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Abstract. The problem of identifying the degree of semantic similarity between two textual statements automatically has grown in importance in recent times. Its impact on various computer-related domains
and recent breakthroughs in neural computation has increased the opportunities for better solutions to be developed. This research takes the
research efforts a step further by designing and developing a novel neurofuzzy approach for semantic textual similarity that uses neural networks
and fuzzy logics. The fundamental notion is to combine the remarkable
capabilities of the current neural models for working with text with the
possibilities that fuzzy logic provides for aggregating numerical information in a tailored manner. The results of our experiments suggest that
this approach is capable of accurately determining semantic textual similarity.
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Introduction

Data mining and knowledge discovery techniques have long been trying to boost
the decision-making capabilities of human experts in a wide variety of academic
disciplines and application scenarios. In addition, these techniques have greatly
facilitated the development of a new generation of computer systems. These
systems are designed to solve complex problems using expert-generated knowledge rather than executing standard source code. However, this notion has been
evolving towards more effective and efficient models and offers more flexibility
in supporting the human judgment in decision-making. In this work, we look at
the field of semantic textual similarity. That is the possibility of boosting the capability of a human expert in deciding whether two pieces of textual information
could be considered similar. In this way, automatic data integration techniques
can be notably improved.
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Over the last two decades, different approaches have been put forward for
computing semantic similarity using a variety of methods and techniques [11].
In this way, there are already many solutions for automatically calculating the
semantic similarity between words, sentences, and even documents. Currently,
the solutions that can obtain the best results are those based on neural networks
such as USE [4], BERT [9] or ELMo [25]. However, there is still much room for
improvement since the development of these models is still in its infancy. Many
of the functions they implement are trivial, and it is to be expected that as more
sophisticated approaches are investigated, the results to be achieved could be
better.
For these reasons, we have focused on a novel approach that is slowly making
its way into the literature: neurofuzzy systems. Systems of this kind are built by
a clever combination of artificial neural networks and fuzzy logic. These systems
attract much attention because they can bring together the significant advantages of both worlds [27]. However, its application in the domain of semantic
similarity remains unexplored.
We want to go a step further to design a new neurofuzzy approach that
might be able to determine automatically and with high accuracy the degree of
semantic similarity between pieces of textual information. To do that, we propose
to follow a concurrent fuzzy inference neural network (FINN) approach being
able to couple the state-of-the-art models from the neural side together with
the state-of-the-art from the fuzzy side. This approach is expected to achieve
highly accurate results as it brings together the computational power of neural
networks with the capability of information fusion from fuzzy logics. Thus, the
contributions of this research work can be summarized as follows:

– We propose for the first time a neurofuzzy schema for semantic similarity
computation that combines the ability of neural networks to transform pieces
of textual information into vector information suitable for processing by
automatic methods with the advantages of personalized aggregation and
decoding offered by fuzzy logics.
– We have subjected our proposal to an empirical study in which we compare
it with state-of-the-art solutions in this field. The results obtained seem to
indicate that our proposal yields promising results.

The rest of this paper is structured as follows: in section 2, we present the
state-of-the-art concerning the automatic computation of semantic similarity
when working with textual information and recent solutions based on neurofuzzy
systems to solve practical application problems. In section 3, we provide the
technical explanation on which our neurofuzzy approach is based. In section 4,
we undertake an empirical study that compares our approach with those that
make up the state-of-the-art. Finally, we highlight the lessons that can be drawn
from the present work and point out possible future lines of research.
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State-of-the-art

The semantic similarity field attracts much attention because it represents one
of the fundamental challenges that can advance several fields and academic disciplines [17]. The possibility that a computer can automatically determine the
degree of similarity between different pieces of textual information regardless
of their lexicography can be very relevant. This means that areas such as data
integration, question answering, or query expansion could greatly benefit from
any progress in this area.
To date, numerous solutions have been developed in this regard. These solutions range from traditional techniques using manually compiled synonym dictionaries such as Wordnet [15], to methods using the web as a large corpus
such as Normalized Google Distance [5] through the classical taxonomy-based
techniques [26] or the ones based on corpus statistics [13].
Besides, more and more solutions have been developed that are valid in a
wide range of domains of different nature. Some of these solutions are based on
the aggregation of atomic methods to benefit from many years of research and
development in semantic similarity measures [21]. Moreover, there have been
breakthroughs that have completely revolutionized the field of semantic similarity. One of the most promising approaches has been word embeddings [23].
Where solutions of a neural nature have been able to reduce pieces of text to
feature vectors of a numerical nature so that they are much more suitable for
automatic processing by computers [14]. These approximations are so robust
that they can determine the degree of similarity of cross-lingual expressions [10].
Neurofuzzy systems have begun to be used in many application domains due
to the versatility they offer. Neurofuzzy systems have the great advantage of
combining the human-like reasoning of fuzzy systems through a linguistic model
based on IF-THEN rules with the tremendous computational power to discover
patterns of neural networks. Neurofuzzy systems are considered universal approximators because of their ability to approximate any mathematical function,
which allows them to be highly qualified for problems related to automatic learning.
Concerning these neurofuzzy systems’ neural side, some neural approaches
have been recurrently used to work with text—for example, automatic translation or text auto-completion. The problem is that these models are usually not
very good at capturing long-term dependencies. For this reason, transformer architectures have recently emerged [9]. This kind of architecture uses a particular
type of attention known as self-attention [8].
However, all these architectures of neural nature that have been presented
have only used simplistic ways of aggregation and decoding of the last neural
layer to date. The operations that can be found recurrently in the literature
are cosine similarity, manhattan distance, euclidean distance, or inner product.
This is where our contribution comes into play since we propose a fuzzy logicbased solution that can model a much more sophisticated interaction between
the numerical feature vectors generated by the neural part.
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A novel neurofuzzy approach for semantic similarity

Fuzzy logic can offer computational methods that aim to formalize reasoning
methods that are considered approximate. We are here considering Mamdani
fuzzy inference [19] since it is considered an optimal method for developing
control systems governed by a set of rules very close to natural language. In
Mamdani fuzzy inference systems, the output of each rule is always a fuzzy set.
Since systems of this kind have a rule base that is very intuitive and close to
natural language, they are often used in expert systems to model the knowledge
of human experts.
The reason to use fuzzy logics is that rules can also be derived analytically
when it is impossible to count on the expert’s help, as is the case in our approach.
In our specific scenario, we use aggregation controllers. These controllers are
usually divided into several components including
of terms such as
o
nR a database
µSe (x)
what
is
usually defined
µSe (x) that states the membership of x in Se =
x
as µSe(x) ∈ [0, 1], and a non-empty set of rules. In this way, the terms associated
with the database can be used to characterize the rules.
Moreover, the input values need to be encoded according to the terms from
the controller, so that Ie = µ1 Q (x1 ) + µ2 Q (x2 ) + ... + µn Q (xn ), whereby µi is
the term associated with the transformation of xi into the set Q(xi ).
Last but not least, we
the terms on the basis of membership
 need to define

functions so that: Te = x, µTe (x) | x ∈ U . The great advantage of this approach is that a wide range of membership functions can be defined by just using
a limited number of points which represents an advantage for us when coding
possible solutions in the form of individuals from an evolving population.
Working with Mamdani fuzzy systems
o means that the result of the
nR [19] also
µO
e (v)
e
inference will be a set such as O =
. Therefore, the output might
v

be a real value representing the result of aggregating the input values. One of
the traditional advantages of Mandami’s models concerning other approaches,
e.g., Tagaki-Sugeno’s [28], is that they facilitate interpretability. This is because
the Mamdani inference is well suited to human input while the Tagaki-Sugeno
inference is well suited to analysis [7].
On the other hand, the neural side will use transformers that are suitable
models for translations between abstract representations. The transformer models consist of an encoder-decoder architecture. It is necessary to feed the encoder
with the input textual information. From there, the encoder learns to represent
the input information and sends this representation to the decoder. The decoder
receives the representation and generates the output information to be presented
to the user. The way of working is like this: for each attention item, the transformer model learns three weight matrices; the query matrix WQ , the key matrix
WK , and the value matrix WV . For each token i, the input embedding xi is multiplied with each of the three matrices to produce a query array qi = xi WQ , a
key array ki = xi WK , and a value array vi = xi WV . Attention weights are calculated using the query and key arrays in the following way: the attention weight
aij from token i to token j is the product between qi and kj . The attention
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√
weights are divided by the square root of the key arrays’ dimension, dk , which
stabilizes gradients during training, and it is processed by a function sof tmax,
which normalizes the weights to sum to 1.
Figure 1 shows the mode of operation of a concurrent FINN architecture. The
input data is first processed by the neural network (i.e., transformer), which is
very good with the vectorization of the pieces of textual information into numerical feature vectors. These feature vectors will correspond to the membership
functions of the fuzzy module at a later stage. The coupling of the modules of
neural nature with that of fuzzy logic nature should obtain good results once a
training phase has correctly calibrated all their parameters. This architecture is
more complex and more powerful than the more advanced neural models because
it adds the last layer that can process the results in a much more sophisticated
way.

Fig. 1: Architecture of our neurofuzzy approach. The neural and fuzzy models
are coupled together and then trained in order to be properly calibrated to solve
the scenario that we wish

The appropriate combination of the two approaches gives rise to a concurrent
FINN, which we intend to obtain good results with when trying to automatically
determine the degree of semantic similarity between two textual expressions that
are analogous but have been represented using different lexicographies. Also,
another great advantage of these systems is that they can be trained separately
or together. This allows them to benefit from great flexibility and versatility. For
example, not everyone needs to develop a neural solution from scratch because
the existing ones are of high quality and have been trained on hard-to-access
corpora.
Finally, it is worth mentioning that our learning process is guided by an
evolutionary strategy that tries to find the best parameters in the neurofuzzy
model, although trying to avoid an over-fitting situation. We have opted for the
classical solution for an elitist evolution model with a low mutation rate, which
allows automatically exploring of the solution space, although it also allows a low
rate of random jumps in search of better solutions [1]. The following pseudocode
shows the rationale behind this approach.
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Algorithm 1 Pseudo-code for the evolutionary strategy to obtain optimal FINN
model
1: procedure Calculation of the best possible FINN model
2:
RandomIndividuals (population)
3:
calculateFitness (population)
4:
while (NOT stop condition) do
5:
for (each individual)
6:
parents ← selectionOfIndividuals ()
7:
offspring ← binCrossOver (parents)
8:
offspring ← randomMutation (offspring)
9:
calculateFitness (offspring)
10:
population ← updatePopulation (offspring)
11:
endfor
12:
endwhile
13:
return Model(population)

The evolutionary strategy allows us to optimally calibrate the following parameters: the transformer model to be used, how the operations in the last layer
of the neural network will be computed, the fuzzy sets and membership functions,
the IF-THEN rules that best fit the input data, as well as the defuzzification
method.

4

Experimental Study

This section describes our strategy’s experimental setup, including the benchmark dataset that we have used and the evaluation criteria that we are following,
and the configuration of the considered methods. After that, we perform an exhaustive analysis of the different approaches considered and the empirical results
we have achieved. Finally, we offer a discussion of the results we have obtained.
4.1

Datasets and Evaluation criteria

We have used the most widely used general-purpose benchmark dataset in this
field to carry out our experiments. Our approach’s behavior concerning this
dataset will give us an idea of how our approach works. This benchmark dataset
is the so-called MC30, or Miller & Charles dataset [24] that consists of 30-word
pairs that everyone might use.
Evaluating the techniques to discover semantic similarity using correlation
coefficients can be done in two different ways. First, it is possible to use Pearson’s
correlation coefficient, which can measure the degree of correlation between the
background truth and the machine results, whereby a and b are respectively the
source and target pieces whose degree of semantic similarity is to be compared.
P
P P
n ai bi − ai bi
p P
σ=p P 2
(1)
P
P
n ai − ( ai )2 n b2i − ( bi )2
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The second way to proceed is the so-called, Spearman Rank Correlation,
whereby the aim is to measure the relative order of the results provided by the
technique.
P
6 d2i
(2)
ρ=1−
n(n2 − 1)
Being di = rg(Xi ) − rg(Yi ) the difference between the two ranks of each array, and n is the size of both arrays.
The significant difference between the two correlation methods is that while
Pearson is much better at determining the total order of the dataset results,
Spearman is more suitable for determining a partial order.
4.2

Configuration

As we have already mentioned, the training phase is performed by an evolutionary learning strategy. Therefore, we have had to perform a grid search to
determine which are the best parameters for that strategy. Since the search
space is really huge, we had to narrow down the search intervals. In this way,
the identified parameters of our evolutionary strategy are the following:
–
–
–
–
–

Representation of genes (binary, real): real
Population size [10, 100]: 42
Crossover probability [0.3, 0.95]: 0.51
Mutation probability [0.01, 0.3]: 0.09
Stop condition: Iterate over (1,000 - 100,000): 100,000 generations

In addition, evolutionary learning techniques are non-deterministic in that
they rely on randomness components to generate initial populations and search
for model improvements through small mutation rates (9% in our case). Therefore, the results reported are always the average of several independent runs, as
we will explain later.
It is necessary to note that the hardware used has been an Intel Core i7-8700
with CPU 3.20 GHz and 32 GB of RAM over Windows 10 Pro. Furthermore,
we rely on the implementation of Cingolani’s fuzzy engine [6] as well as the
implementations of USE [4], BERT [9], or ELMo [25] that their authors have
published initially. In that sense, training using different text corpora may indeed
yield different results. However, such a study is outside the scope of this work
and would be interesting future work. Finally, it is necessary to remark that the
average and maximum training times are reported in the following section.
4.3

Results

In this section, we show the empirical results that we have obtained. In Table 1,
it is possible to see a summary of the results we have obtained when solving the
MC30 benchmark dataset using the Pearson correlation coefficient. This means
that we are looking for the capability of the different solutions to establish a
7

Approach
Google distance [5]
Huang et al. [12]
Jiang & Conrath [13]
Resnik [26]
Leacock & Chodorow [16]
Lin [18]
Faruqui & Dyer [10]
Mikolov et al. [23]
CoTO [20]
FLC [22]
Neurofuzzy (median)
Neurofuzzy (maximum)

Score
0.470
0.659
0.669
0.780
0.807
0.810
0.817
0.820
0.850
0.855
0.861
0.867

p-value
8.8 · 10−3
7.5 · 10−5
5.3 · 10−5
1.9 · 10−7
4.0 · 10−8
3.0 · 10−8
2.0 · 10−8
2.2 · 10−8
1.0 · 10−8
1.0 · 10−8
4.9 · 10−9
1.0 · 10−9

Table 1: Results over the MC30 dataset using Pearson Correlation

total order. Please note that the results reported for our approach are based on
ten independent executions due to the non-deterministic nature of the learning
strategy. So we report the median value and the maximum value achieved.
Table 2 shows the results obtained for Spearman’s correlation coefficient.
This means that we evaluate the capability of the existing approaches when
determining a partial order between the cases of the MC30 dataset. Once again,
we report the median value and the maximum value achieved.

Approach
Jiang & Conrath [13]
Lin [18]
Aouicha et al. [2]
Resnik [26]
Mikolov et al. [23]
Leacock & Chodorow [16]
Bojanowski et al. [3]
Neurofuzzy (median)
Neurofuzzy (maximum)
FLC [22]

Score
0.588
0.619
0.640
0.757
0.770
0.789
0.846
0.851
0.868
0.891

p-value
8.8 · 10−3
1.6 · 10−4
8.0 · 10−5
5.3 · 10−7
2.6 · 10−7
8.1 · 10−8
1.1 · 10−9
1.0 · 10−9
4.6 · 10−9
1.0 · 10−10

Table 2: Results over the MC30 dataset using Spearman Rank Correlation

Finally, we offer a study of the time it takes to train our neurofuzzy systems.
Figure 2 shows the training that has been performed to obtain the Pearson
correlation coefficient. As we are working with non-deterministic methods, the
results presented are equivalent to an average of ten independent runs of which
we plot the minimum (red), the median (blue) and the maximum (black).
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Minimum
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Fig. 2: Fitness evolution for the Pearson correlation. The red, blue, and black
plots represent the worst, median and best cases respectively

While Figure 3 shows the time taken to properly set up our approach to solve
the Spearman Rank Correlation. As in the previous case, the results we can see
in the plot are the result of ten independent runs of which we plot the minimum,
the median and the maximum values that we have achieved.

Minimum
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Fitness(test)
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0
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200

400
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time(s)

Fig. 3: Fitness evolution for the Spearman Rank correlation. The red, blue, and
black plots represent the worst, median and best cases respectively

As it can be seen, our approach presents several significant advantages concerning the works that make up the state-of-the-art. As for techniques based on
neurofuzzy hybridization, no work has yet been done in this area to the best
of our knowledge. However, our previous experience designing solutions based
on fuzzy logic led us to think that combining the human-like reasoning of fuzzy
logics with neural networks’ learning capability would yield quite good results.
Training a neurofuzzy system indeed involves a significant consumption of resources in the form of time, but it is also true that once trained, the results are
pretty good. Moreover, the model can be reused. Even mature transfer learning
techniques can facilitate its application in analog-nature problems in different
scenarios.
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5

Conclusions and Future Work

We have presented a novel approach for the automatic computation of the degree
of similarity between textual information pieces. Our approach is novel because
it is the first time that a neurofuzzy system is proposed to deal with the problem. We think that a neurofuzzy system is appropriate in this situation since it
can combine the high capabilities of neural nature solutions to extract and convert features associated with text expressed in natural language with the ability
of fuzzy logics to aggregate and decode in a personalized way information of
numerical nature.
The results we have obtained show that our approach can achieve results
in line with the state-of-the-art, even without being specifically trained. These
promising results rely on solutions of neural nature whose accuracy is highly
contrasted together with fuzzy logic system, which has a great capacity to aggregate intermediate results and decode them into the values for which it has
been trained.
Besides, the two parts that make up our system can be trained separately.
For example, we can use a highly constrained accuracy model such as BERT
combined with a classical Mamdani inference model, which usually gives outstanding results. In this way, our system is built based on building blocks that
give it flexibility and versatility not known so far in semantic similarity measurement.
As future work, we plan to explore other approaches to assess similarity
automatically. We have worked here with monolingual semantic similarity, i.e.,
all pieces of textual information were expressed in English. However, a pending
issue is to study the problem from a cross-lingual perspective. The other pending
issue would be how to improve the interpretability of the resulting system. Due
to the black-box model that is implemented in the neural part, a solution must
be found so that people can understand this model from the beginning to the
end.
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