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ABSTRACT

Automated algorithm selection and configuration methods that
build on exploratory landscape analysis (ELA) are becoming very
popular in Evolutionary Computation. However, despite a signif-
icantly growing number of applications, the underlying machine
learning models are often chosen in an ad-hoc manner.

We show in this work that three classical regression methods
are able to achieve meaningful results for ELA-based algorithm
selection. For those three models — random forests, decision trees,
and bagging decision trees — the quality of the regression models
is highly impacted by the chosen hyper-parameters. This has sig-
nificant effects also on the quality of the algorithm selectors that
are built on top of these regressions.

By comparing a total number of 30 different models, each coupled
with 2 complementary regression strategies, we derive guidelines
for the tuning of the regression models and provide general recom-
mendations for a more systematic use of classical machine learning
models in landscape-aware algorithm selection. We point out that
a choice of the machine learning model merits to be carefully un-
dertaken and further investigated.

CCS CONCEPTS

« Theory of computation — Bio-inspired optimization.

1 INTRODUCTION

A vast majority of real-world optimization problems are too com-
plex to be defined by an explicit mathematical model, and they
require (sometimes very expensive) evaluations to assess and to
compare the quality of different alternatives. Classical examples for
such problems are typically found in settings where the relationship
between decision variables and solution quality cannot usually be
established without a computer simulation or a physical experi-
ment, both of which require a significant amount of resources, such
as crash tests in automotive industry or clinical trials in medicine.
A line of research known as black-box optimization (BBO) studies
solving those types of problems. They can only be solved using
so-called iterative sampling-based heuristics, which are algorithms
that guide the search towards the optimal solution of a certain
problem by sampling candidate solutions, evaluating them (assess-
ing their quality) and using gained information to select the new
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candidate solutions for the next step. They proceed in iterations
until converging to an estimated optimum.

In the last decades, many iterative optimization heuristics have
been designed and improved upon [3, 15, 20, 26, 34, 40, 52], but the
quest for good algorithm designs is far from over. Quite the contrary,
the design of efficient iterative sampling-based heuristics is a very
active area of research, which conceives considerable attention at
the moment due to the important role that black-box optimization
techniques play in artificial intelligence. While often being adver-
tised as universal optimization techniques, it cannot be neglected
that different algorithms can show very different performances on
different types of problems (and for different performance mea-
sures). Some — and often a substantial amount of — customization
is therefore needed to obtain peak performance.

Consequently, a very important and challenging task is to select
the most efficient and appropriate algorithm every time one is faced
with a new, previously unseen problem instance. This research prob-
lem, formalized as the algorithm selection problem (ASP) [51], has
been classically tackled by relying on expert knowledge in both the
problem and the algorithm domain. However, significant progress
in machine learning (ML) in recent years has allowed for a shift to
be made towards automated selection (AS) [24, 29, 33, 42] and con-
figuration (AC) [5], both being important parts of a more general
AutoML research framework [21], where ML techniques (typically
based on supervised learning approaches, such as regression and
classification) are used to design and train models to predict the
performance of different black-box algorithms on unseen problem
instances as accurately as possible. These performance predictions
would then allow for selecting and/or configuring the best algo-
rithm for the problem at hand.

One of the challenges for such supervised learning methods to
be useful is the identification of convenient representations of the
problem instances, which can be used by the AutoML techniques
to derive a predictive model. Such representations are usually ex-
pressed as vectors of numerical values, each quantifying a rele-
vant characteristic of the instance through an appropriate measure.
These numerical representations serve to identify different problem
instances and allow to discriminate between them. In evolution-
ary computation (EC) terms, these quantified measures, known as
features, thus describe the fitness landscape of a problem instance.

Fitness landscapes have been and still are extensively studied in
EC. For a long time, the only accessible landscape properties were
high-level and intuitive (e.g., degree of multimodality, separability,
number of plateaus), and their major drawback is that they all
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require prior expert knowledge and thus cannot be automatically
computed. More recently, however, a line of research under the
umbrella term of exploratory landscape analysis (ELA) [39] has
come up with new ways of proper numerical feature extraction (or
more precisely approximation, as we have at our disposal only the
samples that we have evaluated and to which a solution quality has
been assigned). In addition to the original features sets proposed
in [39], many new features sets, each quantifying some relevant
problem characteristic, have since been incorporated [13, 30, 37, 44].
These insights have fast given rise to nowadays very active research
questions around the landscape-aware algorithm selection and/or
configuration.

Since the EC community itself is traditionally predominantly fo-
cused on the development or the assessment of different landscape
features and search heuristics, the relevance of selecting an appro-
priate machine learning model needed to provide information for
the algorithm selection (AS) is often neglected. With the exception
of selected communities such as AutoML, most authors, following
common practices, typically apply easily accessible, off-the-shelf
techniques such as default implementations of random forests (RF),
support vector machines (SVM), or decision trees (DT) — available
in the scikit library [47], for example. As suggested in [22], ran-
dom forests are considered to be the preferred technique when it
comes to landscape-aware algorithm performance prediction, as
it was empirically demonstrated that they outperformed other fre-
quently used ML models (e.g., ridge regression, abovementioned
SVMs, Gaussian processes, neural networks) in the context of com-
binatorial and mixed-integer problems. However, typically only a
single ML model is trained to perform the task.

With that being said, hyper-parameter tuning of regression mod-
els might have a potential of largely improving the regression qual-
ity. In this work, we thus raise the question of the magnitude of
impact that hyper-parameter tuning can have on both regression
quality and algorithm selection, as the effects of different ML frame-
works and their respective strengths and weaknesses have yet to
be investigated in detail in the scenario of landscape-aware AS.
We aim to highlight said potential of hyper-parameter tuning on
a selected set of tree-based regression models, while arguing that
the model’s performance quality is in fact highly dependent on the
problem set and the algorithm portfolio, which are case-specific.

Our Contribution and Results. We compare in this work the
performance of 30 different regression models on the algorithm se-
lection task suggested in [33]. After a preliminary step of testing the
quality of the following seven families of regression models with
different hyper-parameter values tested via iterative grid search:
Random Forests [9], Decision Trees [10], Bagging decision trees [8],
Lasso [53], ElasticNet [54], KernelRidge [43], and PassiveAggres-
sive [11], we retained only the models that largely outperformed
the rest in terms of regression quality. The 30 selected models are all
tree-based, and they are configurations of random forest, decision
tree and bagging decision tree regression techniques. Note that,
due to the rather small size of our data set, we have not considered
techniques such as Neural Networks which are powerful for a huge
quantity of data. We have not considered any classification tech-
niques either (including Bayes classifier), as we are interested in
predicting numerical performance values for each algorithm.
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We train the 30 models on different data sets, taking as input
landscape (ELA) features of a problem and outputting the fixed-
budget performance of an algorithm. Two distinct ELA feature
representations (based on different sample sizes for feature com-
putation) describe each of 120 problem instances belonging to 24
problem classes that were used in our paper. Fixed-budget perfor-
mances for a portfolio of 12 algorithms were recorded for different
budgets of function evaluations (we consider budgets of 250, 500,
and 1 000 function evaluations), measuring the target precision (i.e.,
the distance to the optimum). On top of that, two complementary
regression approaches were adopted for each model and each data
set: one that predicts true (unscaled) target precision values and
another that predicts log target precision, as suggested in [25].

We then use stratified 5-fold cross-validation to ensure that all
problem instances were used in the test phase of our models, and
build for each regression model and each data set an automated al-
gorithm selector, which takes as input the predicted target precision
of each of the twelve algorithms and which returns the algorithm
with the best predicted performance. The true target precision of
this selected algorithm is then compared to that of the actual best
algorithm for that problem instance, which defines the loss that we
associate to the regression model. Following the approach in [25],
for each regression model and each data set, we also build an al-
gorithm selector which combines the regression for the unscaled
target precision with that for the logarithmic precision, favoring
the latter for small target precision values, and favoring the for-
mer otherwise. In total, we evaluate for each of the 30 regression
models, three different algorithm selectors (unscaled, logarithmic,
combined), on 6 different data sets (3 different budgets of function
evaluations and 2 different feature sample sizes).

The results of our study clearly indicate a need for appropriate
tuning of the regression techniques, but more importantly, they
raise an important question of how the chosen ML model can lead
to highly varying results in the algorithm selection step. We ar-
gue that the untapped potential of a careful choice of the relevant
ML model and its hyper-parameter configuration can be only fully
exploited when taking into account some preliminary knowledge
about the problem classes and the algorithms. This sub-explored
area of research merits further investigation. We see differences of
up to several orders of magnitude in the Root Mean Squared Error
values of the different models, not aggregated across optimization
algorithms. Even if we aggregate the errors, the differences between
them are still as high as 60%. We further notice that different mod-
els perform differently on different types of problems, making it
difficult to derive a general recommendation for which model to
favor in which scenario. This, however, does not limit the relevance
of our work, since training the different regression models is of
negligible cost, in particular when compared to the efforts required
for setting up the whole algorithm selection pipeline. In practice,
the use of several ML techniques at the same time (“ensembles”) is
not uncommon - quite the contrary, in fact [38]. We therefore also
hope that our work motivates further investigations of ensemble
learning techniques in the context of landscape-aware algorithm
selection and configuration.

Related Work. Existing research in automated algorithm se-
lection and configuration can be roughly positioned on one of



the two main axes, depending on whether machine learning tech-
niques utilized are supervised or unsupervised. In terms of unsu-
pervised learning, reinforcement learning is the most predominant
(see [6, 27] and references mentioned therein). When it comes to the
the supervised approaches, approaches building upon exploratory
landscape analysis (ELA) [39] are most frequent in the field. In
particular, ELA-based regression have been applied to assess the
effect problem features have on algorithm performance [35], to
configure algorithms’ parameters (per-instance algorithm config-
uration, PIAC) [5], as well as to select algorithms from a given
portfolio [33, 41]. See [28, 42] for comprehensive surveys of au-
tomated AS state-of-the-art methods and results. With regards to
dynamic algorithm selection and configuration, search behavior or
algorithms’ state parameters can also influence the model recom-
mendations, see [4, 12] and references mentioned therein.

2 PERFORMANCE REGRESSION
2.1 Experimental Setup

Regression Models. Both regression and classification as super-
vised learning techniques have been studied in the context of
landscape-aware algorithm selection. The advantage of regression
models over classification ones is in keeping track of the magnitude
of differences between performances of different algorithms, as
they predict numerical performance values.

Following best practices in this line of work, as mentioned above,
for our analysis we have selected three different classes of regres-
sion models, namely Decision Tree [10], Random Forest [9] and Bag-
ging Decision Tree [8]. For each model class, the hyper-parameter
configurations used are shown in Table 1.

Since the basic component unit of all considered models is a
decision tree (both Random Forests and Bagging DTs are based on
them), the hyper-parameter crit value can be one of the following
three: mse (mean squared error), mae (mean absolute error) and
so-called friedman mse - Friedman mean squared error. The minsplit
hyper-parameter represents the minimum number of data instances
a tree node has to contain in order to become a splitting node. Lastly,
the nest hyper-parameter defines the number of decision trees
needed to build a Random Forest or Bagging DT model. In total,
we end up with 30 different regression models, with 6 different
configurations for Decision Tree, 12 for Random Forest, and 12
for Bagging DT. Table 1 summarizes the chosen hyper-parameter
values for different regression classes.

Table 1: Hyper-parameter values for the regression models

Model Hyper-parameters

DecisionTree | « crit € {"mse”,” mae”,” friedman_mse” }
(6 configs.) - minsplit € {4,5}
>

RandomForest |  crit € {"mse”,” mae”

(12 configs.) « minsplit € {4,5}

- nest € {3,6,9}
BaggingDT « crit € {"mse”,” mae” }
(12 configs.) « minsplit € {4,5}

« nest € {3,6,9}
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Benchmark problems. As commonly used in the continuous op-
timization community, our benchmark set of choice when mea-
suring different algorithm performances was the noiseless BBOB
testbed [19] on the COCO platform [18], which is a dedicated envi-
ronment for comparison of algorithm performance in continuous
black-box optimization. It contains 24 different single-objective
functions (noted here as FID 1-24), and different instances can fur-
ther be generated based on those 24 initial definitions by rotation
and translation in the objective space. We hence consider the first
5 instances of each function (IID 1-5), for a total of 120 problem
instances. Lastly, we restrict our analysis to dimension 5.

Algorithm Portfolio. The algorithm portfolio we chose for this
work was suggested in [33] for its diversity. It consists of the fol-
lowing 12 algorithms: BrentSTEPqi [48], BrentSTEPrr [48], CMA-
ES-CSA [1], HCMA [36], HMLSL [45], IPOP400D [2], MCS [23],
MLSL [45], OQNLP [46], fmincon [46], fminunc [46], and BIPOP-
CMA-ES [16]. Note that, due to the unavailability of the raw per-
formance data for one of the algorithms in the original study, the
BIPOP-CMA-ES was added instead of the missing one. The perfor-
mance data of all twelve algorithms can be downloaded at [17], but
for our setting it was more convenient to extract the relevant fig-
ures from IOHprofiler [14]. Throughout this work, we focus on the
fixed-budget performance, which is a scenario most often seen in
real-world application where we can allow ourselves only a limited
budget of function evaluations, and where the performance metric
used is target precision of an algorithm, i.e., the distance between
the best solution reached after a certain budget of function evalua-
tions and the estimated optimal solution. Concretely, we consider
3 different budget sizes of 250, 500 and 1000 function evaluations
across all algorithms from the portfolio for purpose of sensitivity
analysis, and we restrict ourselves to a single algorithm run per
problem instance. We show in Figure 1 the portfolio’s target preci-
sions reached after 1000 evaluations. We note that the algorithm
performances are significantly less diverse for functions 15 through
20, 23 and 24 than for the other problems.

Problem features. Predictor variables for our regression models
are vectors of ELA feature values, which quantify the landscape
properties of each problem instance. Feature computation is done
using the flacco package [32] for two distinct sets of uniformly sam-
pled points and their evaluations. Samples are of sizes 50d (250) and
4004 (2000) respectively for purpose of sensitivity analysis. 50 inde-
pendent feature computations were performed for each sample size,
as some of them can show low robustness on certain features [50],
and a median feature value was taken for each one. Following sug-
gestions from [5, 33], we choose only those feature sets that do not
require additional sampling during their computation; this way, we
end up with a total of 56 feature values per problem instance, be-
longing to the following sets: classical ELA (y-Distribution, Levelset
and Meta-model) [39], Dispersion [37], Information Content [44]
and Nearest-Better Clustering [31] feature sets.

2.2 Performance Regression Quality of
Different Models

Using the key elements described in Section 2.1, we establish two
separate regression (true and log-) approaches for each of the 30
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Figure 1: Single-run target precision of the 12 algorithms on the first five instances of 24 BBOB functions. They represent our
portfolio from which we want to select the best-performing algorithm for an unseen problem instance.

regression models, as suggested in [24]. The intuition behind doing
so lies in the fact that we want to make use of the information
captured in the exponent of the actual performance value, which can
be interpreted as a distance level to the optimum (for two algorithms
with actual target precisions of 1072 and 1078, we can say that the
latter is 6 distance levels closer to the optimum than the former). In
the remainder of the paper, we call these 2 approaches the unscaled
and the log-approach, and we note that the unscaled one performs
better in predicting target precisions “far away from” the optimum,
while the log-one is more appropriate when targeting fine-grained
cases which are already very close to the optimum.

Following common ML practices, we perform a 5-fold stratified
leave-one-instance-out cross-validation when training each model to
reduce variability and obtain a higher model accuracy, thus carrying
out the training on 4 out of 5 instances per each function, testing
on the remaining one and combining the results over all folds.

In order to assess and compare the accuracy of different predic-
tions made by the regression models, we compute the Root Mean
Square Error (RMSE) and its counterpart log-RMSE values per pre-
diction, and aggregate them across problems and algorithms. The
RMSE is a frequently used metric in the ML community and rep-
resents the standard deviation of prediction errors; put differently,
it measures how spread out those errors are. In our fixed-budget
regression, the prediction errors are the distance of the prediction
to the true target value. Within this context, the RMSE is computed
based on the actual, ‘un-logged’ data (both for the unscaled and

log-approach), whereas the log-RMSE makes use of the logged’
data.

Table 2 conveniently shows the best achieved prediction ac-
curacies (RMSE and log-RMSE) of the log-approach for different
algorithms in the portfolio, for the 2000-sample feature size due
to space constraints, for all different budgets, aggregated across
problems. Different ‘Model’ columns correspond to the regression
model with the best quality in a specific scenario. Note that the RM-
labeled models 1-6 refer to the Decision Tree regressors, 7-18 to the
Random Forest regressors, and 19-30 to the Bagging DT regressors.
This allows us to draw some first conclusions related to selecting
the most efficient regressor, with the Decision Tree family being
predominantly chosen in the low-budget setting when optimizing
the RMSE, while the presence of the Bagging DT family is stronger
when optimizing the log-RMSE in the same setting. Random Forest
regressors, however, seem well-performing across the board, which
is supported by the fact they are typically an all-round model of
choice in related lines of research. Most importantly, we remark
that, even when aggregated across problems, the choice of the best
regression model is highly dependent on the setting we work in,
and varies between algorithms.

As illustrated in the example in Figure 2, which is the use-case
of CMA-ES-CSA algorithm for budget of 1000 evaluations and
2000-sample feature size, the overall regression quality both in
terms of RMSE (on x-axis) and log-RMSE (on y-axis), regarded as
a Pareto front, i.e. a two-objective min-min problem, is higher for
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Figure 2: Overall prediction quality of different regression models (RMSE vs. log-RMSE), from both the unscaled (in blue)
and the log-approach (in red) on the CMA-ES-CSA algorithm, with the budget of 1000 function evaluations and 2000-sample
feature size. Minimizing both error values as a Pareto front, we see that log-based regression models perform significantly
better than the unscaled ones.

Table 2: Best quality of the log-predictions (RMSE vs. log-RMSE) for each algorithm from the portfolio, for feature size of 2000
samples. Note that the labels in columns named ‘Model’ correspond to the regression model achieving the said best prediction
quality. Different models are the best-performing ones across the portfolio for different budgets of function evaluations.

‘ Feature size 2000

\ Budget 250 \ Budget 500 \ Budget 1000

Algorithm | RMSE Model | logRMSE Model | RMSE  Model | logRMSE Model | RMSE  Model | logRMSE ~Model

BIPOP-CMA-ES | 10368.95 RM27 165  RMI3 | 1489.86 RM9 1.83  RM20 | 7318  RM7 194  RMi12

BrentSTEPgi 58096.65 RMS 222 RM30 | 5782822 RM9 276 RMI2 | 57040.98 RM9 284  RMI1

BrentSTEPrr 5947556  RM3 215  RM30 | 58039.56 RM16 | 270  RM30 |57993.93 RM21 | 290  RMI2

CMA-ES-CSA | 10216.53 RM7 162 RMI13 | 28026 RMI3 | 195  RM30 | 678  RM21 | 238  RMI2

fmincon 1773 RMS 164  RMI8 | 1036  RM3 196  RMI8 | 623  RM20 | 164  RM23

fminunc 25493 RM21 | 220  RM11| 705  RM7 234 RM29 | 683  RM2 235  RM29

HCMA 165112 RMI3 170 RM23 | 429  RM23 | 210  RMI8 | 282 RMI4 | 277  RMI2

HMLSL 1683  RM2 162 RM1l | 1045  RM6 195  RM23 | 401  RM24 | 187  RMI2

IPOP400D 312075 RMI14 | 172  RMI8 | 120475 RMI19 | 171  RMIl | 3366  RM7 199  RMIl

MCS 251461  RM2 240  RM24 | 223327 RM7 274  RMI1 | 199251 RM24 | 287  RMIl

MLSL 1954  RM7 177  RM17 | 1145  RM6 206  RM23 | 539  RM6 207  RM22

OQNLP 2636  RM13 | 240  RM30 | 11.3¢ RM20 | 217  RMI17 | 910  RM20 | 229  RMI17
the log-based approach than for the unscaled one. However, it does (each excelling in prediction of one sub-class of problems, for ex-
not always have to be the case; depending on the algorithm, we ample) to achieve best results, which further supports the claim
can also observe situations in which the unscaled approach yields that ensemble-based models could be significantly more accurate
better results. Nevertheless, a remarkable diversity of regression than the standalone ones.

model accuracies on different problems is easily noticed, and sup-
ports the idea of possibly having to resort to multiple regressors
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3 ELA-BASED ALGORITHM SELECTION

After examining the regression accuracy, we proceed to evaluate
the performance of two simple algorithm selectors, based on the
predictions of the unscaled and the logarithmic approach, respec-
tively, for each of the 30 regression models. The unscaled selector
recommends the algorithm for which the unscaled-based model pre-
dicted the best performance, and, similarly, the log-selector bases
its decision on the best prediction of the log-model. To quantify
how well selectors perform per problem instance, we compare the
precision of the algorithm chosen by the selector for the instance at
hand to the precision of the actual best algorithm for that instance.
We then indicate the overall quality of this selector by computing
the RMSE and log-RMSE values (aggregated across all problem
instances).

Both in unscaled as well as in the log-approach, some algorithms
will be selected more often than others per different problem in-
stance, as seen in Figure 3. For the budget of 1000 function eval-
uations and 2000-sample feature size, we observe that HCMA is
chosen most consistently across different problem instances, while
the choice of BIPOP-CMA-ES is very rare. We also notice that on
specific instances, there could be one or two particularly frequently
selected (thus good) algorithms which are not selected for other
problems in the benchmark set (e.g., CMA-ES-CSA for the function
16 in the unscaled approach, or fmincon for the function 21 in the
log-approach).

Combined Algorithm Selector. Following common practices
in algorithm selection [7], we compare the qualities of our two
selectors (unscaled and log-based) with two different baselines -
one of them being the virtual best solver (VBS, also called the oracle),
which gives a lower bound as it always chooses the best-performing
algorithm per each problem instance without any additional cost, so
it reflects the best performance that could be achieved theoretically.
The other baseline is the single best solver (SBS), which stands
for the overall (aggregated) performance of the best-performing
algorithm from the portfolio. The SBS baselines vary depending on
the budget and feature size, and we can also distinguish between
the unscaled-approach SBS and the log-approach SBS.

We plot in Figure 4 the quality of the selectors over all problem
instances on RMSE and log-RMSE axes, again treating them as
a Pareto front with the objective of minimizing both errors, and
we see that different unscaled- and log-based selectors already
outperform the majority of single algorithms from the portfolio
on both RMSE and log-RMSE. We also want to incorporate the
observation reported in Section 2.2 that the unscaled approach is
better in predicting higher target precision, while the log-approach
has better accuracy when targeting smaller performance values.

We hence establish a combined regression approach for all the
models in order to benefit from their two complementing strengths.
Here again we can define a combined VBS, which is the one that,
for each model and problem instance, chooses the better of the
two recommended algorithms by the unscaled- and the logarith-
mic approach, respectively, using the following rule: if the target
precision of an algorithm, as predicted by the log-model, is smaller
than a certain threshold, we use the log-approach, whereas we
use the recommendation of the unscaled approach otherwise. The
threshold value chosen here is 0.9 in order to ensure selecting the

Anja Jankovic, Gorjan Popovski, Tome Eftimov, and Carola Doerr

log-approach recommendation for fine-grained precisions and vice
versa. Note that that a complete sensitivity analysis with respect to
the threshold value was described in [25], where ad-hoc threshold
optimization was performed for each regression model in order
to minimize RMSE and log-RMSE. Due to space constraints, the
sensitivity analysis was out of scope of this work. We apply this
strategy to all 30 regression models, and the results for the budget
of 1000 evaluations and the 2000-sample feature size are seen in
Figure 4. The combined approach clearly outperforms any of the
simple regression approaches, the single algorithms and even the
combined VBS selectors. This finding highlights the potential of
the combined selector, which boosts the quality of its standalone
components even in the case when they might not be the optimal
regression models for a specific algorithm portfolio and s problem
set.

4 SENSITIVITY ANALYSIS

Lastly, we highlight the differences in regression quality obtained
by using different budgets and feature sizes. We have purposefully
randomly selected one regression model (RandomForest crit.mse
minsplit.4 nest.9) and one algorithm (HCMA) to point out the diver-
sity of regression on different problem instances. The data in Table 3
corresponds to the log-approach of said selector, using 2000-sample
feature size, in order to be consistent in terms of the showcased
use-case throughout the paper. We immediately observe extremely
large RMSE values for the budget of 250 function evaluations, which
drastically decrease for the budgets of 500 and 1000. One possible
interpretation of this finding could be that in raw performance
data, whereas the budget of 250 evaluations was not big enough to
allow for getting closer to the optimum in case of certain functions,
increasing the budget seem to facilitate getting a better estimate
of the optimal solution, thus making a more straightforward way
for the regression to perform better. Finally, this again stresses the
possible importance of personalizing the regression models to the
actual optimization problems, as the results can vary drastically
between problem instances.

5 DISCUSSION, CONCLUSIONS AND FUTURE
WORK

While most landscape-aware algorithm selection, design, and con-
figuration studies in the context of numerical black-box optimiza-
tion do not pay great attention to the configuration of the ML
model, we have demonstrated in this work that both the choice of
regression technique and its parametrization can have significant
impact on the performance of the trained models. Using a classical
experimental design from the context of automated algorithm se-
lection [25, 33], we have analyzed 30 different regression models,
applied them to both the log- and to the unscaled performance
data, trained an automated algorithm selector, and analyzed its
performance through stratified 5-fold cross validation. We have
seen that the regression quality of the different models can vary by
several orders of magnitude. This reinforces and justifies the need
for meticulously choosing the ML model and its hyper-parameter
configuration, as we have seen that picking any single model and
tuning it might not at all provide good results (i.e., the discarded ML
models from the preliminary step of this work). Differences in the
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Figure 3: Heatmap of the selection frequency of each algorithm from the portfolio per problem instance, both for the unscaled
(left) and log-approach (right), for the budget of 1000 function evaluations and the feature size of 250 samples, showing selected

functions only for reasons of space.

Table 3: Sensitivity analysis of regression quality for the log-approach of the RandomForest rit.msepinsplit.4,est.9 regression
model for the HCMA algorithm for the feature size of 2000 samples, with respect to the different algorithm budgets. Note that,
for reasons of space, we showcase only values of the first instance of the 24 BBOB functions.

FID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1D ‘ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Budget 250 RMSE | 012 0.00 401 0.66 1.00 229.24 39.73 44127.00 0.01 21357821.80 3243.65 20853295.16 53.95 1.12 656.09 34145 721 3876 0.09 681 049 072 3.89 247.95
& logRMSE | 0.03 1535 0.01 0.00 1480 0.40 0.21 112 0.00 1.94 0.04 0.65 0.11 119 0.19 0.58 040 018 012 015 0.03 0.06 009 0.06
Feature size 2000 | g 40 500 RMSE | 006 0.00 0.16 177 100 483 052 1035 0.13 0.00 0.00 0.00 000 001 25170 7277 011 418 003 0.84 070 026 055 575
& logRMSE | 0.01 2383 7.65 0.67 21.68 1.98 4.35 0.28 0.10 1.09 1.50 0.02 0.67 1313 6.62 0.39 1.09 249 006 009 004 0.02 0.02 001
Budget 1000 RMSE 0.01  0.00 258 0.66 1.00 0.00 0.41 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.99 0.10 0.00 0.18 0.14 286 0.10 3.72 0.23 1.65
& logRMSE | 0.00 0.02 80.68 280 11.15 1.28 16.98 0.01 3.85 0.04 0.53 0.26 0.15 1.01 33.19 0.02 296 286 015 148 0.02 348 001 0.00

regression models’ quality also lead to very diverse performance
portfolios in the algorithm selection task, although the impact there
is somewhat less severe, since wrong predictions can still result in a

lucky choice of algorithms. Additionally, when considering ensem-
bles, hyper-parameter tuning can be expected to further improve
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Figure 4: Quality of the algorithm selectors (RMSE vs. log-RMSE) for different regression approaches, including the combined
selectors, the virtual best combined selectors (combinedVBS), and the selectors based on consistently using a certain algorithm
across the board (‘Algo’ selectors in the legend, among which we can identify the SBS), for the budget of 1000 function evalua-
tions and the 2000-sample feature size. Note that some of the selectors, notably the ‘Algo’ ones, have been excluded from the

figure as otherwise it disrupted the visibility of the best ones.

upon performance gains, which will depend on the used data set
and learning scenario.

Our study suggests that the selection of the ML techniques should
be performed with care. It also suggests that the quality of different
regression techniques can vary between different types of prob-
lems, so that we cannot give a “one size fits all” recommendation
for which regression models or which parametrization to favor. As
a rule of thumb, different BaggingDT and RandomForest instances
provide better results in terms of log-RMSE, for both feature ex-
traction sample sizes and all three budgets of function evaluations.
For the RMSE performance criterion, in contrast, DecisionTrees
provides best results for some of the algorithms. The important
question of choosing the absolute best performing ML model for a
certain problem set and algorithm portfolio remains open, but this
preliminary work stresses the significance of the efforts that should
go towards developing more advanced mechanisms to select the
most appropriate one and its hyper-parameter configuration.

We note that the computational costs of training different re-
gression models is rather negligible for the data sizes commonly
studied in the landscape-aware black-box algorithm selection and
configuration context, which means a validation step can be added
before deciding which model to choose and apply to the real use-
cases (i.e., in the test phase). In general, we believe that the current

common practice of studying stratified 5-fold cross validation on
the BBOB functions is too limited to give an accurate impression
about the potential of carefully choosing the ML model for the
automated algorithm selection and configuration in practice. We
therefore plan to massively extend our study by adding to our data
sets performance data from the Nevergrad platform [49], which of-
fers benchmark data for very broad ranges of optimization problems
on its frequently updated dashboard.

One problem to overcome in cross-validation across different
benchmarking platforms is the fact that one needs to ensure that
the data corresponds to the same instances of the algorithms — a
“CMA-ES” in one platform may be much different than a CMA-ES
implementation in another. We therefore believe that a common
algorithm repository, interfaced with the various benchmarking
suites, would be a useful step towards a better re-usability of results
and better training sets for the automated design, selection, and
configuration of black-box optimization techniques.

Acknowledgments. This work has been supported by the Paris
Ile-de-France region, and the Slovenian Research Agency (research
core funding No. P2-0098, project No. Z2-1867, and grant number
PR-10465).



GECCO ’21, July 8-12, 2020, Lille, France

REFERENCES [27

Pascal Kerschke, Holger H. Hoos, Frank Neumann, and Heike Trautmann. 2019.

(1]

Asma Atamna. 2015. Benchmarking IPOP-CMA-ES-TPA and IPOP-CMA-ES-MSR
on the BBOB Noiseless Testbed. In Proc. of Genetic and Evolutionary Computation
Conference (GECCO’15, Companion Material). ACM, 1135-1142. https://doi.org/
10.1145/2739482.2768467

Anne Auger, Dimo Brockhoff, and Nikolaus Hansen. 2013. Benchmarking the
local metamodel CMA-ES on the noiseless BBOB’2013 test bed. In Proceedings of
the 15th annual conference companion on Genetic and evolutionary computation.
1225-1232.

Thomas Bick. 1996. Evolutionary Algorithms in Theory and Practice: Evolution
Strategies, Evolutionary Programming, Genetic Algorithms. Oxford University
Press, Inc., USA.

Lukas Bajer, Zbynek Pitra, Jakub Repicky, and Martin Holena. 2019. Gauss-
ian Process Surrogate Models for the CMA Evolution Strategy. Evolutionary
Computation 27, 4 (2019), 665-697. https://doi.org/10.1162/evco_a_00244
Nacim Belkhir, Johann Dréo, Pierre Savéant, and Marc Schoenauer. 2017. Per
instance algorithm configuration of CMA-ES with limited budget. In Proc. of
Genetic and Evolutionary Computation (GECCO’17). ACM, 681-688. https://doi.
org/10.1145/3071178.3071343

André Biedenkapp, H. Furkan Bozkurt, Frank Hutter, and Marius Lindauer. 2019.
Towards White-box Benchmarks for Algorithm Control. CoRR abs/1906.07644
(2019). arXiv:1906.07644 http://arxiv.org/abs/1906.07644

Bernd Bischl, Pascal Kerschke, Lars Kotthoff, Marius Lindauer, Yuri Malitsky,
Alexandre Fréchette, Holger Hoos, Frank Hutter, Kevin Leyton-Brown, Kevin
Tierney, and Joaquin Vanschoren. 2016. ASlib: A benchmark library for algorithm
selection. Artificial Intelligence 237 (Aug. 2016), 41-58. https://doi.org/10.1016/j.
artint.2016.04.003

Automated Algorithm Selection: Survey and Perspectives. Evolutionary Compu-
tation 27, 1 (2019), 3-45. https://doi.org/10.1162/evco_a_00242

Pascal Kerschke, Holger H. Hoos, Frank Neumann, and Heike Trautmann. 2019.
Automated Algorithm Selection: Survey and Perspectives. Evolutionary Compu-
tation 27, 1 (2019), 3-45. https://doi.org/10.1162/evco_a_00242

P. Kerschke, L. Kotthoff, J. Bossek, H.H. Hoos, and H. Trautmann. 2018. Lever-
aging TSP Solver Complementarity through Machine Learning. Evolutionary
Computation 26, 4 (2018).

Pascal Kerschke, Mike Preuss, Simon Wessing, and Heike Trautmann. 2015.
Detecting Funnel Structures by Means of Exploratory Landscape Analysis. In
Proceedings of the 2015 Annual Conference on Genetic and Evolutionary Computa-
tion (Madrid, Spain) (GECCO ’15). Association for Computing Machinery, New
York, NY, USA, 265-272. https://doi.org/10.1145/2739480.2754642

P. Kerschke, M. Preuss, S. Wessing, and H. Trautmann. 2015. Detecting Funnel
Structures by Means of Exploratory Landscape Analysis. In GECCO. ACM, 265—
272.

Pascal Kerschke and Heike Trautmann. 2016. The R-Package FLACCO for ex-
ploratory landscape analysis with applications to multi-objective optimization
problems. In CEC. IEEE, 5262-5269. https://doi.org/10.1109/CEC.2016.7748359
P. Kerschke and H. Trautmann. 2019. Automated Algorithm Selection on
Continuous Black-Box Problems by Combining Exploratory Landscape Anal-
ysis and Machine Learning. Evolutionary Computation 27, 1 (2019), 99-127.
https://doi.org/10.1162/evco_a_00236

Pedro Larrafaga and José Antonio Lozano (Eds.). 2002. Estimation of Distribution
Algorithms. Springer. https://doi.org/10.1007/978-1-4615-1539-5

Arnaud Liefooghe, Fabio Daolio, Sébastien Vérel, Bilel Derbel, Hernan E. Aguirre,
and Kiyoshi Tanaka. 2020. Landscape-Aware Performance Prediction for Evo-

[8] Leo Breiman. 1996. Bagging predictors. Machine learning 24, 2 (1996), 123-140. - ane 4 el
[9] Leo Breiman. 2001. Random forests. Machine learning 45, 1 (2001), 5-32. lutionary Multlob]ectl.ve Optimization. IEEE Trans. Evol. Comput. 24, 6 (2020),

[10] Leo Breiman, Jerome Friedman, Charles J Stone, and Richard A Olshen. 1984. 1063-1077. .https://dm.org/10.1109/TEVC.?019.2940828 .
Classification and regression trees. CRC press. ] Ilya Loshchilov, Marc Schoenauer, and Michele Sebag. 2013. Intensive Surro-

[11] Koby Crammer, Ofer Dekel, Joseph Keshet, Shai Shalev-Shwartz, and Yoram gate Model Exploitation in Self-adaptive Surrogate-assisted Cma-es (Saacm-
Singer. 2006. Online passive aggressive algorithms. (2006). es). In Proceedings of the 15th Annual Conference on Genetic and Evolution-

[12] B. Derbel, A. Liefooghe, S. Vérel, H. Aguirre, and K. Tanaka. 2019. New features ary _Computation (GECCO ’13). ACM, New York, NY, USA, 439-446.  https:
for continuous exploratory landscape analysis based on the SOO tree. In FOGA. //doi.org/10.1 145/2463372'2463427 . . i X
ACM, 72-86. M. Lunacek and D. Whitley. 2006. The dispersion metric and the CMA evolution

[13] Bilel Derbel, Arnaud Liefooghe, Sébastien Vérel, Hernan E. Aguirre, and Kiyoshi st{ategy In GECCOj ACM, 477. L. L. i
Tanaka. 2019. New features for continuous exploratory landscape analysis based Jodo Mendes-Moreira, Carlos Soares, Alipio Marlo Jorge, and Jorge Freire De
on the SOO tree. In Proc. of ACM/SIGEVO Conference on Foundations of Genetic Sousa. 2012. Ensemble Approaches.for Regression: A Survey. ACM Comput. Surv.
Algorithms (FOGA’19). ACM, 72-86. https://doi.org/10.1145/3299904.3340308 45, 1, Article 10 (2012). https://doi.org/10.1145/2379776.2379786

[14] Carola Doerr, Hao Wang, Furong Ye, Sander van Rijn, and Thomas Bick. O. Mersmann, B. Bischl, H. Trautmapn, M. Preuss, C. Weihs, and G. Rudolph.
2018. IOHprofiler: A Benchmarking and Profiling Tool for Iterative Opti- 2011.”Explor‘atory Landscape Analysis. In GEC,CO',ACM’ 829-836. . .
mization Heuristics. arXiv e-prints:1810.05281 (Oct. 2018). arXiv:1810.05281 H. Muh!enbgm and G Paafl. 1996. From recombination of genes to the esFlmatlon
https://arxiv.org/abs/1810.05281 The BBOB datasets from [17] are available in of dlstnbutmr’ls L Binary p.arameter's. In Proc. ofPar'allel Problem Solving from
the web-based interface of IOHanalyzer at http://iohprofiler.liacs.nl/. Nature (PPSN’96), Hans—Mlcha§1 Voigt, Werner Ebeling, Ingo Rechenberg, and

[15] A.E.Eiben and James E. Smith. 2003. Introduction to Evolutionary Computing. Han§—Pau1 SShWEf?l (Eds.).‘ Springer, 178-187. .
Springer. 1-300 pages. ] Mario A. Mufioz, Michael Kirley, and Saman K. Halgamuge. 2012. A Meta-learning

[16] Nikolaus Hansen. 2009. Benchmarking a BI-population CMA-ES on the BBOB- Prediction Model of Algorithm Performance for Continuous Optimization Prob-
2009 Function Testbed. In GECCO Companion. ACM, 2389-2396. https://doi.org/ lems. In Proc. of Parallel Problem Solving from Nature (PPSN'12) (Lecture Notes in
10.1145/1570256.1570333 Computer Science, Vol. 7491). Springer, 226-235. https://doi.org/10.1007/978-3-

[17] Nikolaus Hansen, Anne Auger, and Dimo Brockhoff. 2020. Data from the BBOB 642'§2937_ 17%3 i :
workshops. https://coco.gforge.inria.fr/doku.php?id=algorithms-bbob. ] Mar“? A Munog, Yuan Sun, Michael Klrley, an@ nggn K. Halgamuge. 2015.

[18] Nikolaus Hansen, Anne Auger, Raymond Ros, Olaf Mersmann, Tea Tuar, and Algorithm selection for black-box cAontmuous optimization problems: A survey
Dimo Brockhoff. 2020. COCO: a platform for comparing continuous optimiz- on methods and challenges. Inf Sel. 3}7 (2015), 224_7_24_15' .
ers in a black-box setting. Optimization Methods and Software (2020), 1-31. ] Kevin P N}urphy. 20}2. Machine learning: a probabilistic perspective. MIT press.
arXivhttps:/doi.org/10.1080/10556788.2020.1808977 ] M.A. Muifioz, M. Kirley, and S.K. Halgamuge. 2015. Exploratory Landscape

[19] N.Hansen, A. Augerand S. Finck, and R. Ros. 2010. Real-Parameter Black-Box Analysis of Continuous Space Optimization Problems Using Information Content.
Optimization Benchmarking: Experimental Setup. RR-7215. INRIA. H?EE lTra’nsactinns on Evolutiqnary Com_putatio_n 19,1 (Feb‘ 2915)’ 74787‘_

[20] Nikolaus Hansen and Andreas Ostermeier. 2001. Completely Derandomized ] Laszl6 Pal. 2013. Benchmarking a hy_bl'ld multi level single linkagealgorithm on
Self-Adaptation in Evolution Strategies. Evolutionary Computation 9, 2 (2001), the bbob gmseless test.bed. In Proceedzr%gs of the 15th annual conference companion
159-195. https://doi.org/10.1162/106365601750190398 on Genetic and evolutionary computation. 1145-1152. )

[21] F.Hutter, L. Kotthoff, and J. Vanschoren (Eds.). 2019. Automated Machine Learning ] Laszl6 Pal. 2013. Comparison of multistart global aptimization algorithms on the
- Methods, Systems, Challenges. Springer. BBOB noiseless testbed. In Proceedings of the 15th annual conference companion

[22] Frank Hutter, Lin Xu, Holger H. Hoos, and Kevin Leyton-Brown. 2014. Algorithm on Qenetic and evolutiorfary computation. 1153-1160. . .
runtime prediction: Methods & evaluation. Artif. Intell. 206 (2014), 79-111. ] Fabian Ped@}gosa, inel Vfiroquauxz Alexandre Gramfort, Vincent Mlchel,

(23] Waltraud Huyer and Arnold Neumaier. 2009. Benchmarking of MCS on the Bertrand Thirion, Olivier Grisel, Mathieu Blondel, Peter Prettenhofer, Ron Weiss,
noiseless function testbed. Online, 2009c. URL http://www. mat. univie. ac. at/” Vincent Dubourg, et al. 2011, Scikit-learn: Machine learning in Python. the
neum/papers. html (2009), 989. Journal of machine Learning research 12 (2011), 2825-2830.

[24] Anja Jankovic and Carola Doerr. 2020. Landscape-aware fixed-budget perfor- ] Petr Posik and Petr Baudis. 2015. Dimension Selection in Axis-Parallel Brent-
mance regression and algorithm selection for modular CMA-ES variants. In STEP Method for Black-Box Optimization of Separable Continuous Functions. In
GECCO. 841-849. Proc. of Genetic and Evolutionary Computation Conference (GECCO’15, Companion

[25] Anja Jankovic and Carola Doerr. 2020. Landscape-aware fixed-budget perfor- Material). ACM, 1151-1158, https:/doi.org/10.1145/2739482.2768469

mance regression and algorithm selection for modular CMA-ES variants. In Proc.
of Genetic and Evolutionary Computation Conference (GECCO’20). ACM, 841-849.
https://doi.org/10.1145/3377930.3390183

[26] James Kennedy and Russell C. Eberhart. 1995. Particle swarm optimization. In

Proceedings of the IEEE International Conference on Neural Networks. 1942-1948.

Jérémy Rapin and Olivier Teytaud. 2018. Nevergrad - A gradient-free optimization
platform. https://GitHub.com/FacebookResearch/Nevergrad.

Quentin Renau, Johann Dreo, Carola Doerr, and Benjamin Doerr. 2019. Expres-
siveness and Robustness of Landscape Features. In Proc. of Genetic and Evolu-
tionary Computation (GECCO’19) (Prague, Czech Republic). ACM, 2048-2051.
https://doi.org/10.1145/3319619.3326913


https://doi.org/10.1145/2739482.2768467
https://doi.org/10.1145/2739482.2768467
https://doi.org/10.1162/evco_a_00244
https://doi.org/10.1145/3071178.3071343
https://doi.org/10.1145/3071178.3071343
https://arxiv.org/abs/1906.07644
http://arxiv.org/abs/1906.07644
https://doi.org/10.1016/j.artint.2016.04.003
https://doi.org/10.1016/j.artint.2016.04.003
https://doi.org/10.1145/3299904.3340308
https://arxiv.org/abs/1810.05281
https://arxiv.org/abs/1810.05281
http://iohprofiler.liacs.nl/
https://doi.org/10.1145/1570256.1570333
https://doi.org/10.1145/1570256.1570333
https://coco.gforge.inria.fr/doku.php?id=algorithms-bbob
https://arxiv.org/abs/https://doi.org/10.1080/10556788.2020.1808977
https://doi.org/10.1162/106365601750190398
https://doi.org/10.1145/3377930.3390183
https://doi.org/10.1162/evco_a_00242
https://doi.org/10.1162/evco_a_00242
https://doi.org/10.1145/2739480.2754642
https://doi.org/10.1109/CEC.2016.7748359
https://doi.org/10.1162/evco_a_00236
https://doi.org/10.1007/978-1-4615-1539-5
https://doi.org/10.1109/TEVC.2019.2940828
https://doi.org/10.1145/2463372.2463427
https://doi.org/10.1145/2463372.2463427
https://doi.org/10.1145/2379776.2379786
https://doi.org/10.1007/978-3-642-32937-1_23
https://doi.org/10.1007/978-3-642-32937-1_23
https://doi.org/10.1145/2739482.2768469
https://GitHub.com/FacebookResearch/Nevergrad
https://doi.org/10.1145/3319619.3326913

GECCO ’21, July 8-12, 2020, Lille, France

[51] John R. Rice. 1976. The Algorithm Selection Problem. Advances in Computers,
Vol. 15. Elsevier, 65 — 118.

[52] Rainer Storn and Kenneth Price. 1997. Differential Evolution — A Simple and Effi-
cient Heuristic for Global Optimization over Continuous Spaces. Journal of Global
Optimization 11, 4 (1997), 341-359. https://doi.org/10.1023/A:1008202821328

10

Anja Jankovic, Gorjan Popovski, Tome Eftimov, and Carola Doerr

[53] Robert Tibshirani. 1996. Regression Shrinkage and Selection via the Lasso. Journal
of the Royal Statistical Society. Series B (Methodological) 58, 1 (1996), 267-288.
http://www.jstor.org/stable/2346178

[54] Hui Zou and Trevor Hastie. 2005. Regularization and variable selection via the
elastic net. Journal of the royal statistical society: series B (statistical methodology)
67, 2 (2005), 301-320.


https://doi.org/10.1023/A:1008202821328
http://www.jstor.org/stable/2346178

	Abstract
	1 Introduction
	2 Performance Regression
	2.1 Experimental Setup
	2.2 Performance Regression Quality of Different Models

	3 ELA-based Algorithm Selection
	4 Sensitivity Analysis
	5 Discussion, Conclusions and Future Work
	References

