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We propose a biologically-informed shallow neural network as an alternative to the common knowledge-
integrating deep neural network architecture used in bio-medical classification learning. In particular, we focus
on the Generalized Matrix Learning Vector Quantization (GMLVQ) model as a robust and interpretable shallow
neural classifier based on class-dependent prototype learning and accompanying matrix adaptation for suitable
data mapping. To incorporate the biological knowledge, we adjust the matrix structure in GMLVQ according to
the pathway knowledge for the given problem. During model training both the mapping matrix and the class
prototypes are optimized. Since GMLVAQ is fully interpretable by design, the interpretation of the model is
straightforward, taking explicit account of pathway knowledge. Furthermore, the robustness of the model is
guaranteed by the implicit separation margin optimization realized by means of the stochastic gradient descent
learning. We demonstrate the performance and the interpretability of the shallow network by reconsideration of
a cancer research dataset, which was already investigated using a biologically-informed deep neural network.

1 INTRODUCTION

Integrating domain knowledge into the design of
neural network models is one of the current challenges
in machine learning (Dash et al., 2022; Futia and
Vetro, 2020), which was started by physics-informed

neural networks as explained in Karniadakis et al.

(2021). A key motivation is to obtain machine learning
models that are interpretable by design since, as
various studies have shown (Samek et al., 2021, 2019;
Murdoch et al., 2019; Rudin et al., 2022), this leads to
inferences about model and/or data behavior that are
more reliable.

In addition, informed neural networks tend to have
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reduced complexity compared to conventional deep
neural networks and, therefore, often behave more
robustly and show improved numerical stability (Zhou
et al., 2022; Semenova et al., 2022). Currently, a
large variety of those informed networks are available
covering many application areas (von Rueden et al.,
2023).

Starting from this perspective, Biologically-
informed Deep Neural Networks (BiDNN), first
investigated in Elmarakeby et al. (2021) for gene
expression analysis in cancer detection, have gained
great popularity (Wysocka et al., 2023). Successful
applications have been proposed for biomarker
discovery from proteomics and omics data as
well as taxonomy-based analysis of pathways and
genomes (Torun et al., 2022; Kanehisa et al., 2023).
Those networks integrate pathway-knowledge into the
network design to achieve better model interpretability
(Hartman et al., 2023). Yet, as pointed out in
several considerations (Esser-Skala and Fortelny,
2023), the network interpretation and explanation
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requires advanced method of weights evaluation of
the network layers, such as layer-wise relevance
propagation (Bach et al., 2015; Montavon et al., 2019),
the equivalent DeepLIFT model (Shrikumar et al.,
2017), or the SHAP model (Lundberg and Lee, 2017;
Janzing et al., 2020).

In contrast to deep model approaches, shallow
neural networks are a promising alternative which
often are interpretable by design (Biehl, 2022;
Murdoch et al., 2019). Among them, prototype-based
vector quantizers are widely used for unsupervised and
supervised learning, offering excellent possibilities
for interpretation and evaluation (Biehl et al., 2016).
For classification tasks, Learning Vector Quantizer
(LVQ), originally introduced by Kohonen (1988), is a
robust classifier model that is now commonly applied
as the variant Generalized LVQ (GLVQ) (Sato and
Yamada, 1996). GLVQ is mathematically well-defined
and implicitly maximizes the class separation margin
during learning (Crammer et al., 2003), thus providing
arobust classification approach (Saralajew et al., 2019).
However, so far, integration of domain knowledge in
GLVAQ is not considered to the best of our knowledge.

Our Contribution and Road Map: We propose a
biologically-informed variant of GLVQ by integrating
pathway knowledge. As we will show, this integration,
combined with the standard interpretability of GLVQ,
leads to a shallow model and, thus, provides an even
easier interpretability compared to standard BiDNN.
To this end, first, we briefly revisit BIDNN and
GLVQ. Thereafter, the biologically-informed GLVQ
is presented. We explain the model in detail and
discuss its interpretation possibilities. For a better
understanding of the approach, we schematically
illustrate the idea of our shallow model by a didactic
example using a real world dataset in cancer research.

2 BACKGROUND

2.1 Biologically-Informed Deep Neural
Networks

Biologically-informed Deep Neural Networks
(BiDNN) are particular Multi-Layer Perceptron
networks (MLP). MLPs consist of N neurons
partitioned into a set / of n input neurons denoted
as input layer Ly = I, a set H of hidden neurons,
and a set O of N, output neurons denoted as output
layer Ly = O. The hidden neurons are organized
in h layers L; such that the full MLP realizes a map
Fy o :X € R"— 0 € RVC and the depth of the hidden

358

layers in the MLP is 4.! Thereby, W is the set of
weights and O is the set of biases such that each
neuron N; of the hidden layers Li,...,L; as well as of
the output layer O is equipped with a weight vector w;
and a bias ;. These neurons calculate a local response
by the perceptron rule

rj= Y Wissj-0i—8j, 6]
Ly_13N;i—Nj€Ly

where W;_, ; € W are the weights for the connection
between the neurons N; and N;. The output 0; = a (r;)
is obtained by applying an activation function a(-)
frequently assumed to be a non-linear monotonically
increasing function. Input neurons N; € I calculate
their output for a given input vector x € R” simply as
r; = x;. Note that Eq. (1) realizes an affine perceptron
function.

The responses 7, of a layer L are collected in the
vector 1, € R™ where my is the number of perceptrons
in this layer. Accordingly, we obtain the output of this
layer formally written as o, = a (ry) and the output of
the output neurons N, € O are collected in the output
vector 0 = 0y41 € R” with m = my, .

Famous examples of the activation function af(+)
in the perceptron Eq. (1) are the Rectified Linear
Unit ReLU (z) = max {0,z} or the standard sigmoid
function sgd(z) = (1+exp(—z))  (Goodfellow
et al., 2016). Non-linear activation functions enable
the MLP to realize non-linear mappings Fy @.

The network structure S of an MLP is a subset
of the Cartesian product N X N and specifies the
particular design of the network determining the
possible connections between the layers. Thus, the
directed relation i — j € S is established iff N; € N
and N; € N are associated by the weight W;_, ;.

For BiDNN, the network structure S is heavily
constrained based on prior biological knowledge. That
is, the architecture is predefined according to annotated
biological entities or processes and their relationships
and interactions. To emphasize, such informed
networks integrate available (hierarchical) information
from outside the immediate context of the prediction
task, and thereby provide a less-flexible but therefore
more intuitive and plausible way (for domain experts)
to feed information through the model (Greene and
Costello, 2020). Respective prior information can
be derived from databases like Kyoto Encyclopedia
of Genes and Genomes known as KEGG (Kanehisa,
2000), Reactome (Fabregat et al., 2018), Search Tool
for the Retrieval of Interacting Genes/Proteins (Snel,
2000) or Gene Ontology (Gene Ontology Consortium,
2004).

Hf i >> 1 is valid, the MLP is denoted as a deep neural
network.
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In particular, resulting from this domain
knowledge, the network structure S is a directed
acyclic graph with edges i — j € S between the layers
Ly,...,L, without loops. The vertices of the graph S
are associated with the perceptrons in the MLP and
established edges according to the pathway knowledge
are identified with weights W;_, ;. Accordingly, this
domain knowledge determines the structure of the
layers Ly and the relations between them. Yet, the
last layers Ly11 = O and L are fully connected as
usually done in deep neural networks. Further, the
output layer may contain an additional softmax-layer
for normalized output.

Remark 1. For BiDNN, it is frequently supposed that
the structure S does not contain shortcuts, i. €., direct
connections between layers L; and Ly with |k — j| > 1
are not present in the MLP. Yet, shortcut connections
may be of interest in other domains.

Fig. 1 shows an illustrative example of a
BiDNN, where the hidden layer L; = L represent
genes, Lp = Lp represent pathways, and L3 = Lp
represent biological processes as it was established
in Elmarakeby et al. (2021). In this example, we have
n = 6 input features and the output is the detection of
N¢ =2 classes, for example, cancer or not cancer. The
inputs may be patient vectors of features, which can
be attributed to genes, which in turn can be attributed
to pathways and corresponding biological processes.

For a given data set X = {x;[k=1,...,Nx} CR"
with corresponding class label vector y; =y (x) €
R™ obtained by one-hot-coding, the weight values
W ; of the (deep) MLP have to be adjusted such
that y, ~ Fye (X¢) is valid. This adjustment is
obtained by efficient Stochastic Gradient Descent
Learning (SGDL). After training, the weights W;_, ;
can be evaluated to gain internal knowledge not
available before, which is how the layers (i. e., genes,
pathways, and processes) interact to obtain the desired
results (classification) for given inputs. As already
mentioned in the introduction, various respective tools
of weight evaluation for (deep) MLP interpretation and
explanation are established, for example DeepLIFT,
Layer-wise Relevance Propagation (LRP) (Bach et al.,
2015; Shrikumar et al., 2017), and SHAP (Lundberg
and Lee, 2017). Yet, all these methods have in
common that their calculations are not obviously
interpretable and, hence, the resulting MLP model
remains interpretable only for experts in the field
(Barredo Arrieta et al., 2020; Lisboa et al., 2023;
Samek et al., 2021).

2.2 Shallow Networks for Classification
Learning

A leading representative of shallow networks
in classification learning are Learning Vector
Quantization (LVQ) models (Kohonen, 1988) based
on the Nearest Prototype Classification (NPC)
paradigm. For this purpose, a prototype set> P =
{pjli=1,....Np} C R" with class labels c(p;) €
C={l,...,N¢} and a dissimilarity measure d : R" x
R" — Ry is assumed to be given. A data vector x € R”
is assigned to class ¢ (x) € C by ¢(x) = c¢(ps), where
the winning prototype is determined by

ps = argmin (d (x,p)) 2)
pe?
known as the Winner-Takes-All (WTA) rule. This
winner competition can be interpreted as a prototype
competition layer in neural network terminology
(Biehl et al., 2016).

For a given training data set 7 =
{(xk,c(x¢)) ER"x Clk=1,...,Nz} the prototypes
are distributed to minimize the overall classification
error E (7,P,d) = Y, | (¢, P,d) with respect to the
prototypes. The local errors [ (xi, P,d) = sgdy (1 (X))
are determined using the classifier function

d (%, p*) —d (x,p”)
d (x,p™) +d (x,p™)

where pT = pT (x) is the best matching correct
prototype according to the WTA rule Eq. (2) but
restricted to the subset P* = {p; € P|c(p;) = c(xk) }
and p~ = p~ (xi) is defined analogously as the best
matching incorrect prototype (i.e., ¢(p;) # ¢ (X)).
The sigmoid function sgdy (z) = (1+exp (—§- )
with the parameter { > 0 approximates the Heaviside
function. Thus, the classifier function u (x;) becomes
negative for correct classification and remains positive
for misclassifications.

Learning takes place as SGDL taking the local
derivatives Vp«l(xx,P,d).  Using the squared
Euclidean distance dg as dissimilarity measure, this
LVQ-variant is known as standard GLVQ (Sato
and Yamada, 1996). It constitutes an interpretable
classifier according to the NPC and is proven to be
a classification margin maximizer (Crammer et al.,
2003) with high robustness (Saralajew et al., 2019).

The performance of GLVQ can be improved if the
dissimilarity d in Eq. (2) and Eq. (3) is chosen as

do (x,p) = (Qx —p)’ (4)

u(xp) =

2 At least one prototype is supposed for each class.
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Figure 1: Schematic example for integration of biological knowledge into BiDNN determining the network structure S such that
it can be seen as a graph; adapted from Elmarakeby et al. (2021). The connections of the hidden layers L; = L, L, = Lp, and
Lz = Lp represent the domain knowledge provided by experts or/and external databases for Genes, Pathways and Biological
processes, respectively. Each node in S is associated with a perceptron of an MLP. Compared to a standard MLP with dense
connections between all layers, the network structure S of a BiDNN is sparse.

with Q € R™*" being a linear map with m < n which
must also to be adjusted by SGDL using the derivatives

ddq (x,p)
BQij

(Bunte et al., 2012; Villmann et al., 2017a). This
variant is denoted as Generalized Matrix LVQ
(GMLVQ). Usually, GMLVQ outperforms standard
GLVQ due to the greater model flexibility achieved by
the Q-adaptation.

Moreover, GMLVQ provides additional model
interpretation possibilities beyond the obvious
prototype interpretation known from standard vector
quantization: The resulting matrix A = Q7 Q is
denoted as classification correlation matrix. The non-
diagonal entries Ay ; of this matrix reflect the strength
of those correlations between the data dimension x;
and x;, which contribute to the class discrimination
(Villmann et al., 2017b). Further, we can calculate the
quantities

=2-[Qx—pl;-x; 5)

M= Akl (©6)
l

to be collected in the vector A = (Aj,...A,). This
vector is denoted as Classification Influence Profile
(CIP) of the input data, Kaden et al. (2021). The
vector components A; describe the influence of the
data dimension x; for class separation.
Remark 2. Further, the matrix ¥ = QQ7 explains the
correlations between the mapping dimensions in the
mapping space R” determined by Q. This matrix is
called classification mapping correlation matrix.

It should be emphasized that a non-linear
classification is realized by GMLVQ either if the
number of prototypes is greater than two or prototype
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dependent matrices Q are considered (Mohannazadeh
Bakhtiari and Villmann, 2023).

Note, the standard variant of GMLVQ is obtained
if the dissimilarity dg (x,p) from Eq. (4) is replaced
by

di (x,p) = (Q(x—p))*, @
where the prototypes p live in the data space R” instead
of the mapping space R” (Schneider et al., 2009). This
standard variant is also known as Siamese GMLVQ
(Ravichandran et al., 2022).

If m = n is chosen, regularization of Q is
required during learning to achieve numerical stability
Schneider et al. (2010) whereas for m < n an implicit
regularization takes place regarding the ’sparseness’
of the limited-rank matrix 2 compared to a full-rank
matrix.

3 A BIOLOGICALLY-INFORMED
SHALLOW NETWORK

In the following, we unify the BiDNN and the
GMLVAQ in order to obtain a shallow and biologically-
informed LVQ model. For this purpose, we observe
that the BIDNN network structure S is topologically
equivalent to the layer structure with the weights W;_, ;.
Hence, we can describe the information flow in S by
knowledge matrices Ky € {0, 1} by

I=ro X, X Doy —0
reflecting the biological knowledge by the information
transition between the layers where [Ki];; = 1 iff
i — j €S isvalid, i.e., the edge i — j belongs to
the graph S. Thus, ny = n and my, | = N as well
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as ny = my_; are valid in the BiDNN. Further, the
matrices Ky, ..., K} are sparse matrices reflecting the
biological knowledge whereas the matrix Do does not
contain any zero entries because it represents the dense
connection structure from the last hidden layer to the
output layer.

In the next step, we take the activation function for
all MLP neurons except the output layer as the identity
id (z) = z and set all biases 6; to zero, i. e., we restrict
the perceptron mappings Eq. (1) inside the MLP to
be linear perceptrons mappings. In doing so, we can
identify the adjustable weights W;_. ; of a hidden layer
Ly connecting it to the previous layer L;_| and L; by
an adjustable sparse matrices € with only non-zero
entries according to the knowledge matrices Kj. Thus,
we get the response vectors of the BIDNN ry = Qiry_;
with ro = x and, hence, the BiIDNN would generate a

mapping

0 = fDO (th..'Q]X)
= fDO (QX)
with Q = Q, -...-Q and fp, : r;, — o, which

constitutes a generally non-linear dense-layered
connection from the last hidden layer L, to the output
layer due to the ReLU-activation and also depending
on the connection matrix Dg. Further, this dense layer
frequently includes a softmax normalization (Haykin,
1994) and, hence, the resulting MLP still realizes a
non-linear classifier in general.

Remark 3. In case of shortcuts between layer Ly,
and Ly, according to the structure S, we can insert
additional vertices in the layers between them which
are directly connected to resolve the shortcut paths.
These additional vertices are denoted as resolver-
vertices and transitions between them as well as
transitions from an ordinary vertex to a resolver-vertex
are denoted as resolver-transitions [Kk]fj Respective
entries [€];; in the adjustable sparse matrices O
have to be fixed as [Q];; = 1 and are not adapted
during learning. Further note that the connection from
a resolver-vertex to an usual vertex is handled as a
common connection.

Obviously, we obtain the response r, = Qx at the
last hidden layer of the BiDNN due to the choice
id (z) = z for the activation function.> Comparing this
observation with the parameterized distance dg (x, p)
from Eq. (4) we can conclude that we could feed
r; into a prototype layer of GLVQ resulting in a
Biologically-informed GMLVQ (BiGMLVQ) as a
shallow network. The non-linearity of the overall
classification process here is achieved according to the

3Again we emphasize that this choice together with a
zero bias implies a linear mapping as mentioned above.

non-linear competition process as already mentioned
above for GMLVQ. The prototypes have to be adjusted
by SGDL as in GLVQ whereas the matrix entries [Q];;
of the matrix € are adapted using the gradients

ddq (x,p)

0(Q-...-Qix—p)*
o[ul;;

Al
for SGDL.
Interpretation of the BiIGMLVQ can be easily
realized using the layer-wise classification correlation
matrices Ay defined as

Ar=(Qu Qg Q) (-1 Q)

such that
A= A1 (8)

is valid with Ay4; = E, being the identity map in
the data space R” and A, = A = QTQ. These
matrices trace the pathways in the biologically-induced
structure S to be important for the classification task.
More precisely, Ay indicates layer-wise correlations
between the data features combined up to the layer Ly
contributing to the class discrimination. Further, we
can map the prototypes into the original data space by
P = Q*p where Q* is the pseudo-inverse of Q.

An important side effect of this knowledge-
informed approach is that the matrices € are usually
sparse due to the sparse knowledge structure S. This
sparseness plays the role of a regularizer and, hence,
frequently leads to numerically stable learning.

Note that the layer-wise classification correlation
matrices A in Eq. (8) give the correlation information
for the layer Ly_;. Accordingly, layer-wise CIPs Ay
can be calculated in complete analogy to the CIP
defined in Eq. (6) for the whole matrix Q but here
describing the classification-supporting-correlations
within the layers.

Remark 4. According to Remark 2, and the above
iterative layer-wise computation of the classification
correlation matrices, we can iteratively calculate the
layer-wise classification mapping correlation matrices

Yo = (- q-o Q) (- Q..o
= Qk'Tk—l'Q/{

with Yo = E,, being the identity map in the final
mapping space R"”.

In Fig. 2, the illustrative example of BiDNN
from Fig. 1 in Section 2.1 is adapted to the new
BiGMLVQ shallow network. Thus, we have the
knowledge matrices K| = K¢, Ky = Kp, and K3 =
K3 for the gene, the pathway, and the biological
process layer, respectively, so that we obtain Q; = Qg,
Q, = Qp, and Q3 = Qp as adjustable matrices in
BiGMLVQ. Accordingly, Ag, Ap, and Ap are the
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Figure 2: The same example as in Fig. 1 but now realized as a shallow BiGMLVQ. The knowledge matrices Kg, Kp, and Kp
represent the biological knowledge of the layer connections according to the structure S and, thus, determine the structure of
the adjustable matrices Q| = Qg , Qo = Qp, and Q3 = Qp realizing linear maps between the layers in BIGMLVQ. Further,
the standard output layer of BiDNN is replaced by a prototype layer.

layer-wise discriminating correlation matrices for the
classification task whereas Q = Qg - Qp - Qg is the
resulting mapping matrix for the BIGMLVQ.

4 EXPERIMENTS

In this section, we empirically evaluate the BIGMLVQ
for predicting prostate cancer severity based on
patient mutation data provided in Elmarakeby et al.
(2021).  We compare the performance of our
shallow BiGMLVQ model with the deep biologically-
informed network P-Net (pathway-aware multi-
layered hierarchical network) proposed in that work.
Our results serve as proof of concept for BIGMLVQ.

4.1 Data Set Description and
Experimental Setup

The original prostate cancer data set from Elmarakeby
et al. (2021) involves genomic profiles of
1,013 patients, given by the somatic mutation
(changes in the sequence), copy number amplification
(increase in a genome fragment) and copy number
deletion (missing DNA segment) of 9,229 genes in
total. The aim is to distinguish Castration Resistant
Prostate Cancer (CRPC) from primary cancers,
whereby 333 and 680 patient profiles were available
per class, respectively. Prior biological knowledge
is obtained from the Reactome database, grouping
genes into a hierarchy of increasingly coarse pathways
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and eventually biological processes. The data set
and pathways information is publicly available, we
simply refer to the links provided by the authors
and explicitly mention the files we used (see data
availability statement).

After  preprocessing, @ we remain  with
1,011 patients (two non-CRPC patients were
removed due to missing mutation information),
1,573 genes (considering only those for which
complete data, i. e., mutation, copy number variation,
and pathway assignment information are available)
and 186 pathways. To keep the approach as simple
as possible, in this first demonstration, we do not
decompose the pathways into their functionalities as it
was done in the original publication.

This corresponds to BIGMLVQ with two hidden
layers: a gene layer L| = Lg and a pathway layer L, =
Lp (cf. Fig. 2 omitting the biological process layer).
The input layer has a dimensionality of 3 x 1,573
according to the mutation, deletion, and amplification
information available for each gene. For the pathway
layer, 186 pathways are considered in agreement with
Elmarakeby et al. (2021). Thus we get

Q=0Qp Qg ®)

as the resulting mapping matrix for the BIGMLVQ
with the decomposition matrices Qg € R31573x1573
and Qp € R!373x186 " The corresponding structure
matrices Kg and Kp are determined according to
Elmarakeby et al. (2021).

The mutation entries in the input data take binary
values indicating the occurrence of a mutation for the
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considered gene whereas copy number variation and
deletions just count these events. For the classification
layer, i.e., the prototype layer, we have chosen one
or three prototypes per class such that a linear and a
non-linear classifier is realized, respectively.

The BiGMLVQ-model is implemented in
ProtoTorch (Ravichandran, 2020). The test split
from Elmarakeby et al. (2021) was adopted while the
training and validation splits were generated randomly
with the same ratio as they were using for the P-Net
model. BIGMLVQ was trained by SGDL using the
Adam optimizer. This procedure was repeated 20
times to achieve statistically valid results and to obtain
robustness information of the model.

4.2 Results and Discussion

The results of our BiGMLVQ together with the
performance of P-Net are listed in Table 1. We
recognize in this table that BIGMLVQ significantly
outperforms the deep network P-Net, even though it
is less complex and only a linear feature processing
takes place by the mapping matrices Q. Thereby, it
is interesting to note that the test performance with
one prototype is slightly better than that of the larger
model with three prototypes. However, this difference
is not statistically significant. If we take a closer look
at the corresponding training accuraccies of 95.3% and
94.7% respectively, we can attribute this behavior to a
model overfitting for the larger model.

BiGMLVAQ also provides direct insight into the
importance of features. Fig. 3 shows the reduced
classification correlation matrix Ap with the 10 genes
that most influence the decision process. The most
important genes are determined by using the CIP
Eq. (6) of Ap. It should be noted that our findings
are similar to those of Elmarakeby et al. (2021). The
genes AR, PTEN and FGFRI, among others, are also
said to be decisive in P-Net. Interestingly, the negative
classification correlation between the genes AR and
FGFRI indicates that opposing these genes supports a
better class discrimination. Moreover, especially the
mutation and amplification of AR and the mutation
value of PTEN are relevant, which can be read directly
from A = Ag, see Fig. 4. Yet on average all three
input types (mutation, amplification, and deletion)
have an influence on the class discrimination, with
the influence of amplification values being the largest
(see Fig. 5).

Remark 5. If we compare the BiGMLVQ with
the standard GMLVQ where the mapping matrix
Qamiyg € RIB4719 i5 Jearned without restrictions
a clear overfitting of the GMLVQ can be observed:
The respective GMLVQ test accuracy is only 0.860 £

Table 1: Averaged test results given in precentage together
with standard deviation obtained by BiIGMVLQ with one
and three Prototypes per Class (PpC) compared to the P-Net
results taken from Elmarakeby et al. (2021). Averaging was
done by 20 independent runs.

BiGMLVQ P-Net

1 PpC 3PpC
Accuracy | 93.6+1.4 92.1£15 | 83.8
Recall 84.8+2.8 83.5+4.4 | 76.3
Precision 95.54+34 9234+3.8 | 75.0
Fl-measure | 89.8+2.1 87.5+2.5 | 75.5

0.032, whereas the corresponding training accuracy is
0.986 +0.002 for a simple GMLVQ model with only
one prototype per class. Hence, looking at the high test
performance of BIGMLVQ, we can conclude that the
structure information used in BIGMLVQ reduces the
danger of overfitting by restricting the parameters to
learn meaningful connections while achieving high
performance. In our experiment, the used matrix
Q from Eq. (9) contains only 1.47% non-zero (i.e.
adjustable) entries.

Beside this structural constraint, an evaluation of
the importance of, e. g., the genes, is only meaningful
due the provided knowledge-driven structure. Yet, an
interpretation of the learned mapping remains at least
difficult.

S CONCLUSIONS

In this work, we propose a biologically-informed
shallow neural network — BiGMLVQ based on
the principle of learning vector quantization. The
model consists of adaptive linear layers whose
topological structure reflects the biological domain
knowledge of genes, pathways, and corresponding
biological processes. The nonlinear classification
ability of BiGMLVQ is ensured by the subsequent
prototype layer, which realizes a provably robust
and interpretable classification scheme as known
from learning vector quantization. Furthermore, the
adaptive linear layers allow an direct interpretation
in terms of correlation analysis supporting class
separation. Otherwise, in the application phase,
the combination of these linear layers simply
yields a summarized linear map allowing efficient
computations.

We have shown in the experiment that this shallow
BiGMLVQ network is capable of achieving better
results than a biologically-informed deep neural
network, which has higher computational complexity
due to the non-linearity of each layer and requires
advanced tools for interpretation.

It is worth noting that for BIGMLVQ, we can
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Figure 3: Layer-wise classification correlation matrix A; = Ag reduced to the 10 most influential genes according to the
layer-wise CIP A; of the first layer L} = L. According to this visualization, the genes AR, PTEN, AKTI, and FGFRI are
depicted to be decisive for class separation, which is in nice agreement with the findings for the P-Net in Elmarakeby et al.

(2021).
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Figure 4: Overall classification correlation matrix A
regarding the full mapping Q = Qp - Qg for the input
features, but considering only the five most important genes
according to the (overall) CIP A for better visibility of the
effects. We observe that for different genes the importance
of mutation, amplification, and deletion values varies.

apply all the variants developed for standard GMLVQ
including border-sensitive learning, transfer learning
(Kistner et al.,, 2012) or one-class-classification
learning (Staps et al., 2022), which is planned for
future research. Additionally, in future work, we
will investigate the (layer-wise) classification mapping
correlation matrices Y and Y, as introduced in
Remark 2 and Remark 4 for advanced BIGMLVQ
model evaluation and interpretation.

364

0.12

o
o

=
=}
o

summed up CIP values
=] [=]
o o
H (&)

g
o
[}

Mutation Amplification Deletion

Figure 5: Summed up classification importance values of Ag
for mutation, amplification, and deletion. This visualization
suggests a slightly favored amplification importance for the
class separation in an overall evaluation.

6 DATA AVAILABILITY

The prostate cancer data set was made publicly
available by Elmarakeby et al. (2021) under https:
//drive.google.com/uc?id=17nssbdUylkyQY1l
ebtxsIw5UzTAdOzxWb.

Particularly, we
information provided in the

concentrate on the
folder

_database/prostate/processed with the files:

/P1000_final_analysis_set_cross_important_
only for the mutation, P1000_data_CNA_paper
for the deletion and amplification values (copy
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number  variation (CNV), response_paper
for the labels and the given pathways in
c2.cp.kegg.v6.1l.symbols.gmt.
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