
Abstract. Background: Biomedical processes are often
influenced by measures considered "non-crisp", "soft" or
"subjective". Despite the growing awareness of the importance
of such measures, they are rarely considered in biomedical
simulation. This study introduces an input generator for soft
data (input generator SD) that makes soft data applicable to
simulation. Materials and Methods: Machine learning
approaches and standard regression techniques were applied
to simulate odour intensity ratings. Results: The performance
of all the applied methods was satisfactory and the results can
be used to modify systems biological mathematical models.
Conclusion: Soft data should no longer be discounted in
systems biological simulations. Exemplarily, it can be
demonstrated that the input generator SD produces results that
are similar to those that the simulated system can generate.
Machine learning and/or appropriate conventional
mathematical approaches may be applied to simulate non-

crisp processes that can be used to modify mathematical
models of any granularity.

Simulations in systems biology are primarily based on
mathematical modelling. Over the past decades, mathematical
modelling has become an increasingly important tool to assist
in analysing and understanding biomedical processes.
Numerous systems biological models and simulations are
driven by experimental data. These data primarily include
laboratory findings, classified as hard data. Such data are often
quantifiable and, hence, can be statistically described with
some specificity. Mathematical models in systems biology often
process such entries. For instance, hard data on nucleotide
polymorphism and other nucleotide substitutions have been
the subjects of mathematical modelling (e.g., 1). However, soft
data such as human perception and emotional reactions may
be difficult to assess or are unattainable. Soft data are of
notable importance especially with regards to, for example,
psychoneuroimmunological and psychosomatic approaches.

The present work describes the concept of an input
generator for soft data ("input generator SD"), which
simulates soft data for further processing in subsequent
systems biological simulations. As an example of this concept,
the human olfactory perception was simulated based on hard
laboratory findings. Following this, the perception rating can
be incorporated as a psychoneuroimmunological aspect into
artificial immune systems. For a better understanding, the
implications of psychoneuroimmunology in (human) immune
systems are briefly explained.
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The cytotoxic T-lymphocyte (CTL) response can be raised
by applying C57BL/6 or DBA/2 spleen cell alloantigens.
Natural killer (NK) cell activity can also be elevated by
adequate stimulus, for example, injections of an inducer of
interferon alpha and beta, polyinosinic:poly-cytidylic acid
(poly I:C). Interestingly, odorous conditioning stimuli can
produce comparable effects (2-7). Conditioning means that
the odorous stimulus was presented to the test persons in
association with the alloantigens or the interferon several
times previously. Current mathematical models on CTL
and/or NK cells (e.g., 8-13). do not include the soft data
aspect of psychoneuroimmunology. The authors of the
present study, therefore, attempted to modify pre-existing
models by entering data on aesthetic rating, which may
influence the current discussion on the possible impact of
human olfaction on CTL and NK cell activity.

Materials and Methods

General set-up / preliminaries. A few general statements may help
define a standard for future studies using the input generator SD
approach. The idea is to generate ("simulate") results of trials that
produce soft data in order to make soft data applicable to further

simulation of higher granularity. The sequence of data analysis begins
with a "specification phase" in which the objective is being formulated
and the subsequent data collection is carried out (Figure 1). An
appropriate mathematical model has to be established which maps
the input features into an output. Subsequently, the relationships
between input and output have to be analyzed with regards to
validation sufficiency. This concept accepts the addition of hard data.
Entering hard data at this stage may influence the processing of the
soft data. Once declared sufficient, the results can be used in an
"execution phase" to modify another mathematical model.

Experimentation. Information on odour intensity rating was obtained
as follows. In a ventilated laboratory environment, tedlar foil bags
were filled with atmospheric air and 73 different mixtures of
cyclohexanol (CAS number: 108930), cyclohexanone (CAS: 108941)
and/or cyclohexane (CAS: 110827) in different concentrations.
These samples were presented to an average of 60 healthy
Caucasian human individuals aged between 21 and 24 years (both
genders). Persons with a history of olfactory malfunction were
excluded from the further course of the present study. The
individual olfactory threshold was determined for each of the
remaining individuals. Subsequently, they were asked to rate the
unknown intensity of a given odorous compound of cyclohexanol,
cyclohexanone and/or cyclohexane in relation to those of serially
numbered and standardized ascending dilutions of n-butanol (CAS:
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Figure 1. A diagrammatic representation of the general set-up of the present concept. Multiple simultaneous soft data entries (visual, tactile, gustatory, etc.)
may be represented by multiple parallelized "input generators SD" of which only one is displayed here. In the specification phase, test persons are made to
perceive non-numerical variables, e.g. odour intensities (A). The test persons are instructed to produce rankings (B). The input generator SD is given putatively
related numerical values extracted from biochemical or biophysical characteristics of the matter of interest, e.g. odorant concentrations (C). The input generator
SD is set to generate rankings analogous to those of the test persons (D). Optimization strategies iteratively change the values of these artificial soft data to
approximate the desired or target values provided by the test persons (E). Hard data might be collected from a test person while ranking. Such data can be made
available to the input generator SD to supplement its afore-mentioned input. The specification phase is terminated once an appropriate predictive power has
been reached. Test persons are omitted in the subsequent execution phase. After the specification phase, only the numerical output (C, F) is required to allow
the input generator SD to generate soft data (D, G) similar to those generated by the test persons. Hard data applied (H) to run mathematical models in
systems biology would be supplemented by machine-generated soft data. This might open new doors to the introduction of novel hypotheses.



71363). For each compound solution, the individuals were
instructed to sort the n-butanol standards according to their
intensities in comparison with the compound odorants. This led to
a list of numbers of standard dilutions rated with regard to their
relative intensities of smell. The difference between the number of
the particular standard dilution that was regarded as equal and the
individual’s odour detection threshold determined the value of the
odour intensity rating. The median of these aesthetic ratings was
assessed to reduce the impact of outliers.

Specifying the input generator SD. The input generator SD can be
run using a wide range of conventional statistics or machine
learning approaches. The aesthetic ratings were entered to specify
Linear Regression (LR), Non-Linear Regression (NLR) as well as
Artificial Neural Network (ANN) approaches and Support Vector
Machines (SVM). Training was conducted utilizing error
minimization. To determine LR, the statistical software package
SPSS V12.0.1 (SPSS Inc., Chicago, USA) was applied, while NRL
was computed using MATLAB 7.0.1. R14. The ANN was trained
by prototypical software named ACMD (14). The SVM was also
specified by a prototypical software based on libSVM (15). All four
approaches were evaluated using the leave-one-out method. The
precision of the prediction of the aesthetic ratings was assessed
using Pearson’s Correlation Coefficient as well as the statistic R2

indicating the significance of the slope of the regression line; the
higher the R2 value, the more efficient the model.

Results

A total of 73 gas mixtures were generated, and the sum of
the assessments by the test persons was 4,403. The full data
set was used to compute the input generator SD approach.
When specifying the ANN and LR approach and validating
them by the leave-one-out method, the ratings correlated
significantly with the aesthetic ratings provided by the test
persons (Table I, Figure 2).

As a consequence, these soft data can be used as an input
for subsequent mathematical modelling. Implications will be
outlined that refer to the implementation of two aspects of
psychoneuroimmunology in artificial immune systems.

Soft data for modifying models of the immune system.
Appropriate preparation can result in an increased activity
of CTL and NK cells when the individual is exposed to an
odorous conditioning stimulus. Antigen-mediated
stimulation induces the differentiation of naïve and memory
cells into CTL. In experimental settings without distinction
on the ground of conditioning, stimulation takes the form
of a saturating function (16, 17). Should conditioned CTL
activity be proportional to the estimated odour intensity
(aCTL ∝ Iodour), soft data (Iodour) might have the following
impact on CTL stimulation:

(Eq. 3)

where ei represents the epitope density on cells with antigen
i, Ai is the number of affected cells that express antigen i
and Ki is the amount of antigen i necessary to generate half-
maximal stimulation for the T cell.

In case conditioned NK cell activity is proportional to the
estimated odour intensity (aNK ∝ Iodour), then either the
sequential model or the two-step selection model could
apply (10, 11, 18). The term:

Smin ≤ Es ≤ Smax (Eq. 4)

is valid for all selected NK cells in the two-step selection
model, where ES represents the number of expressed self-
major histocompatibility complex (self-MHC) receptor
genes, while Smin represents the minimum number of
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Table I. Results produced by LR, NLR, ANN, and SVM. Investigators
planning to apply the input generator SD need to find the best approach to
obtain results most suited to for respective models. To date, this can only
be achieved by trial and error.

LR NLR ANN SVM

Pearson’s r 0.770 0.916 0.883 0.881

R2 0.667 0.771 0.757 0.749

Figure 2. Non-linear regression (NLR). Measured responses (i.e.,
laboratory data, represented by black dots) and calculated responses (grey
field) in relation to data-points with the concentration C = 0. The
concentrations A and B were both scaled (factor: 0.01). A view parallel
to the second bisecting line suggests a regression function that contains
exponential and linear terms. Thus, in this computation the attempt was:
y = f(x,b) = b1 + b2 exp(b3x1 + b4x2 + (Eq. 1)
b5x3) + b6x1 + b7x2 + b8x3

and b (rounded to three decimal places) is calculated as:
b ≈ (4.918, –4.816, –0.526, –0.702, . (Eq. 2)
–0.379, 0.080, 0.196, –0.182)



expressed self-specific genes required (Smax represents the
maximum number). Once the expression of inhibitory genes
is reduced as follows:

1
aNK ∝ (Eq. 5)

Es

a high aesthetic rating (soft data Iodour) might reduce the
upper threshold:

1
Smax ∝ (Eq. 6)

Iodour

and thereby modify gene expression in NK cells as follows:
Es ∝ Smax (Eq. 7)

It may also be argued that the selection process remains
unaltered. A higher odour intensity rating may then result
in a reduced number of activated genes which could be
expressed as:

1
p ∝ (Eq. 8)

Iodour

where p represents the probability that a given gene is
activated in a cell of the total pre-selection inventory. This
means that the average number of inhibitory receptors
decreases along with the gene activation probability:

Es ∝ p (Eq. 9)

which raises NK cell activity.

Discussion

The current body of biomedical literature has only
occasional reports focussing on problems associated with
the computer-assisted processing of hard and soft data (19-
22), none of which directly applies to systems biological
mathematical modelling.

A synoptic overview of the body of literature was
undertaken to assess research activity and output on soft
data that was dealt with in mathematical modelling in the
area of systems biology (as of March 10th, 2005). This was
done by serially interrogating the following databases:
PUBMED, BIOMED CENTRAL, PROQUEST, EBSCO,
FIRSTSEARCH and INSPEC. This resulted in no relevant
outcome, which suggests that the input generator SD
represents an innovative approach in systems biology. The
input generator SD described in the present work therefore
appears to be the first to be designed to generate a systems
biological input that is based on soft data.

Machine learning approaches have previously been used
to predict the human observers' notion of similarity in

digital mammography examination (23). A similar approach
has been applied to the automated ranking of "facial
attractiveness" in a project conducted by Gideon Dror from
the School of Computer Science at the University of Tel-
Aviv-Yaffo, Israel (unpublished data). Appropriate training
set sizes may help achieve human-like performance as
machines can be trained to generate soft data. None of the
results of the aforementioned trials, however, have yet been
used to modify a subsequent systems biological
mathematical model.

The present paper does not aim to give a detailed and
fair comparison of the methods used. For the odour
intensity rating the performance of all applied methods was
sufficient, the results being similar to those of
experimentally assessed human aesthetic ratings. For other
approaches, the suitability of the methods will be far-
reaching problem-dependent. It is noteworthy that the input
generator SD itself does not constitute a novel method, but
adds a new dimension to machine learning when combined
with systems biological simulation.

The input generator SD can be used to expand systems
biological simulations, for instance in the field of
psychoneuroimmunology which has emerged in the
neurosciences over recent decades. This conceptual frame
describes links between the nervous and immune systems
(24-26). Psychoneuroimmunological issues, however, are not
commonly addressed in mathematical models of the
immune system (27). The currently presented approach
may, therefore, help increase awareness to modelling such
possible interactions between psychic and physical
processes: where there is a virtual immune system in the
current body of literature it can now be enriched by soft
data integration.

The formulae depicted above lack in vitro confirmation
and respective details of CTL and NK cell conditioning are
still unknown. Odour intensity ratings could, therefore, also
correlate positively with the average CTL cell cycle time or
be reciprocal to the delay before a stimulated naïve cell
becomes a CTL or to the naïve-derived active CTL death
rate (9). The result of the virtual odour intensity rating
Iodour then has to be applied to the respective formula. This
introduces a major advantage of the input generator SD
concept: the simulation of soft data generation can be
retrieved and/or new soft data can be generated by
interpolation at any time.

The input generator SD concept does not simulate
internal processes of the system that is being simulated. It
rather generates results that are similar to those that the
simulated system may generate. It is anticipated that
controversial discussion may ensue concerning whether the
term "simulation" aptly describes the simulation of soft data
by the input generator SD. Its applicability in the context of
the input generator SD may be interpreted as a matter of
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granularity, since the incorporation of additional relevant
hard data (e.g., blood test results) is possible. Problems
based on over-determined input spaces have to be
considered here (28-32). To the knowledge of the authors,
there appears to be no generally accepted rule to define
whether a given simulation is of appropriate granularity. It
may, therefore, be possible to interpret the input generator
SD concept as an extremely coarse-grained simulation,
reminiscent of the adage: "All models are wrong, but some
are useful" (33). Future systems biological mathematical
models may, therefore, benefit from the option to enter
imitations of ways in which individuals perceive, rank and
weigh the variety of elements that make up an attribute,
without having to pay attention to the details of the
underlying decision-making process.
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