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Abstract. Computational intelligence generally comprises a rather large
set of — in a wider sense — adaptive and human-like data analysis and
modelling methods. Due to some superior features — such as generalisa-
tion, trainability, coping with incomplete and inconsistent data, etc. —
computational intelligence has found its way into numerous applications
in almost all scientific disciplines. A very prominent field among them are
life sciences that are characterised by some unique requirements in terms
of data structure and analysis.

1 Introduction

Life sciences cover a large research field with challenging questions in domains
such as (bio-)chemistry, biology, environmental research, or medicine. Not only
recent technological developments allow the generation of large and very complex
data sets in these fields. Often such data is no longer manageable by humans.
Challenges are e.g. in the context of high-throughput processing to handle the
high frequency of incoming data and its high-dimensionality by means of a large
number of measured features. Also the structure of the measured data repre-
senting an object of interest is often challenging because the data may be very
heterogeneous — combining different measurement sources — or can be of high-
content type. Another specific challenge in life science supporting systems is the
interface to the domain expert. Only those experts can provide suitable validity
evaluation and gain semantic insight using the models built from the data.
Computational intelligence (CI) [1] methods have been successfully applied to
biological and biomedical problems for several years, refer to [2, 3] for some early
work as well as to [4, 5, 6]. Computational intelligence has a strong potential
to be used to pre-process, model, and analyse such data focused on specific
questions arising from the domain. Thus new strategies are needed to cope with
the complexity of life science applications. A very effective way is to employ
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Fig. 1: Large spectra sets are common in life science with more and more sam-
ple by e.g. new imaging technologies (plot a). The spectra are typically en-
coded in less, but often still high-dimensional feature sets (plot b). Finally
(dis-)similarities are frequently uses to represent the whole data set for cluster-
ing or classification models (plot c).

explicit or implicit domain expert knowledge about the data or the analysis
task. As such knowledge may be available in very different forms — by means of
appropriate (bio-)physical models, data specific distance measures, or analysis
specific data encoding techniques — the strategies of integration are different.
One can learn the parameters of a problem-specific model from available test
data. In other cases the knowledge is used in the design of adaptive analysis
algorithms to generate the desired meta-information out of the available data.

Examples where computational intelligence methods are used for data analy-
sis are e.g. the analysis of spectroscopic data (see Figure 1) with a large number
of measurements to reveal different types of biochemical information in a sam-
ple cohort; the automatic monitoring of cell cultures using microscopic images
of the cells [7]; enabling systems in cancer research combining information from
immune-histological images, gene-expression analysis, and clinical data, to men-
tion just a few.

In medical research novel high-throughput measurement methods have led to
an increasing amount of data providing potentially relevant information for the
identification of disease markers or to support the development of new medical
treatments and models. Additionally the results of different sample analyz-
ers and multiple sources of expert information like specialized databases and
ontology sources have to be integrated and are accessible. Computational in-
telligence methods play an important role and have been excessively utilized
8,9, 10, 11, 12, 13, 14].

Clinical researchers need efficient methods to handle these large amount of
data and effective tools to transfer this data into meta-data and information.
This includes methods to explore measured data by means of clustering under
different criteria, to evaluate data and models with respect to accuracy and
reliability and approaches to provide maximum interpretability of models. Based
on cognitive concepts, such as learning and prototypes, some machine learning
tools approach already these needs but the complexity of the data, by means
of varying data density, high dimensionality, and model reliability, are still very
challenging.

For example in pathology or biomedical applications the labeling of data ac-
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cording to different recognition tasks may already be challenging for the domain
experts in two different ways: the vast amount of data to be labeled and the
vagueness of the underlying concepts in biology. One concrete example, where
experts struggle in labeling the data, is the identification of tumor tissue in
immune-histological slice images of tumor probes. One possibility to handle this
problem is to first cluster the tissues on the slices in an unsupervised manner,
using tissue representations that — according to the domain expert — are relevant
like graininess or intensity of different immune-histological markers. The result
of this clustering can then be validated, annotated and corrected by the human
domain expert for further supervised analysis.

In plant biology the -omics (transcriptomics, proteomics, metabolomics) era
generated — along with typically huge data sets — the demand for complex and
particularly integrative data analysis [15]. Computational intelligence paradigms
in combination with state-of-the-art statistical methods have been extensively
utilised to cope with large-scale data that is often incomplete and/or incon-
sistent. Particularly their excellent way to incorporate non-explicitly avail-
able expert knowledge made computational intelligence often the method of
choice [16, 17, 18].

As a next step, the routine utilisation of functional genomics and genetical
approaches along with automated and completely controlled growth chambers
and greenhouses has led to an increasing demand for high-throughput phenotyp-
ing (phenomics). Not surprisingly, this is reflected in accordingly required data
analysis [19] and spatiotemporal modelling [20]. Here, the generalisation ability
of machine learning approaches has turned out to be an advantageous feature to
cope with inherent biological variation, both between individuals [21] and along
the time line of plant development [22].

Within the next years it is generally anticipated to find an increasing impor-
tance of

e data analysis on structured data with application specific semantics,

e non-standard metrics and dissimilarity measures to cope with application
specific data properties,

e unbalanced and sparsely represented data that reflects the typical data
structure in life sciences,

e approximation, visualization, and data reduction techniques to cope with
large scale problems,

e reliability improvement and confidence estimates for model interpretation.

All of these topics do not just lead to a nice playground for computational
intelligence paradigms. They can often only be addressed successfully by com-
putational intelligence. In this context the present paper reflects a number of
recent developments without claiming to provide a complete view.
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Fig. 2: Effect of different simple metric adaptations with respect to a cluster
center (prototype) w in a 2D space. Left standard euclidean-, middle weighted
euclidean-, right matrix-weighted euclidean distance. Details are given e.g. in
[26]. More advanced data and problem specific metric adaptations have been
found to be very effective in different computational intelligence approaches [28].

2 Development of novel methodologies

2.1 Non-standard metrics and dissimilarity measures

In general it is a promising approach to reflect characteristic data properties
in the utilised data processing pipeline. This typically leads to an increased
performance in tasks, such as clustering, classification, and non-linear regression,
that are commonly addressed by machine learning methods.

One possible way to achieve this is to adapt the used metric according to
the underlying data properties and application, respectively [23, 24, 25, 26], see
Figure 2.

Spectral data has moved into the focus of data analysis recently. Particularly
in case of prototype-based neural networks, that are essentially based on similar-
ity measures, a very interesting approach is to consider the individual spectral
signatures as densities, that are positive functions (patterns), not necessarily
normalised but finite measures [27]. In general, a pairwise directed distance D
between these densities is called a metric, if the following three conditions hold:

1. D(X||W) > 0 (positive definiteness),
2. D(X||W) = D(W|X) (symmetry),
3. D(X||Z) < D(X|W) + D(W||Z) (triangle inequality).

However, if only condition 1 is satisfied by a particular distance measure, it
is not a metric but it is referred to as a divergence. Assuming that spectra are
positive functions, which is typically the case, divergences could be applied as
similarity, or more precisely dissimilarity measures to compare different spectral
signatures. Common divergences are for example Kullback-Leibler, Hellinger, or
Jensen-Shannon.

The concept of divergences is on no account restricted to the Euclidean space.
A more general approach is to consider an abstract space where common diver-
gences, such as Kullback-Leibler-, Csiszar-Morimoto-, or Bregman-divergence
can be generalised towards Alpha-, Beta-, and Gamma-divergences. The funda-
mental properties of the underlying divergences remain present. Particularly the
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Gamma-divergence seems to be very robust in terms of outliers [29]. Moreover,
novel divergences offering tailored properties can be developed [30].

The properties of divergences are typically controlled by parameters. This
tuning can be done in an elegant way by integration of divergences as dissimi-
larity measures or cost functions into machine learning approaches. In return,
these machine learning approaches benefit from an extended choice of available
dissimilarity measures and cost functions. As mentioned before, prototype- and
vector-quantisation-based paradigms seem particularly suitable [28, 31].

In [32] a general method for the assessment of data attribute variability is
suggested. This method provides a mathematically thorough characterisation
of a certain attribute sensitivity using several general similarity measures. The
properties of this method are shown by means of multi-spectral image analysis
and segmentation.

The representation of biomedical objects is often composed from data com-
ing from different sources (e.g. spectra as well as clinical data and image based
information). For every type of data (data from one source) suitable simi-
larity measures are (or become) available and thus appropriate integration of
those measures into one similarity measure for the whole object representation
is needed. Approaches towards this integration are matter of ongoing research
(see e.g. [33] and [34]).

2.2 Efficient data processing for large scale problems

The novel data generation approaches applied in life sciences generate large
amounts of data which may still be sparse in the data space due to the common
high dimensionality of the measurements. Computational intelligence methods
are used in multiple ways to reduce the dimensionality of the data [35, 36, 37] to
summarize large data sets [16, 8] or to describe them in a more compact manner
[38], providing maximum information.

While the basics of these steps are well known some recent trends can be
identified leading to significantly improved models and approximation schemes.
Recently the concept of random projection [39], or the more advanced method
of compressed sensing [40], got significant attention [41, 42]. Employing the
Johnson-Lindenstrauss Lemma (see e.g. [42]) already a random projection of
the data to a lower (but not to low) data space preserves enough structure in the
data to keep most of the information accessible. More recent approaches, based
on additional mathematical results and proofs allow also the reconstruction of
the original signal based on a rather small number of projected measurements,
such that, theoretically already the recording of the data could be simplified.
These findings are going to be used in many computational intelligence methods
to simplify learning and data modelling tasks [42].

Another recent approach to simplify learning models in computational in-
telligence deals with relational data. This is very common also in life sciences,
e.g. if the similarity between proteins is given by scores where the original data
are not accessible or not available as regular feature vectors. Relational learning
methods (see e.g. [43]) employ (dis-)similarity matrices, which can get huge for
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Fig. 3: Schema of patch clustering. The data set (left) is to large to fit into
memory. Only a patch is processed and represented by a small cluster model
(right top). The cluster model is used subsequently together with multiplicities
(data statistics). The new patch and the former cluster model are reclustered
to obtain a refined model (right bottom). Details in [43].

high-throughput data like in sequencing experiments. There are at least two
approaches for large (dis-)similarity matrices, namely patch processing [43, 44]
(see Figure 3), processing the similarities in patches while approximating the
remaining data statistics in a smooth manner, and matrix approximation e.g.
by the Nystroem approximation [45]. Both approaches rely implicitly on the fact
that the information encoded in the data is still accessible also if a rather large
amount of data points is ignored or only summarized. A further approach to
approximate large data sets is accessible by the core-set theory [46] that becomes
also more and more prominent in computational intelligence for life science.

2.3 Making models more trustful

Computational intelligence methods in the life science are often used for the pre-
diction of some properties of a new item with respect to a model. To make such
models applicable under true life settings the confidence, reliability and inter-
pretability of the models gets most relevant. Many computational intelligence
approaches like prototype based models show good interpretation properties but
do not or only minor allow to estimate the confidence of a prediction or to judge
the reliability of the models by itself. Initial steps for corresponding extensions
have been suggested in [47, 48, 12, 49], see Figure 4. A further aspect is the
incorporation of additional knowledge to make the models more realistic and
therefore trustful as shown e.g. in [50] but also to combine different sources of
information to support the models in learning appropriate solutions, like in [33].

Visualization is another key topic towards the interpretability of models built
from the available data. Challenges in this field comprise: the handling of non-
linearity of dimension reductions for visualization, compression and exhaustive
evaluation on large data sets, and domain adequate interfaces for the human
expert. In [51] discriminative dimension reduction for labeled data is realised
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Fig. 4: Schema of conformal prediction [48]. The approach is suitable to judge
the confidence and credibility of predictions made by a classifier method.

using an adaptive local dissimilarity measure.

3 Conclusions

The existence of big project consortia, a large number of primary publications,
edited book volumes, and the second special session at ESANN within five years
on this topic clearly demonstrates the importance of computational intelligence
for life science applications. Although concrete applications on the one hand can
be found in an extremely wide range and are typically rather specific then again,
there are many challenging applications that share certain life science charac-
teristics. Currently these seem to be, besides and beyond sheer data set size
and the need of high-throughput processing, particular data properties such as
sparseness and non-standard (non-Euclidean, non-correlation, etc.) and mixed
data spaces. This is accompanied by properties that are also prominent out-
side the life sciences, such as spectrality and implicitly given expert knowledge.
All this together benefits from and virtually requires computational intelligence
based approaches.
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