1.2)
64793 (70%) 86.8 (-0.5) 89.9 (+0.2) 92.9 (-0.1) 93.9 (+0.2) 94.1 (+1.0)

Specialized Regression
9256 (10%) 85.0 (+2.0) 87.2 (+1.1) 91.5 (+1.0) 94.8 (+0.7) 95.7 (+0.5)
18512 (20%) 84.4 (+0.6) 87.6 (-0.0) 91.5 (+0.8) 95.1 (+0.7) 96.3 (+0.6)
46281 (50%) 84.7 (+0.9) 87.8 (-0.1) 92.3 (+0.4) 95.6 (+0.7) 96.8 (+0.7)
64793 (70%) 86.2 (-0.3) 89.1 (-0.4) 92.8 (+0.5) 95.8 (+0.6) 97.0 (+0.6)

Table 5.4 – Decision tree classification accuracy on performance specialization for Linux
kernel on three strategies. The difference of feature selection on accuracy is represented by
the value inside brackets. Bold represents the best result among other strategies (including
feature selection).
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5.6 Discussion

Guidelines. Using the empirical knowledge we acquired during the experiments, we
aim to propose some guidelines on how to use the different strategies for automated
performance specialization.

Due to the cost of learning, or the specialization model being shipped as is, it is
not always possible to train a new model each time it is needed ("on the fly"). This
computational cost can be a barrier in terms of user experience. For instance, end-users
may not be interested to wait almost a minute while maintainers may accept the necessary
time to hopefully get accurate specialization. There are two scenarios:

— You cannot train a model on the fly:
— The default strategy is regression, as being able to handle all thresholds at

once and quite accurately.
— The profile strategy is classification and specialized regression. Instead of

having one generic model, it is possible to focus on one (or more) profile, i.e.
threshold. Classification is better for highly constraining specialization, while
specialized regression is better for slightly constraining specialization.

— Note that is is possible to leverage multiple models depending on the needs,
and having some particular profiles, backed up by a regression model for other
cases.

— You can train a model on the fly: When the specialization model can be re-
trained for a specific performance threshold, it is better not to use regression, but
to use classification for highly constraining specialization and specialized regression
for slightly constraining specialization.

Feature selection should be considered in almost every cases. When the training time
is negligible, the cost of finding the optimal number of options is negligible too with high
chances to have a more accurate model. When the training time is not negligible, such as
for Linux, the reduced training time makes it worth to explore a few numbers of options.

Good regressor, bad classifier. "A good regressor should give out a good classifier"
is an intuition that one could have when thinking about using a regressor to perform a
classification task based on a continuous value, such as specialization. While this happens
to be true in a lot of cases, it also happens to be very wrong in some cases. During our
experiment, we observe a lot of different regressors and computed both their balanced
accuracy and Mean Absolute Percentage Error (MAPE), a regression error metric, and
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we noticed some of them to go completely against the mentioned intuition. For instance,
we have a quite good regressor, with 6% error rate, but with a quite bad balanced accuracy
at just under 70%. On the other hand, on the same system, we have a very good classifier,
presenting 100% balanced accuracy, but sitting at almost 45% error rate, one of the worst
we found on that system.

Safety and flexibility. If we only used the balanced accuracy as the most fair and general
metric, some other metric can reveal interesting aspects of the classification. Precision
measures how much of the predicted acceptable configurations are actually acceptable, and
indicates the safety of the evaluated classifier. Recall measures how much of all acceptable
configurations are actually considered by the classifier, and indicates the flexibility. Except
in the rare cases of finding a perfect classifier, there is always a trade-off between flexibility
and safety. One interesting aspect of the Decision Tree is that for each rule, it can deliver
a probability of acceptability, and this can be used to tweak the rules, either toward
flexibility, or toward safety.

5.7 Threats to validity

In this section, we describe some internal and external threats to the validity of this
study.

5.7.1 Internal validity

Hyperparameters for Decision Trees. Just like many learning algorithms, Decision
Trees exhibit hyperparameters that can impact the performance of the algorithm (accu-
racy as well as training time). To mitigate this threat, we explored a wide range of them
in a grid-search fashion i.e., we test all combinations of multiple values for each of them.
Complete results and scripts are available online.

Threshold variation. The performance threshold – the limit set by the user to define
an acceptable configuration – can make the accuracies of the learning techniques vary a
lot. We considered this aspect by using different thresholds, based on the performance
distributions of each system and dataset. However, this may rise a problem: as we can
see in Figure 5.2, the 10% and 20% thresholds are very close and also very constraining,
which might explain the low accuracy of the specialization models. In practical terms,
these thresholds do not correspond to any realistic expectation from a user. Despite this
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threat, we did observe the phenomenon for only one system while none of the 6 learning
techniques have been favored. However, we warn that this is a threat that should be
considered for any future work or transfer in a real use case.

Sampling. For this experiment, we focused only on random sampling to avoid spreading
ourselves too much. Pereira et al. [115] shows that random sampling is a strong baseline,
but also warns about the potentially strong influence of different sampling strategies, espe-
cially when comparing learning techniques. The exploration of other sampling techniques
is definitely in the scope of future work.

5.7.2 External validity

Workload influence. It is well known that the input workload of a system process, for
instance the input video for a video encoder, is another source of variability that should be
taken into account. As we relied on datasets shared by the community, we did not focus on
this aspect of variability at this time. Besides, not all systems are impacted by workload,
such as the binary size of Linux kernel which is only dependent on the configuration.
Thus, we focused on a single workload to be able to make robust and reliable statements
about a specific strategy. We are confident that some method of transfer learning should
be able to tackle other workloads. Demonstrating the validity of the approach for other
workloads is part of our future work.

System generalization. As all empirical studies, the conclusions are fully reliable on
the studied systems. Thus, we acknowledge that the use of another system may lead to
different results. However, once we are able to demonstrate evidences of good results on a
set of real-world systems widely used in the literature, including the Linux kernel, we are
quite confident in the generalization of our approach. Still, conducting experiments with
other systems is an important next step, which is part of our future work.

5.8 Conclusion

As software systems become more and more configurable, it becomes harder for users
to correctly configure them or to reach a certain goal, being functional or in terms of
performance. Specialization is a technique that adds constraints to a system in order to
assist users in reaching a predefined goal while sacrificing the configurability as little as
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possible. However, a manual specialization process to create the constraints can be error-
prone, time-consuming, and heavily dependent on a knowledge that is hard to formalize
or simply not available. The recent rise of data and machine learning appears to be a good
candidate to automate the specialization process and complement or replace the expert
knowledge.

We explored the decision tree learning algorithm, for how suited it is to extract rules
that can be retrofitted into variability models of configurable systems. We used and com-
pared both classification and regression trees, as well as a novel variant of regression tree
refined toward the specialization problem, that we called specialized regression. We also
used tree-based feature selection to investigate how well it can be combined with spe-
cialization. We performed an empirical study to evaluate the ability of Decision Trees to
accurately constrain the configuration space of the systems for the specialization problem
and performance properties. We used the datasets that are well known in the community,
as well as taking up the challenge of the Linux kernel and its thousands of options.

Our results showed that the learning models are more than 90% accurate on 8 out
9 systems, including Linux. Every strategy is efficient, but each has its own strengths
regarding different thresholds, which makes them all worth considering. Feature selection
proved itself a good and reliable way to improve accuracy, and also to reduce the training
time. If for most systems, the training time is very low, in the order of the milliseconds,
in the case of the Linux kernel it can take more than one minute and feature selection
reduces that time to one or two seconds.

We have exposed a panorama of accurate learning techniques for the performance
specialization problem. As future work, we plan to assess how the inferred configuration
knowledge relates to domain experts’ knowledge (e.g., Linux developers). It will require
to investigate how readable and comprehensible are constraints extracted from the spe-
cialization process. Another research direction is how this knowledge transfers across deep
variability [86] (e.g., versions and workloads of a system).
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Chapter 6

MODEL SHIFTING FOR PERFORMANCE

PREDICTION ACROSS VERSIONS

6.1 Introduction

We detailed previously how complex and costly modelling the performance of a con-
figurable system can be, especially in systems with thousands of options. In all previous
work on performance modelling, a key aspect of software systems has been put aside to
lower the complexity: evolution.

At each new release, the problem of obtaining an accurate performance model of a
configurable system may arise again due to the variability in time. For configurable systems
evolving at a rapid pace, sampling again each new version is impractical. Since it
requires such a large amount of computational resources to measure the performance of
each configuration to be used as input to a machine learning algorithm, this process could
even take more time than the release period.

To overcome this issue, we propose to transfer the learning across versions. Since
the feature space (i.e., the set of configuration options) can change across versions, our
approach falls under the category known as heterogeneous transfer learning, opposite to
homogeneous transfer learning, that assumes the feature space remains unchanged during
evolution. Identifying how to efficiently apply transfer knowledge of the learned model as
the systems evolve is challenging. This is indeed a well-known general problem in machine
learning [110, 158], made even more difficult because of the heterogeneity of configuration
spaces because it may cause bias on cross-version feature representation [36].

Existing works [24, 61, 64, 66, 67, 68, 78, 98, 103, 149, 150, 155] have attempted to
investigate the transfer challenge. However, they investigated it in the context of homoge-
neous feature spaces and not for the case of system code evolving across different versions,
i.e. heterogeneous feature spaces. Thus, to the best of our knowledge, no work has shown
evidence that transfer learning can model variability in space and time of configurable sys-
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tems accurately. Moreover, existing works do not consider very complex systems that have
thousands of options and at the same time evolve frequently with large deltas between
releases.

For this chapter, we purposely again consider the Linux kernel, because it is one of
the most complex representative cases of this problem. It has thousands of options (e.g.,
around 15,000 for version 5.8) and hundreds of releases over more than two decades. We
selected seven releases spanning over three years from version 4.13 (2017) to 5.8 (2020).
On this dataset we first answer the following research question: RQ1. To what extent
does Linux evolution degrade the accuracy of a performance prediction model trained on
a specific version?

To this end, we first perform an experiment to quantify the impact of Linux evolution
(i.e., the release of a new kernel version) on configuration performance (specifically: ker-
nel binary size for a Linux configuration). To the best of our knowledge, no prior work
has attempted to check whether a learnt configuration performance model can be used
regardless of the applied system evolution over time. Our experiments show that evolution
does indeed impact the learnt model by degrading the prediction (by a ratio of 4 to 6)
down to the point where it cannot effectively be used on subsequent releases.

After that, we propose a new automated transfer Evolution-aware Model Shifting
(tEAMS) approach that consists in applying a tree-based model shifting using gradient
boosting trees, backed up with feature alignment to handle the problem of heterogene-
ity in configuration spaces. The goal of tEAMS, as any transfer learning technique, is
to beat approaches that learn at every release ("from scratch"), as illustrated in Figure
6.2. We then answer the next research question: RQ2. What is the accuracy of tEAMS
compared to learning from scratch and other transfer learning techniques?

Our results show that tEAMS outperforms state-of-the-art approaches by reaching
a low and constant 5.6% to 7.1% error rate rather than 8.3 to 9.2% for learning from
scratch method. Our contributions are summarized as follows:

1. We design and implement a large-scale study of the effectiveness of transfer learning
to model kernels’ variability in space and time.

2. We show empirical evidence for the degradation of binary size predictions from
version 4.13 onward.

3. We propose a novel technique (tEAMS) for transfer learning across versions, with
two variants: one shot transfer and incremental transfer.

4. We evaluate our results over seven kernel versions and a dataset of 243K+ con-
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figurations spanning over three years: tEAMS vastly outperforms the accuracy
of state-of-the-art transfer learning strategies. Moreover, it is cost-effective since it
works with the addition of a reduced set of training samples over future versions.

The chapter is organized as follows. Section 6.2 investigates how performance predic-
tions degrade over evolution releases. Section 6.3 presents a new approach called tEAMS.
Section 6.4 evaluates tEAMS on the history of Linux kernels from 4.13 to 5.8 and com-
pares it to state-of-the-art. Sections 6.5 and 6.6 discuss various aspects of the proposed
solution, and the threats to validity. Finally, Section 6.7 concludes this chapter.

We provide a replication package with all artifacts (including datasets and learning
procedures): https://zenodo.org/record/4960172.

6.2 Impacts of Evolution on Configuration Perfor-
mance

In chapter 3, we show that creating a performance prediction model, or in this case a
binary size prediction model, is a costly task and out of reach of most learning techniques.
Moreover, this has been done on a fixed version (4.13) and we now need to inquire about
its durability.

In this section, we aim to quantify the impact of Linux evolution (i.e., the release of
a new kernel version) on configuration binary size and prediction models.

Mühlbauer et al. [98] investigated the history of software performance to isolate when
a performance shift happens over time. If we know evolution can impact the performance
of a configurable software, we do not actually know if and how much it can impact a
performance prediction model.

A hypothesis is that the evolution has no significant impact and the Linux commu-
nity can effectively reuse a binary size prediction model across all versions. The counter
hypothesis is that the evolution changes the binary size distributions: in this case, a mea-
surable and practical consequence would be that a binary size model becomes inaccurate
for other versions. In other words, if the degradation of the accuracy of a prediction model
is to be expected, it is necessary to know whether such degradation is sharp enough to
be a problem for the Linux community. However, none of these hypotheses has been in-
vestigated in the literature. Therefore, quantifying the impacts of evolution is crucial and
boils down to addressing the following research question:
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(RQ1) To what extent does Linux evolution degrade the accuracy of a
binary size prediction model trained on a specific version? To address it, we
measure the accuracy of a performance prediction model, specifically a binary size pre-
diction model, trained in one specific version (i.e., 4.13), when applied to later versions
(e.g., up to 5.8).

6.2.1 Experimental Settings

We now present the datasets we gathered on different Linux configurations and ver-
sions; the learning algorithms we used to build the prediction models, as well as the
accuracy metric.

Dataset

We compiled and measured Linux kernels on seven different versions. Table 6.1 further
details each considered release version:

— 4.13: this release was the starting point of our work with huge investments (builds
and measurements of 90K+ configurations);

— 4.15: the release was the first to deal with the serious chip security problems melt-
down/spectre [118] that mainly apply to Intel-based processor (x86 architecture).
A broad set of mitigations has been included in the kernel, which can have an effect
on kernel sizes;

— 4.20: the last version before 5.0, with several x86/x86_64 optimizations. As part of
the in-depth analysis on the evolution of core operation performance in Linux [120],
Ren et al. identified several changes in latency for versions between 4.15 and 4.20;

— 5.0: an interesting version, as there has been some debate about the decrease of
kernel performance on some macro-benchmarks (e.g., see [57]);

— 5.4: it is a long term support release that will be maintained 6 years. This version
also includes modifications for dealing with Linux performance [55, 57];

— 5.7: a recent version, more than a half-year after 5.4;
— 5.8: Linus Torvalds commented 1 "IOW, 5.8 looks big. Really big." and reported

"over 14k non-merge commits (over 15k counting merges), 800k new lines, and
over 14 thousand files changed", suggesting an important and challenging evolution

1. https://lore.kernel.org/lkml/CAHk-=whfuea587g8rh2DeLFFGYxiVuh-bzq22osJwz3q4SOfmA
@mail.gmail.com/
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to tackle.

As depicted in Table 6.1, the continuous evolution from 4.13 to 5.8 is significant in
terms of numbers of added/deleted options, delta of the commits and the changes files.
Note that those changes are computed for each release w.r.t. 4.13.

For all versions, we specifically targeted the x86-64 architecture, i.e., technically, all
configurations have values CONFIG_X86=y and CONFIG_X86_64=y. Overall, we span
different periods during 3 years, with some modifications (security enhancements, new
features) suggesting possible impacts on kernel non-functional properties (e.g., size).

For each version, we build thousands of random configurations (see Table 6.1 column
5 - [Examples]). Owing to the computational cost, we balance the budget to measure at
least and around 20K+ configurations per version. Such data is used to test the accuracy
of a prediction model. We used TuxML 2, a tool to build the Linux kernel in the large
i.e., whatever options are combined.

TuxML relies on Docker to host the numerous packages needed to compile and mea-
sure the Linux kernel.

Docker offers a reproducible and portable environment – clusters of heterogeneous
machines can be used with the same libraries and tools (e.g., compilers’ versions). Inside
Docker, a collection of Python scripts automates the build process. We rely on randconfig
to randomly generate Linux kernel configurations. randconfig has the merit of generating
valid configurations that respect the numerous constraints between options. It is also a
mature tool that the Linux community maintains and uses [95]. Though randconfig does
not produce uniform, random samples (see Section 6.6), there is a diversity within the
values of options (being ‘y’, ‘n’, or ‘m’).

Given .config files, TuxML builds the corresponding kernels. Throughout the process,
TuxML can collect various kinds of information, including the build status and the size of
the kernel. We concretely measure vmlinux, a statically linked executable file that contains
the kernel in object file format.

The distribution of binary size in our dataset varies depending on the version. While
the mean binary size on version 4.13 is 47 MiB, for other versions that mean value is
between 89 MiB and 118 MiB. The minimum size for all version is around 10 MiB and
the maximum around 2 GiB.

2. https://github.com/TuxML/tuxml
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Preprocessing

We distinguish between options and features, as an option is a variable in Linux kernel
configuration, and a feature an independent variable from which the machine learning
algorithm creates a model. The distinction is important as we made some manipulations
over the dataset, in order to facilitate the learning. The first one is to put aside non-
tristate options, which represent a very small subset (between 300 and 320 depending
on the version). Most Linux kernel options values are "yes", "no", or "module", hence the
name "tristate" options. The second manipulation was to encode these option values into
numbers to be processed by the algorithm. We observed that the values "no" and "module"
had the same effect on the kernel size, so we encoded them as 0, and "yes" as 1. That is,
we do not use "module" as an option value and we are not interested in module size. Then
we put aside the options only having one value in the whole dataset, as it would bring
no information from a statistical point of view and only make it longer for a algorithm
to learn. Last but not least, we added a custom feature which is the sum of all activated
options in the configuration, as it has proved important and helpful in a previous study
of Acher et al. [5].

Performance Prediction Models

Extensive experiments on 4.13 (the oldest version of the dataset) showed what learn-
ing algorithms and hyper-parameters were effective and for which training set size [5].
Specifically, we chose gradient boosting trees (GBTs) that, according to [5], obtain the
best results whatever the training set size. GBTs proved to be superior to linear regression
models, decision trees, random forest, and neural networks for relatively small training
set sizes (e.g., 20K) but also for larger budgets (e.g., 80K+).

We trained GBTs with 85.000 examples on version 4.13. We took care of finding the
best hyperparameters, using grid-search, as it proved itself a quite important factor in the
accuracy of the models. We relied on scikit-learn [20], a Python library that implements
state-of-the-art machine learning algorithms. As a performance model only matches a
specific set of features (here: the features of 4.13), we deleted features only contained in
further, target versions (e.g., 4.15).
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Accuracy Measurement

Due to the wide distribution of Linux kernel binary sizes (from 7MB to around 2GB
in our dataset), relying on some metrics such as Mean Absolute Error or Mean Squared
Error can be biased, as an error of a few MB can be a big error for small kernels, and
negligible for the biggest kernels. As numerous existing works (e.g., [114, 150, 64, 63,
81]), we rely on a variant of Mean Absolute Error, but normalized in a percentage error,
known as Mean Absolute Percentage Error (MAPE), computed as follows: MAPE =
100

t

∑t
i=1

|f(ci)−f̂(ci)|
f(ci) %, t being the number of predictions, f̂(ci) the predicted values, and

f(ci) the measured values (ground truth). Another advantage of this metric is that it is
easily understandable and comparable, being a percentage.

To limit the impact of randomness in the experimentation, we performed the process
of learning 5 times, leading to different training and test sets; we report the average error
in our results.

Insights about evolution of options’ importance

To better understand the evolution and possible degradation w.r.t. accuracy, we ex-
tract relevant information from the learning models created on the version 4.13 and the
ones created on later versions. Specifically, we use the Feature Ranking List devised in
chapter 4.

By comparing two feature ranking lists from two different versions, we can track which
features have their importance evolving. We compare version 4.13 with (1) version 4.15
corresponding to an important drop in accuracy and subject to many changes due to
meltdown/spectre[79, 90]; (2) version 5.8 the most recent version at our disposal.

6.2.2 Results

Figure 6.1 shows the degradation of models trained on the Linux Kernel version 4.13
by plotting their error rate (meaning lower is better) on later versions. The models get on
average 5% MAPE on 4.13, and less than two versions after, on 4.15, the error rate is 4
times higher at 20%. It keeps this error rate for multiples version, at least up to 5.0, and
goes even higher, at 32% for the version 5.7 and 5.8, i.e., an error rate 6 times higher.
Note that the degradation do occur independently from the training set size, i.e., both
with 20K and 85K. This is a crucial result that confirms the hypothesis of degradation
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Figure 6.1 – Accuracy of prediction models, trained on 4.13, with training set size 20K
and 85K, when applied on later versions.

over time, regardless of the training set size. Hence, we need a more sustainable solution
like transfer learning [65, 82, 150].

It is worth noting though that the error rate stabilizes between 4.15 and 5.0. Hence,
a hypothesis is that the evolution might be less costly between some versions. Unfortu-
nately, a direct reuse of the prediction model is inaccurate for the early version 4.15 and
subsequent ones (4.20, and 5.0). Moreover, the degradation slightly decreases between 5.7
and 5.8. A possible explanation is that the binary size distributions of 5.8 is closer to
4.13, at least for the way the basic transfer is performed. It also suggests an effect of the
evolution between 5.7 and 5.8. Besides model reuse with 20K is more accurate than model
reuse with much bigger training set size (85K) for all target versions, except 5.8. It is not
what we would have expected for a learning model: a larger training set for the source
model should lead to improved accuracy. This shows that despite the evolution changes
both at the code level and options between the releases (see Table 6.1), the use of model
reuse does not follow a logical or explainable reason from a machine learning point of
view. Overall, simply transferring a prediction model is neither accurate nor reliable: the
evolution of the configurations binary size is not captured.

We also measured the degradation of prediction models trained on other versions with
15K (see Figure 6.1). We can observe that the degradation is less immediate than with
the version 4.13 but is still happening, especially on version 5.8 as the error percentage
raises to 40% - 50%.
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Insights about evolution and options. We first compare feature ranking lists from
models trained on versions 4.13 and 4.15. We notice the following evolution patterns:

— Features unchanged: Numerous influential features do not change in importance
from one version to another. Specifically, out of the top 50 features from both list
(the top 50 representing 95% of the feature importance), 29 are the same. This is
a key observation that allows one to envision the use of a model from one version
to another, even partly;

— Important new features: 3 important features from the top 50 in version 4.15
did not exist in 4.13, such as CHASH (ranked #18), NOUVEAU_DEBUG_MMU
(#21) or BLK_MQ_RDMA (#44);

— Features losing importance: 21 features from the top 50 that were important
in 4.13 became unimportant in 4.15, meaning they do not impact kernel size any-
more, such as RTL8723BE (from #48 to #8892), BT_BNEP_MC_FILTER (#38 to
#4182) or AQUANTIA_PHY (#43 to #3348);

— Features gaining importance: 18 features from the top 50 that were unim-
portant in 4.13 became important in 4.15, such as HIPPI (from #6882 to #27),
HAMACHI (from #7197 to #50) or NFC_MEI_PHY (from #4921 to #26).

We also compare feature ranking lists from models trained on versions 4.13 and 5.8
and find similar patterns:

— Features unchanged: Out of the top 50 features from both lists, 21 are the same.
It is less than between versions 4.13 and 4.15, but there is still a substantial overlap;

— Appearing important features: 12 features from the top 50, such as
DMA_COHERENT_POOL (ranked #12), DEBUG_INFO_COMPRESSED(#6) or
AMD_MEM_ENCRYPT(#9);

— Features losing importance: 24 features from the top 50, such as ATH5K_TRACER
(from #20 to #10423), DQL (#40 to #4153) or FDDI (#32 to #2532);

— Features gaining importance: 17 features from the top 50, such as LOCKDEP
(#5639 to #22), PROVE_LOCKING (#2362 to #19) or SND_SOC_SI476X (#7075
to #31)

Our observations show that numerous features involved in different evolution patterns
can cause the degradation of a prediction model. Prediction models trained on a specific
version are challenged by 1) new features, which are unknown to old models, and 2) the
changes in importance of the known features. Interestingly, we did not find important
features that were removed between version 4.13 and 4.15. Another important insight is

112



6.3. Evolution-aware Model Shifting

that a large subset of features remain important across versions: one can leverage this
knowledge for building a prediction model. Overall, there is a potential to transfer a
model from one version to another under the condition that new features together with
the effects of important features are correctly handled. In fact, the insights drive the
design of tEAMS: more details are provided in the next section.

Evolution does impact configuration prediction and degradation quickly
occurs: from less than 5% to 20% (after only 4 months of evolution) to up
to 32% for later versions. The reuse of a prediction model on different versions
is not a satisfying solution, calling for other approaches.

6.3 Evolution-aware Model Shifting

In order to deal with the degradation issue highlighted in the previous section, we
now present evolution-aware model shifting (tEAMS), a method to transfer a prediction
model for a given source version onto a target version.

6.3.1 Heterogeneous Transfer Learning Problem

Owing to the huge configuration space of the Linux kernel, it is impractical to re-learn
at every release. To alleviate this issue, transfer learning was proposed as a new machine
learning paradigm. It transfers the knowledge of a model built for a specific source domain
(where sufficient measured/labeled data are available) to a related target domain (with
little or no additional data) [36]. Figure 6.2 gives the general principle about how transfer
learning works. Here, to make predictions over the Linux kernel version 5.8, we could
directly reuse the performance model A built from the source version 4.13. Basically, the
source model A is adapted to consider the aligned set of features from both source and
target domains (i.e., model A’). Finally, the target model B is trained with only a few
measured configurations in the target domain B plus the knowledge from the modified
source model A’.

However, the evolution of Linux brings a specific scenario for transfer learning: con-
figuration options for the source version (e.g., 4.13) are not the same as further, target
versions (e.g., 5.8). It is worth noting in Table 6.1 that the number of options keeps in-
creasing over versions. Between two versions, numerous options appear while some others
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v4.13            . . .           v4.15        . . .        v4.20   . . .   v5.0        . . .        v5.4         . . . v5.7       . . . v5.8

Evolution-Aware 
Model Shifting

Model A Model B

v4.13
predictions

v4.13
measured 
configurations

v5.8
measured 

configurations

v5.8
predictions

Model A’

Transfer
Knowledge

Figure 6.2 – An overview on how to predict the performance of Linux kernel configurations
over versions 4.13 and 5.8.

disappear. If a model trained on a specific version cannot handle this new set of options,
it will most likely have a negative effect on the accuracy of the size prediction. In terms
of machine learning, since options are encoded as features (see Section 6.2), the feature
spaces between the source and target version are non-equivalent.

This mismatch in feature space is the root of this instance of an heterogeneous transfer
learning problem [36]. This case is potentially more challenging than homogeneous transfer
learning in which the set of configuration options remains fixed over time. It can be a
serious issue to not consider e.g., new options that can have an impact on kernel size.
Technically, prediction models assume that values (e.g., 0 or 1) for a pre-defined set of
features are given. If the set of features changes (as it is the case for the evolution of a
configurable system), the predictions cannot be done. Hence numerous transfer techniques
developed for configurable systems are simply not applicable.

The problem of heterogeneous transfer learning has recently caught attention in dif-
ferent domains (e.g., image processing) with different assumptions and "gap" between the
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source and the target [36]. The intuition is that, for Linux, the shared set of features can
be exploited to effectively transfer predictions.

6.3.2 Principles

The major challenge is to bridge the gap between the feature spaces. We rely on two
steps: (1) feature alignment, which deals with the differences between features’ sets among
two versions; (2) the learning of a transfer function that map source features onto target
size. For realizing feature alignment, we distinguish three cases:

— commonality: options that are common across versions (i.e., options have the
same names) are encoded as unique, shared features. There are two benefits: we
can reuse a prediction model obtained over a source version "as is", without hav-
ing to retrain it with another feature scheme; we do not double the number of
features, something that would increase the size of the learning model up to the
point some learning algorithms might not scale. The anticipated risk is that some
Linux options, though common across versions, may drastically differ at the im-
plementation level, thus having different effects on sizes. We deal with this risk
through the learning of a transfer function that aims to find the correspondences
between the source and the target (see below);

— deleted features: options that are in the source version, but no longer in the
target version: we add features in the target version with one possible value, "0" or
"1". Observations show that putting "1" as the default always gives slightly better
accuracy.

— new features: options that are not in the source version, but only introduced in
the target version: we ignore them when predicting the performance value since
the source model cannot handle them, but we keep them in the target dataset.

Feature alignment alone is not sufficient; it is mainly a syntactical mapping at this
step. There is a need to capture the transfer function, i.e., the relationship between the
source features, the source labels (kernel size of each configuration under source version),
the target features, and the target labels. This transfer function should be learned. Owing
to the complexity of the evolution, a "simple" linear function is unlikely to be accurate –
our empirical results confirm the intuition, see next section. In contrast to existing works
that rely on linear regression models for "shifting" the prediction models [82, 150, 65], we
rely on more expressive learning models, capable of capturing interactions between source
and target information.
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Note that the feature alignment is a completely automated process and relies on the
high similarity between the features spaces. In case of too disjoint features spaces, this
solution would likely fail, and other solutions should be considered [36]

6.3.3 Algorithm

Figure 6.3 outlines the process for the tEAMS algorithm that gives the four key
significant steps:

– ➀ Target dataset and Source model acquisition: Train or acquire a robust model
on measurements from the source version and a dataset from the target version;

– ➁ Feature alignment: If the source and the target do not have the same set of
options, an alignment of the feature spaces is applied (e.g., as described in Sec-
tion 6.3.2);

– ➂ Target prediction: Using the source model, predict the value of the target data
and add this prediction as a new feature in the target dataset;

– ➃ Shifting model training: Using the enhanced target dataset, train a new model
(e.g., with a Gradient Boosting Tree algorithm capable of handling interactions).

Note that the source model is usually already trained beforehand, and its training step
can be skipped in this case. Overall, our solution is fairly easy to implement and deploy.
Moreover, once we train a source version the learning of the transfer function scales well
(see next section).

6.3.4 Variant: Incremental Transfer

A possible variant of this technique is to use it in an incremental fashion, and to
replace the source model by an already transferred model for a previous version. In the
end, such a model consists of a source model, shifted multiple times in a row through
multiple intermediate target versions until the final target version.

This variant could potentially give more accurate results, since the complexity of the
transfer is spread over multiple models. The farther two versions are from each other,
in terms of software evolution, the more performances-impacting changes can happen. A
transfer model that handles two distant versions has to deal with all changes between
these two versions at once, while in an incremental process, each model only has to deal
with a fraction of the changes. On the other hand, we know that machine learning models
are imperfect and error prone, even if the error is limited. Relying on a series of machine
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Figure 6.3 – Model shifting process: ➀ Target dataset and Source model acquisition; ➁

Feature alignment for source model compatibility; ➂ Enhance the dataset with predicted
size; ➃ Shifting model training
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learning models can turn out to be risky, as these errors can be spread and amplified over
the multiple models.

6.4 Effectiveness of Transfer Learning

Our goal is to evaluate the cost-effectiveness of our approach tEAMS in the context
of Linux evolution. The effectiveness is the accuracy of the prediction model and its ability
to minimize prediction errors as much as possible. If the source version and the target
version have very little in common, configuration performance knowledge may not transfer
well. In such situations, transfer learning can be unsuccessful and can lead to a "negative"
transfer [36]. Specifically, we consider that the transfer is negative when learning from
scratch directly onto the target version – without transfer and using only the limited
measured target data available for transfer – leads to better accuracy than a transfer
model with the same budget. Thus, we aim to answer the following research question:

(RQ2) What is the accuracy of our evolution-aware model shifting (tEAMS)
compared to learning from scratch and other transfer learning techniques?
The accuracy of tEAMS depends on the investment realized for creating or updating
the prediction models. Specifically:

— the number of configuration measurements over the target model used to train the
prediction model: non-transfer learning (i.e., from scratch) uses the same training
set and we can compare our results;

— the number of configuration measurements over the source version used to train
the prediction model: from large training sets to relatively small ones;

Hence, we address RQ2 through different cost scenarios and we can identify for which
investments tEAMS is effective.

6.4.1 Experimental settings

Dataset

For training and validating the prediction models, we use the same kernel versions and
configuration measurements as in Section 6.2 and Table 6.1.
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Training size for targeted versions

We vary the number of configurations’ measurements amongst the following values
{1K, 5K, 10K}. 5K corresponds to around 5% of the 95K configurations in the dataset
of 4.13: it is representative of a scenario in which a relatively small fraction is used to
update the model for a target version. As we have invested around 20K per version, we
needed to take care of having a sufficiently large testing set for computing the accuracy. In
particular, we cannot use the whole configuration measurements since otherwise we cannot
simply compute the accuracy of the models. We stop at 10K since then the testing set
can be set to around 10K too. Moreover, we repeat experiments 5 times with different
training sets and report on standard deviations.

6.4.2 Baseline Methods and Parameters

Source prediction model for tEAMS

We use a prediction model trained with 4.13. It is the oldest version in our dataset
and as such, we investigate an extreme scenario for the evolution and potentially the most
problematic for transfer learning. As in Section 6.2, we rely on GBTs, the most accurate
solution whatever the training set size is. We train GBTs over 4.13 with two different
budgets: 85K configurations and 20K configurations. Hereafter, we call these prediction
models 4.13_85K and 4.13_20K respectively.

Incremental tEAMS

We use the incremental method in the same way as without increment, only changing
the base model for each increment by the model trained on the previous version. We also
have two different series of increment, one based on the 4.13_85K model, the other on
the 4.13_20K model. For instance, the first series starts with the transfer from model
4.13_85K to version 4.15 with a shifting model T4.15. This process creates a prediction
model 4.15 composed of the two models: 4.15 = T4.15(4.13_85K). The next step is to
transfer that model to version 4.20: 4.20 = T4.20(4.15). At the end of that series, we have
a model looking like this:

5.8 = T5.8(T5.7( T5.4(T5.0(T4.20(T4.15(4.13_85K))))))
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Learning from scratch

The most simple way to create a prediction model for a given version is to learn
from scratch with an allocated budget. We use the GBTs algorithm to create prediction
models from scratch, for each version of our dataset. As previously stated, the study
in [5] shows that GBTs were a scalable and accurate solution compared to other state-
of-the-art solutions. Furthermore, the superiority of GBTs is more apparent when small
training sets are employed. This quality of GBTs is even more important when learning
for the target version where the budget for updating the model is typically limited –
we investigate budget with less than 20K measurements (see above "Training size for
targeted versions"). We replicated the experiments of 4.13 on other versions: linear models,
decision trees, random forests, and neural networks give inferior accuracy compared to
GBTs, especially for small sampling size (e.g., 10K). Thus, we do not report results of
other learning algorithms and keep only GBTs, the strongest baselines for learning from
scratch or for transfer learning techniques.

tEAMS with linear-based transfer function

In most state-of-the-art cases, model shifting processes use a simple linear learning
algorithm to create a shifting model and they are performing quite well (e.g. [150, 61]).
We rely on such a linear transfer function and also apply feature alignment as part of
tEAMS.

6.4.3 Results

Figure 6.4 depicts the evolution of the MAPE for the reuse of the model 4.13_85K
(i.e., 4.13 with a 85K of training set), and the 4 studied techniques trained using 5K
examples. We can quickly see that linear model shifting has more than 40% MAPE over
all versions and is not accurate at all. It is surprisingly the worst by far, in particular,
in comparison with the direct reuse of the prediction model. The standard deviation for
Linear model shifting is between 1.5 and 3, while all other techniques are much more
stable with a standard deviation always at 0.1 or less. Moreover, learning from scratch
with 5K examples allows to create models having an MAPE between 8.2% and 9.2% quite
consistently. On the other side, tEAMS with the same budget offers a lower MAPE from
5.6% on version 4.15 to 6.8% in version 5.8 with a peak at 7.1 in version 5.7. It is worth
noting that tEAMS MAPE increases a little bit at each version. However, the increase
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Figure 6.4 – Accuracy of tEAMS 4.13_85K compared to other techniques using 5K
examples for the target

is not significant and remains low.
Comparing tEAMS with its incremental variant shows a very slight but constant

advantage over the variant, which also show better results then learning from scratch.
Table 6.2 gives the results for MAPE with combinations of different models used

(4.13_20K and 4.13_85K) and training set size (1K, 5K, 10K) for the scratch base-
line,tEAMS and Incremental tEAMS. The other techniques already performed poorly,
Table 6.2 hence focuses on the three competing solutions in Figure 6.4. We now report
on these results.

Impact of training set size over target. As illustrated in Tables 6.2, when de-
creasing the training transfer set for the newer versions to 1K example (1% of the original
set), the MAPE increases to 14.9%-16.7% depending on the version. Whereas, the MAPE
for tEAMS only increases to 6.7%-10.6%, with the same trend consistently increasing
MAPE over time (and versions). For Incremental tEAMS, the error rate increases faster
up to 13.3 on version 5.8. On the other hand, if we increase the training set to 10K (10%
of the original set), accuracy when learning from scratch gets better, with 7.0% to 7.7%
MAPE. For tEAMS, the accuracy also gets better, from 5.2% MAPE on version 4.15 to
6.1% on version 5.7 and then slightly further improves to 6.1% on version 5.8. We observe
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the same trend for Incremental tEAMS, going up to 6.5% on 5.7 and then to 6.2 on 5.8.

Impact of tEAMS source model. We measured the same variations using model
4.13_20K as the source model, which was built from 20,000 examples instead of 85,000.
This affects tEAMS by slightly increasing the MAPE. In particular, we observe that for
tEAMS: 1) with 1K, the MAPE varies from 8.5% to 11.6%, 2) With 5K, it varies from
6.7% to 7.9%, and 3) with 10K, it varies from 6.2% to 6.7%. Whereas for learning from
scratch, we observe that: 1) with 1K, the MAPE varies from 14.9% to 16.7%, 2) With 5K,
it varies from 8.3% to 9.2%, and 3) with 10K, it varies from 7.04% to 7.67%. Therefore,
our results show that tEAMS outperforms the two baselines, regardless of the size of
training sets. In this situation, Incremental tEAMS also shows slightly better results
than tEAMS in some cases. At 10k, Incremental tEAMS beats tEAMS on all versions
except 5.7, and at 5k, only for versions 4.20 and 5.0. Given the fair increase in error rate
at 1k, Incremental tEAMS seems to be very sensitive to higher error rate from previous
versions.

Computational cost of training. We performed our experiments on a machine
with an Intel Xeon 4c/8t, 3,7 GHz, 64GB memory. Training from scratch with 1K, 5K
and 10K examples take respectively 21, 195 and 407 seconds. Learning with tEAMS
takes a little more time with 60, 288 and 604 seconds for the same number of examples.
The training time of tEAMS for updating a prediction model is thus affordable and
negligible compared to the time taken to build and measure the kernel configurations.
The overall cost of training is mainly due to the training of the source model (details can
be found in [5]) which is done only once. As a final note, building kernels and gathering
configurations data (see Table 6.1) is by far the most costly activity – the time needed to
train the prediction model out of data through either transfer learning or from scratch (a
few minutes) is negligible.

tEAMS and Incremental tEAMS are more accurate solutions than learn-
ing from scratch and linear model shifting to predict Linux Kernel size on
different versions. Also, Incremental tEAMS shows results mostly worse than
tEAMS and without significant improvement. Even with different source models
and training set sizes, tEAMS keeps better and acceptable accuracy with
6.9% MAPE on the latest 5.8 version leveraging model trained on 3 years
old data.

122



6.4. Effectiveness of Transfer Learning
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6.5 Discussions

Integration of tEAMS in the Linux project. Our results suggest that we can
now provide accurate prediction tools that can be used on 7 versions spanning 3 years of
period. In fact, it is an additional advantage of tEAMS compared to non-transfer learning
methods that stick to a specific version. This ability is important, since older versions of
the kernel are still widely used. Long term support (LTS) releases are particularly relevant
since (1) they are maintained over a period of 6 years (2) they are considered by other
related communities, like the Android one. The version 5.4 of our dataset is an LTS release
and tEAMS can be used in this context.

Linux practitioners interested in a specific release, not present in our dataset, could
well invest some resources to obtain a new model. For example, we have not considered
version 4.19 (a LTS release). Non-transfer learning methods would be unable to reuse
their models while tEAMS provide state-of-the-art cost-accuracy results.

We envision to integrate tEAMS as part of the ongoing continuous integration effort
on the Linux kernel. We have released a tool, called kpredict 3, that predicts the size of the
kernel binary size given only a .config file. kpredict is written in Python, available on pip,
and supports all kernel versions mentioned in this article. A usage example is as follows:

> curl -s http://tuxml-data.irisa.fr/data/configuration/167950/config -o .config
> kpredict .config
> Predicted size : 68.1MiB

whereas the actual size of the configuration (see http://tuxml-data.irisa.fr/data/
configuration/167950/ for more details) is 67.82 MiB.

Recently KernelCI [76], the major community-effort supported by several organizations
(Google, Redhat, etc.), has added the ability to compute kernel sizes and this functionality
is activated by default, for any build. Hence tEAMS will benefit from such data. Besides,
the current focus of KernelCI and many CI effort is mostly driven by controlling that the
kernels build (for different architectures and configurations). It is not incompatible with
the prediction of kernel sizes since we did not employ a sampling strategy specifically
devoted to this property. We rely on random configurations that are used to cover the
kernel and find bugs (see e.g., [4]). In passing tEAMS can benefit from kernel sizes’ data
while the CI effort continues to track bugs.

Besides, the development cost of integrating this process is fairly small and requires
little maintenance. All steps in the process, including feature alignment and adaptation

3. https://github.com/HugoJPMartin/kpredict/
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of the learning model to the new version, are fully automated and do not require the
intervention of kernel developers or maintainers. Our engineering experience with kpredict
is that the overhead of implementing transfer learning steps is not much higher than
learning from scratch.

Is the cost of tEAMS affordable for Linux? Under the same cost settings,
tEAMS shows superior accuracy compared to non-transfer learning and other base-
lines. Still, one can wonder whether measuring thousands of configurations is practically
possible, especially when there is a new release. Specifically, results show that with 5K
measurements we can obtain almost stable accuracy. So, is the build of 5K affordable for
Linux? To address this question, we investigated the number of builds realized by Ker-
nelCI and asked the leaders of the project. At the time of the publication, KernelCI is
able to build 200 kernels in one hour. We then analyze the retrospective cost of measuring
5K as part of our experiments. On average, our investments sum around 260 seconds per
machine whatever the version (see Table 6.1, page 108). That is, with 15 machines (16
cores) full time during 24 hours, we can already measure 5K configurations. As a side
note, the numbers should be put in perspective: Linux exhibits thousands of options (see
Table 6.1) and has a large community with many contributors and organizations involved.
Overall, though the cost itself is affordable from a computational point of view, there is a
tradeoff to find between (1) accuracy; (2) value for the community. This tradeoff should
be considered for any configurable system. In any case tEAMS has demonstrated being
the most cost-effective approach.

tEAMS versus Incremental tEAMS As we investigated the differences in accuracy
between the two techniques, we observed that both show very similar results when using
a significant amount of examples, while Incremental tEAMS drops in accuracy when
having a reduced training set. This shows that it is very sensitive to low accuracy models
in series. On the other hand, if the investment in measurements is sizeable, it would be
wise to consider it.

When it comes to using and sharing a model, one should consider the cost of having
an incremental solution as it comes at a cost. The first is the size of the model, as a
solution composed of a multitude of models also means a larger size of the file to share.
The other is the time taken to predict a value, which can be a critical point depending
on the context. If using one or two models in series usually take less than a second, an
incremental solution can take few seconds. If the model is used in a user interface, such
an high response time can be considered a severe drawback.
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tEAMS and transfer functions As part of tEAMS several transfer functions can
be considered for shifting a prediction model. Results show that simple linear regression
is clearly not effective. An alternative is to add interactions’ terms as part of the linear
regression. As stated in [81], for p options, there are p possible main influences, p×(p−1)/2
possible pairwise interactions, and an exponential number of higher-order interactions
among more than two options. In the worst case, all 2-wise or 3-wise interactions among
the 9K+ options are included in the model, which is computationally intractable. Even
if a subset of options is kept, there is a combinatorial explosion of possible interactions.
Another possibility is to consider linear models with regularized regression. However, prior
experiments [5] for training prediction models over Linux 4.13 showed that Lasso [144] or
ElasticNet have severe limitations in terms of accuracy. We chose GBTs for their inherent
ability to capture non-linear behavior or options’ interactions and empirical results show
high accuracy. However we do not claim that the use of GBTs is the best solution. In
fact, as tEAMS is capable of handling other transfer functions, we plan to consider other
learning techniques (e.g., neural networks) and investigate tradeoffs between accuracy,
computational cost, and interpretability.

When and how should we update tEAMS? Results show that our solution of
transfer learning works well over a long period of three years from 2017 to 2020. Meaning
that up to today, transferring is better than re-learning from scratch. However, eventually,
in future evolution and releases, say in 2021 or 2022, transfer learning might degrade.
Therefore, at some point, one must learn a new prediction model as the source on which
to apply further transfer learning with our solution. Quantifying exactly when one must
re-learn the performance model is out of the scope of this chapter and is left for future
work. In practice, developers can set a limit of acceptable error rate under which transfer
can be still applied and beyond which re-learning a prediction model is necessary.

Is tEAMS applicable to other configurable systems? We investigated in this
chapter a case of heterogeneous transfer learning where our considered configurable sys-
tem evolves in time and space, i.e., the set of options changes on every release over time.
Therefore, other configurable systems that evolve while the set of options also changes can
be ideal candidates to leverage our results and tEAMS. For example, curl is a widely
used configurable system that has now more than 200 options. curl does evolves fre-
quently[30], and has performance concerns. GCC[47] and Clang[27] (compilers), Apache
Cassandra[10] (database), Amazon EC2 (Web cloud service), OpenCV [108] (image pro-
cessing), Kafka[70] (distributed systems) are other examples of configurable systems that
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continuously add or remove options, maintain their code base at a fast pace, and with
strong performance requirements. These systems have active user communities and have
already been considered in the context of performance prediction of configurable systems
(see [114, 67, 142, 130, 7, 12]), but without considering the evolution of their options’ sets.
In the future, we plan to replicate our study for such subject systems.

6.6 Threats to Validity

Threats to internal validity are related to the sampling used as training set for
all experiments. We deliberately used random sampling to diversify our datasets of con-
figurations. To mitigate any bias, for each sample size, we repeat the prediction process 5
times. For each process, we split the dataset into training and testing which are indepen-
dent of each other. To assess the accuracy of the algorithms, we used MAPE that has the
merit of being comparable among versions and learning approaches. Most of the state-
of-the-art works use this metric for evaluating the effectiveness of performance prediction
algorithms [114]. Another threat to internal validity concerns the (lack of) uniformity of
randconfig. Indeed randconfig does not provide a perfect uniform distribution over valid
configurations [95]. The strategy of randconfig is to randomly enable or disable options ac-
cording to the order in the Kconfig files. It is thus biased towards features higher up in the
tree. The problem of uniform sampling is fundamentally a satisfiability (SAT) problem.
However, to the best of our knowledge, there is no robust and scalable solution capable
of comprehensively translating Kconfig files of Linux into a SAT formula, especially for
the new versions of Linux. Second, uniform sampling either does not scale yet or is not
uniform at the scale of Linux [117, 21, 22, 42].

Looking at the decrease gap in accuracy between learning from scratch and tEAMS
the more examples are given for training, we can expect that at some point, learning from
scratch would be better than tEAMS. We did not investigate further as it would require
an important effort to gather so much more examples on all the studied versions, but it
would be interesting to know if such turning point exists and where is that turning point
in term of number of examples. While we highlight how good transfer is with limited data,
we did not investigate enough how good it is with a lot of data.

Regarding the analysis with the feature ranking list, some problems may arise that can
threaten results of Section 6.2.2. First, the importance is based on a tree structure, and
even if we average the ranking out of multiple models, the way the tree is built can create
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a bias. Second, the importance does not show if the feature has a positive or negative
impact. Hence, there is a risk of having a feature evolving that gets the same importance
value but with inverse impact from one version to another. Other interpretable techniques
are needed to gain further insights.

Threats to external validity are related to the targeted kernel versions, targeted
architecture (x86), targeted quantitative property (size), and used compilers (gcc 6.3). We
have spanned different periods of the kernel from 2017 to 2020, considering stable versions
and covering numerous evolutions (see Table 6.1). We could consider minor releases, but
the practical interest for the Linux community would be less obvious. We are expecting
similar results since the evolution in minor release is mostly based on patches and bug
fixings. We have considered the most popular and active architecture (x86). Another ar-
chitecture could lead to different options’ effects on size. The idea of transfer learning
could well be applied in this context and is left as future work. A generalization of the re-
sults for other non-functional properties (e.g., compilation time, boot time) would require
additional experiments with further resources and engineering efforts. In contrast to e.g.,
compilation time, the size of a the kernel is not subject to hardware variations and we can
scale the experiments with distributed machines. Hence, we focused on a single property
to be able to make robust and reliable statements about whether learning approaches
can be used in such settings. There is also a clear interest for the Linux community (see
Section 6.5). Our results suggest we can now envision to perform an analysis over other
properties to generalize our findings. Finally, as we used Linux kernel, we do not generalize
to all configurable systems, especially to those with few options and small-medium code
size. However, this is not the goal of this study since we purposely targeted Linux due
to its complexity (in options and LOC). Further experimentation on other case studies
remains necessary.

6.7 Conclusion

In this chapter, we showed that the evolution of Linux has a noticeable impact on
kernel sizes of configurations with a large-scale study spanning 7 versions over 3 years
and 240K+ configurations. As a result, a size prediction model learned from one specific
version quickly becomes obsolete and inaccurate, despite a huge initial investment (15K
hours of computation for building a training set of 90K configurations). We developed
a heterogeneous transfer evolution-aware model shifting (tEAMS) learning technique.
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It is capable of handling new options that appear in new versions while learning the
function that maps the novel effects of shared options among versions. Our results showed
that the transfer of a prediction model leads to accurate results (the prediction error
(MAPE) remains low and constant) without the need of collecting a very large corpus of
measurements’ configurations. With only 5K configurations, we could transfer the model
made in September 2017 for the 5.8 version released in August 2020.

Linux is an extreme case of a highly complex configurable system that rapidly evolves.
Though not all systems have ≈ 14.500 options and such a frequency of commits, many
software systems face the same problem of dealing with variability in space (variants) and
time (versions). The increasing adoption of continuous integration in software engineering
has exacerbated the problem of adding, removing, or maintaining configuration options
(being realized as feature toggles, command line parameters, conditional compilation,
etc.). The fact that transfer learning works for Linux is reassuring, which has a great
potential impact on Linux developers and integrators. There is hope that the effort made
for one version of a software system can be reused through transfer.

129





Chapter 7

CONCLUSION AND PERSPECTIVES

7.1 Conclusion

As Software Product Lines become prevalent in many software development environ-
ments and grow bigger and bigger, various problems appear. One of them is to understand
the systems well enough to predict their performances for all possible variants. Relying on
expert knowledge is limited and prone to error, especially in a context of constant evolu-
tion. Over the last decade, researchers focused on leveraging machine learning techniques
to create reliable performance models. However, none of the studies evaluated their new
techniques on systems with more than a few dozens of options, leaving a grey area as to
know how such techniques would perform on colossal configurations spaces from systems
with hundreds or thousands of options.

The first contribution of this thesis was to enlighten this grey area, and we have shown
that most learning techniques are either poorly accurate, or do not scale to the thousands
of options of the Linux Kernel, in particular the learning techniques tailored to handle SPL
specifics. On the contrary, we found out that Decision Tree and its ensemble techniques,
as well as neural networks, are able to handle thousands of options in input and their
interactions at the same time.

The second contribution leverages Random Forest to create a list of features ordered
by their importance, the Feature Ranking List, then used in a feature selection process
to filter out the less useful features. This feature selection can be used by any algorithm,
with mixed results. However, for tree-based algorithms and neural networks, the feature
selection increases the accuracy of the models, and greatly decreases the training time.
We also investigated the quality of the Feature Ranking List, by submitting it to experts
who approved it with respect to their knowledge. Finally we proposed to improve the
Feature Ranking List stability through the use of an ensemble of Random Forest, in order
to decrease the variance in the ranking.

The third contribution compares different strategies to perform automated perfor-
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mance specialization. The first iteration of the concept only used classification models
to synthesize the rules needed for the specialization. We considered two new approaches.
First, we used the other way to leverage Decision Trees, as a regression model. Then, we
proposed an hybrid approach, tailored toward the specialization problem. We also used
the feature selection process detailed in the second contribution and measured its influence
on accuracy and training times. All approaches gave good results on most of the subject
systems, without any one being better than the others overall. Training time are about a
few milliseconds for systems with a few dozens of options, up to more than one minute
for Linux. The feature selection gave mixed results in term of accuracy gain, though it
mostly had a positive but limited impact. In term of training time reduction, it brought
the training time on Linux to the order of the second, which is a massive improvement.

The final contribution explored the problem of maintaining the performance models
over time, and more specifically across versions. First, we studied the model trained on
the version 4.13 of the Linux Kernel and the variation in its accuracy on six later versions
spanning 3 years from version 4.15 to 5.8, and reported that the model quickly looses
accuracy. To mitigate the effect of evolution on the accuracy, we considered transfer
learning with the model shifting approach to leverage the deprecated model knowledge to
build a model for new versions at lower cost. We have shown that transfer learning offers
a solution to maintain the prediction model at high accuracy even on versions years later
with only a fraction of the cost of the original model, and a better accuracy than learning
from scratch for the same cost. We also considered an incremental approach of the model
shifting that is able to give slightly better accuracy when given enough data.

In fine, we can note that systems with colossal configurations spaces such as the
Linux Kernel are particularly absent from the state-of-the-art in performance prediction
of Software Product Lines, and it appears that most solutions, and particularly specialized
ones, do not scale to such problem. We demonstrated that tree-based learning algorithms
are (1) able to scale in colossal configurations spaces and (2) able to handle the interaction
problem specific to SPL. They are also interpretable in ways that allow the creation of
a Feature Ranking List to perform a feature selection by filtering, and to extract rules
needed to automate performance specialization. We have shown that performance models
suffer from software evolution and proposed a transfer learning by model shifting making
possible to maintain acceptable accuracy at low cost over at least a few years.
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7.2 Perspectives

While this thesis answered some questions about learning on colossal configuration
spaces, it also rises many more and opens perspectives for future works. The first per-
spective we propose are general to the whole thesis, then we will be more specific chapter
by chapter.

Beyond binary size. All along this thesis, we focused particularly on the prediction
of binary size of the Linux kernel. While we defend the relevance of predicting the size of
the kernel, this focus is mainly a technical limitation of TuxML, the tool for compiling and
measuring the kernel, which is not mature enough yet to handle other metrics, such as boot
time or energy consumption. However, binary size has one important advantage, the low
impact of deep variability, as it is not influenced by hardware, workload or environment
influence. This was raised recently as a very important problem calling previous works,
with fixed or undisclosed hardware, workload or environment, into question. Even though,
we know that other factors can impact the binary size such as the version of the compiler,
a problem we hope to tackle with the help of transfer learning.

Beyond Linux. The case of the Linux Kernel has been a central theme of the thesis,
both because of the opportunity given by the TuxML project and because of the excellent
use case it is. However, Linux is not the only system with thousands of options, such as
many systems from the automotive industry that has been particularly used as subject
systems on feature modelling research. Investigating other similar cases are needed to
ensure the generalization of the methods proposed.

7.2.1 Feature Selection

In Chapter 3, we saw that the wrapper methods used to select features in [131] lead to
an explosion of computing time when used on thousands of options, especially given the
particular way the interactions are encoded. The tree-based feature selection explored in
Chapter 4 is only one of the many existing solutions [23], which should be compared in
term of both accuracy gain and resources needed to perform the selection.

Stability. The stability problem of the tree-based feature selection has been a concern.
While partially solved, it deserves a deeper study, with different stability metrics to better
understand it, but also trying out different approaches than Random Forest. The impact
of the training set size is to be determined as well.

Finding the sweet spot. While the Feature Ranking list is used for feature selection,
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we did not find an efficient way to determine the right number of features to include (the
sweet spot) other than creating models with a wide range of number of features and
comparing them. A first step to improve that would be to perform a less naive approach
in gradient descent. Another possibility would be to determine it a priori, which could be
a long shot given that we found different sweet spots depending on the algorithm used.

7.2.2 Automated Performance Specialization

In Chapter 5, we explored the process of Automated Performance Specialization and
multiple learning strategies to synthesize the needed rules. However, we focused only on
the accuracy of the model to validate the approach and this should be taken further on
different aspects.

Safety and flexibility. The consideration of safety and flexibility can be very im-
portant to a user. If we know it is technically possible with Decision Trees to tweak the
decision rules to tip the scale in favor of one over the other, we still need to make more
experiments to compare cost and improvement with this process.

Going further with constraints. We only considered the extracted rules to be used
by software and dismissed their actual human readability, which could also be of inter-
est for practitioners. Another research direction requiring human studies and controlled
experiments could focus on that aspect of learning-based rule synthesis. The use of fea-
ture selection might also be of interest here, since rules and constraints will operate over
a limited set of options. More aggressive pruning strategies can also be envisioned with
tradeoffs between accuracy and interpretability.

Active learning. In our experiment, we only considered a single step of learning to
create a model. However, we can consider multiple steps of learning, and leveraging the
interpretability of the Decision Trees to find the most error-prone rules in order to refine
them by sampling around the misclassified configurations. It is also possible to use the
Feature Ranking List to focus the sampling toward the most influential options and avoid
the ones without influence.

7.2.3 Transfer Learning for Prediction across versions

While we successfully used transfer learning to create robust prediction models across
different versions in Chapter 6, there are still some doubts to dispel and improvements to
be made.
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Minor version influence. In the study, we focused our problem space on major
versions (4.15, 5.4, 5.8 ...), but we do not know the impact of minor versions (5.8.1, 5.8.2
...) on the prediction models, and especially if transfer is needed even between minor
versions, which could negatively impact the viability of our approach given the costs
of measurements. However, given the relatively low loss of accuracy between two close
versions outside of exceptional cases, odds are that this should not be necessary.

Targeted sampling. In [64], Jamshidi et al. use learned model to focus the sampling
toward important features when transferring between different environments. While the
solution is developed in a homogeneous context unlike the problem of transfer between
versions, it could help in reducing the costs of measurement, and studying the feasibility
and efficiency of such approach should be a good way to improve our method.

Commit mining. When developing our method for model shifting, we took a com-
plete black-box approach regarding the target system, and this sometimes leads to ar-
bitrary decisions to be made. For instance, during the feature alignment, we set all the
old features value to 1 as a default value. Features can evolve in many ways, such as
appearing or disappearing, but also they can be locked in a specific value, split among
multiple new features, merged into one, or even just be renamed. Our approach can only
handle the first two ways. By mining the commits, we hope to gather meaningful insight
that can help to better handle these evolving features. Such insight can also be leveraged
for targeted sampling as mentioned previously.

Other algorithms. In our study, we only used a Gradient Boosting Tree to build
a source model. Since the proposed method for model shifting is completely algorithm-
agnostic, in the sense that in theory any algorithm could be used to build both the source
and the shifting models, we could investigate more algorithms. We could also investigate
the interaction between the source and shifting models.

Feature selection. The interaction between the feature selection and the model shift-
ing method is quite uncertain. First, our approach of feature alignment should be revised,
as simply putting away the features not in the source model, which only has a few selected
features, could seriously impact the accuracy. Then, we could consider multiple ways to
transfer the Feature ranking List: creating a new list from the target dataset, at the risk
of having a less reliable list due to stability concerns, or leverage a Feature Ranking List
from the shifting model to update the list from the source model, which can be tricky
due to the lack of expressiveness of the feature importance metric. We should also con-
sider different cases, for handling cases when training the source model is possible with
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information about the target version features, and when it is not.
Multidimensional transfer. We studied the use of model shifting for the problem

of evolution in time, while other works focused on different goal, such as transfer between
environments [69]. When we explored the deep variability concerns [86], we figured that
when we train a prediction model, we usually focus on a very specific context (version
of the systems, version of the compiler, configuration of the compiler [87], environment
...) and the use of transfer learning becomes obvious. However, transferring along only
one dimension at a time is not enough, and we should explore the use of multiple trans-
fer strategies at once. Given the efficiency of the model shifting methods, a sequential
combination of shifting could be a good initial research direction.
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