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Abstract Document clustering has been commonly accepted in the field of data analysis. Nevertheless, the
challenging issues for the clustering are the massive similarity measurement operations in the von Neumann
architecture which result in huge time consumption. Memristive in-memory computing provides a brand-new
path to solve this problem. In this article, utilizing the memristive dot product engine, we demonstrate a
cosine similarity accelerated document clustering method for the first time. The memristor-based clustering
method lowers the time complexity from O(N - d) of the conventional algorithm to O(N) by executing
similarity measurement in one step. Focused on the unit-length vectors, an in-situ normalization scheme for
the stored vectors in the crossbar array is proposed to provide an efficient hardware training scheme and
reduce the normalization steps during the clustering. Utilizing the BBCSport dataset as a benchmark, we
further discussed the impact of the non-ideal factors in the memristors, including the available quantized
states, the inevitable programming noise, and the device failure. Simulation results indicate that the 6-bit
quantized states and 5% programming noise are acceptable for the document clustering tasks. Besides, high
resistance states of the failure cells are recommended for higher performance clustering results.
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1 Introduction

Text in documents is the mainly accepted form of data storage in the information world. Organized
documents not only improve the efficiency of data searching but also contribute to data analysis and
knowledge extraction. Document clustering divides unordered documents into categories with similar
characteristics which can be further used in the applications for the data filter, dimension reduction and
topic extraction [1-4] (Figure 1(a)). As a fast and high-quality clustering method in the data processing
field, K-means and its derivative algorithms have been commonly studied and perform well in document
clustering tasks. The kernel part of K-means algorithm focuses on the similarity measurement between
the input vector and the prototype centers. Documents in close similarities are placed together as a
category. However, massive data streams, as well as the increasing data dimensions, lower the clustering
efficiency which opposes the real-time applications. The reason is, intensive serial data communication in
the separate storage part and processing unit of the von Neumann architecture hinders the computational
efficiency, especially in the similarity measurement processes. The emerging in-memory computing based
on the analog memristors is regarded as a reliable solution for this problem by executing the vector-matrix
multiplication (VMM) in a single step. In other words, a memristor array can act as a dot product engine
(DPE) and significantly accelerates the VMM operations [5-7]. Utilizing the DPE, document clustering
tasks are expected to achieve great acceleration by realizing efficient similarity calculation processes.
Recent researches of similarity computation acceleration in the memristor array concentrate much more
on the distance calculation in the Euclidean space. Ref. [8] reported a competitive learning model
which utilizes the results of the dot product in the crossbar array to represent the similarities. This
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Figure 1 (Color online) Illustration of document clustering. (a) The clustering method divides the unorganized text documents
into different groups and finally contributes to various applications including the data filter, dimension reduction and topic extrac-
tion; (b) the general cosine similarity in the data clustering tasks measures the angle of different hyper-vectors; (c¢) the spherical
K-means method aims to maximize the angle margins in different groups for the points distributed on the sphere.

publication proposes a new analog similarity computing paradigm based on memristors. In [9], the dot
product between the input vector and the normalized dictionary element vector is utilized to measure the
Euclidean distance for the sparse coding and the acceleration is experimentally verified in the memristor
array. However, this kind of simplification is limited by the unit-length restriction of the vector. Later
researches pay much more attention to the similarities of the unnormalized vectors, such as [10,11], to
obtain the accurate distances in the Euclidean space. In [10], the kNN (k-nearest neighbor) algorithm is
realized by calculating the complete Euclidean distance in the crossbar array. And Ref. [11] revealed the
outperformance of the truly calculated Euclidean distance than the dot product represented one during
the K-means clustering in the memristor array.

Although more attention is paid to the acceleration of Euclidean distance, the sparse hyper-vectors of
the document representation highlight the cosine similarity during the clustering. Cosine similarity mea-
sures the angle of two vectors while ignoring their amplitude and sparsity (Figure 1(b)) which compensates
for the short of Euclidean distance. For the conventional cosine similarity calculation, the L2-norm of
the two vectors is in the position of the denominator which makes it complex to be implemented in the
hardware [12]. The L2 normalization strategy of the vectors is a basic and important scheme to obtain
high-quality embedding features and stable training processes in artificial neural networks [13,14]. For the
L2-normalized hyper-vectors of the documents, the cosine similarity will be simplified to the form of the
inner product of the vectors. Thus, the highly parallel VMM in the DPE makes it a constant time level
to calculate the similarities of the input vector and the stored matrix [8,9,15]. The spherical K-means
(SKM) algorithm focuses on these unit-length vectors which are distributed on the unit hypersphere (Fig-
ure 1(c) shows a two-dimensional example) and realizes more effective clustering [16,17]. By mapping
the prototype vectors to the memristors array, the SKM, which heavily relies on the cosine similarities
measurements, can be greatly accelerated. However, the weight vector will be numerical updated and the
unit-length restriction of the vector will be broken during the training. A challenging issue is to ensure
the similarity between the input vectors and the stored weights could be well calculated. The solution
for this problem could be the in-situ normalization in the crossbar array or a general cosine similarity
calculation method for arbitrary vectors. The former one could be much more suitable for SKM taking
advantage of the original unit-length vectors of the documents but still remains unresolved.

In this article, utilizing the memristive dot product engine, we demonstrate a cosine similarity acceler-
ated spherical K-means clustering method for the first time and the document clustering task is employed
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as a typical benchmark. This hardware based clustering scheme lowers the temporal complexity from
the O(N - d) to the linear-time O(N) level by accelerating the similarity measurements. Attractively, an
in-situ vector normalization method in the memristor crossbar array is processed to ensure the validity of
dot products as similarities and leads to a flexible and efficient hardware training scheme for document
clustering. Simulated with the BBCSport dataset, the simplified normalization method performs well in
the clustering tasks and shows a comparable success rate with the software-based one. Further simulation
discusses the influence of the non-ideal factors of the memristor device. Simulation results show that 6-bit
conductance states, 5% write noise, and high resistance states of the failure cells are recommended for
the document clustering tasks. We believe this low-time-complexity document clustering method will
contribute to future text analysis applications in the big data area.

2 Background

Documents collected in the real world consist of a sea of symbols and characters, some of which may
be useless even unfavorable for the data processing. Thus, data filtering will be performed firstly before
the mathematical analysis and produces purely texts. Then these texts in documents will be split into
words and further studied. In this part, we mainly give a brief introduction to the operations following the
word splitting, including the document representation and the spherical K-means algorithm for document
clustering.

2.1 Document preprocessing by TF-IDF method

The documents must be transformed into mathematical models before being processed for the semantic
of the documents cannot be recognized by the computers directly. As a pre-processing step of text
analysis, the transferring model characterizes the features of the text files in the form of hyper-vectors
and determines the quantity of the following analytical operations. Vector space model (VSM) utilizes
hyper-vectors that have the same dimensions with the unique words (known as terms) to represent each
document in the space [18,19]. Normally, the frequency of terms is used to represent the weights in the
hyper-vectors, respectively. This may produce inaccuracy for the reason that the stop-words, such as “is”,
will have high weights but make no sense. The term frequency-inverse document frequency (TF-IDF)
model can avoid this problem by highlighting the words which appeared in several documents but were

rarely shown in the others [20]. The mathematical model is shown as

Wt = (1 4 log(fme)) X log (1 + %) , (1)

where f,,; denotes the frequency of term ¢ in mth document, N is the total number of the documents
and f; is the number of the documents where the term ¢ has appeared. Thus the hyper-vector of the
mth document is represented by wn,, = (W1, Wma, -« ., Wmn),n = 1,..., N. Especially, the vector wy,
will be L2-normalized to lower the influence of the vector length for the similarity comparison. Besides,
some densification models, such as Doc2Vec [21], hashing [22, 23], can be used after the TF-IDF model
to lower the data dimensions which can reduce the pressure for data storage.

2.2 SKM algorithm

K-means algorithm has been wildly studied for its simple implementation and fast convergence. The aim
of this algorithm is to find K prototype vectors in the clustering data space to represent the different
classes while samples will be divided into K classes represented by the closest prototype vectors. Here
K is a pre-set hyperparameter representing K clusters. The SKM algorithm is developed from the
conventional K-means and is proposed to process the clustering tasks where the data vectors are L2-
normalized. Thus, the similarity measurement in SKM is simplified to the dot product between the input
samples and prototype vectors which exhibits the essence of cosine similarity [24]. Figure 2 shows the
detailed training processes of SKM. The temporal complexity of SKM is determined by O(K - M - N - d)
where M indicates the max cycling number for the end condition and the d is the dimensions of the
data vector. For most of the document clustering tasks, K < M < N, and the time complexity can
be approximated as O(N - d). The factor d is mostly introduced by the cosine similarity calculation for
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Figure 2 (Color online) Flowchart of the spherical K-means algorithm. The similarity calculation, as well as the weight updating,
produces great time consumption during the training. These two parts are indispensable and achievable to be accelerated in the
hardware platform.

high dimensional vectors during the training. In this article, using a DPE to accelerate the similarity
calculation as well as maintaining its validity to reduce the temporal complexity will be mainly discussed.

For the unit-length vectors, cosine similarity will be achieved by the multiplication of the input vector
and the weight matrix in the clustering. The results of the multiplication determine the prototype vector
to be updated by the winner takes all principle which indicates that the prototype vector correspond-
ing to the maximum value will be further updated. The updating rule is determined by the following
formulas [25]:

Whew = W+ 174, (2a)
wlleW
Wnew = —2_ (2b)
T [ W]

where w denotes the winning vector to be updated, n is the learning rate, and x; is the input sample
during each training process. wpew indicates the finally updated vector for each updating step. Notably,
Eq. (2a) determines the amplitude tendency during the training while Eq. (2b) is the weight normalizing
step that keeps the updated vector L2-normalized.

3 Design of memristor based SKM

In this part, we mainly explain the mapping rule from the SKM method to the memristive dot product
engine. And then the training, as well as the data updating, for the document clustering in the memristor
array will be illustrated.

3.1 Mapping SKM to DPE

The SKM can be illustrated by the network structure shown in Figure 3(a). The input layer indicates
the input sample to be compared in the original data space and the outputs are the classes. Weights
connected to an output neuron represent a prototype vector (the orange lines in Figure 3(a) for example).
In order to accelerate the clustering process and reduce time consumption, the memristor crossbar array
is employed as the parallel VMM engine during the clustering (Figure 3(b)). Here, the input values of the
net are transformed to the voltage pulses which vary in amplitude for different values. The weight matrix
is mapped to the conductance of the memristor crossbar array and each column of the array indicates
one document prototype vector. Although the limited size of the fabricated crossbar array cannot fit
the weight storage greatly, the data splitting and block storage strategy provide inspiring schemes for
high-dimensional data computing in non-volatile memory [26,27]. The initial values of the weight matrix
are given by the randomly selected K hyper-vectors from the original dataset and programmed by the
analog property of the memristor with the target-aware method [28]. The similarity computation during
the training relies on the forward reading process of the array which realizes the dot product of the
input pattern and the weight matrix. The output currents represent the cosine similarities between the
input document and the stored document prototypes. Then the comparing circuit compares the output
currents and obtains the biggest one which indicates the most similar document prototype to the input.

Figure 3(c) shows the design of the comparing circuit [10,29]. The output currents from the array are
firstly transformed to the voltages linearly by the trans-impedance amplifier (TIA). The voltages will be
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Figure 3 (Color online) Schematic of mapping the SKM to the memristor crossbar array. (a) The network structure of the
clustering tasks. (b) Mapping the network to the memristor array. Each column of the array keeps the values of one prototype
vector. (¢) Comparing circuit with signals for winner takes all. (d) The threshold voltage setting for the winner takes all comparison.

then transferred to the comparator group and compared with the threshold voltage Vi,. The amount
of the TTAs and comparators is linearly proportional to the number of categories and is much less than
those in the neural networks, such as convolution neural network (CNN) [30], resulting in the acceptable
area and power consumption overhead. Figure 3(d) shows how the threshold voltage Vi is generated
during the winner takes all compassion. As we know, the more similar the input pattern and prototype
vector are, the higher voltage the TTA will produce. When V), decreases gradually from a high level, a
voltage generated by the closest prototype vector will be larger than the V4, firstly. The corresponding
comparator will be activated and produces a high voltage pulse indicating the winning vector. This
activated pulse will be feedback to the controller for the weight updating. There only exists one vector
winning the competition and this vector represents the final cluster for the input when the training ends.

3.2 Hardware training of SKM

The unresolved problem for the training of the SKM is the weight updating scheme. As we have mentioned
before, the weight updating for SKM includes two main steps: the numerical updating (Eq. (2a)) and
the vector normalization (Eq. (2b)). For the numerical updating, the increment of the weight vector is
determined by the known input vector and the weight updating can be achieved by modulating the analog
property of the memristor nodes [31-33]. However, for the normalizing step, the stored weights require
the in-situ updating by dividing the vector length after numerical updating which depends on complex
external circuits or the mixed software based assistance [12,34]. This will increase the complexity of the
clustering system and result in much more time consumption. To handle this problem, we developed an
in-situ vector L2 normalization scheme in the crossbar array for SKM which reduces the complexity of
updating and ensures that the cosine similarity calculation is appropriate accurately during the training.

In more detail, when the learning rate 7 keeps a small value, the length of the updating vector changes
slightly according to (2a) for each numerical updating step. Therefore, the similarity comparison result
can hardly be affected by a single numerical updating and the robustness of the clustering system will
ignore these errors. However, as the number of numerical updating steps increases, the length changes in
this vector accumulate to a magnitude that can actually affect the accuracy of the similarity computation.
In this circumstance, an influential control parameter « is introduced to measure the degree of length
accumulation. When the length of the stored vector is smaller than the threshold length Ly}, where
Ly = 1 + o, the variation of the vector length L, is considered negligible to the influence of the cosine
similarity and the normalization step is not required. Otherwise, the vector will be L2-normalized.
Further, when L, is considered larger than L, L, actually exceeds Vi, by a very small amount for the
reason that the learning rate 7 is a small value and the length of input vector x keeps one. Thus, for
the updating step, the constant value Ly, is regarded as the length of the vector to be normalized and
L,~ Ly, =1+ a. If ais set to a small value, the updating step in (2b) can convert to (3) with the
Taylor expansion.

Wnew = Wp — QWp. (3)
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Figure 4 (Color online) Illustration of comparing the length of L, with the threshold length Ly, in the memristor array. (a) A
backward read step to obtain the selected stored vector W, in the array; (b) a forward read step to calculate the Lf,; (c) signals
applied to the comparing circuit for the length comparing; (d) the threshold voltage setting for the length comparing.

This equation is the same form as the numerical updating step in (2a) and shares similar updating
operations which ensure consistent data updating process. Here, w, is the weight vector before the
normalization. Therefore, the traditional normalization scheme is greatly simplified by the influential
control parameter v and provides an in-situ updating solution.

Figure 4 shows the operations to compare the length of the L, with the threshold length L, in the
memristor array. A backward read voltage is applied to the BL,, and the output currents indicating the
stored weights will be obtained in the crossbar array (Figure 4(a)). Data conversion and fast temporary
storage blocks are required for the backward reading which can be commonly seen in the in-situ training
systems [31,32,35]. Then the readout values are encoded with forward read voltages and applied to the
pth column. The output current indicates the length L2 (Figure 4(b)). The calculated L? will further be
compared with the threshold length in the comparing circuit. Figure 4(c) shows how to set the threshold
voltage Vi, during the length comparison. Here, we focus much more on the pth column in the output
currents while the currents in the other column will be suppressed by applying bias voltages to the
array [11]. In the comparing circuit for length comparison, the threshold voltage Vi, takes a constant
value which indicates the L3 = (1 + a)? (Figure 4(d)). If the voltage transferred by the pth TIA is
larger than the threshold voltage, the output of the comparator will generate a positive pulse and will
give feedback to the controller to start L2 normalization of the weight.

4 Validation and analysis for DPE based document clustering

In this part, the validity of the proposed clustering scheme as well as the impact of the non-ideal factors
of the DPE is discussed. The BBCSport dataset, consisting of five categories including athletics, cricket,
football, rugby, and tennis, is employed as a benchmark to investigate the memristive document clustering
tasks. The simulation framework of document clustering is mainly realized by the steps shown in Figure 2.
Key steps, including the similarity measurement and weight updating, are achieved in the modeled DPE
where the analog properties of memristors are simulated with the python platform [36]. Figure 5(a)
shows the clustering results where the original data is downscaled to two dimensions with the principal
component analysis. The five categories can be almost perfectly distinguished in different areas of the
two-dimensional plane which indicates the great clustering results with the accuracy of 96.06% against
the software obtained 96.7%. The accuracy evolution as well as the average loss during the training is
displayed in Figure 5(b). The final accuracy, as well as the evolution traces, of the DPE-based simulation,
shows comparable values with the software-based one. However, the average loss of the memristive method
cannot be optimized to the ideal level for the quantized states during the weight mapping. Figure 5(c)
shows part of the updating tendency for the length of a weight vector during training. The weight vector
can be perfectly normalized by (3) once its length reaches the threshold length (here, the threshold length
is 1.3). Thus, the in-situ normalization in the array is proved valid and reliable.

Two main aspects which are influential for the DPE-based clustering system are considered, including
the parameters in the hardware clustering scheme and the non-ideal factors of the memristor cells in
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Figure 5 (Color online) Clustering results of the BBCSport dataset with the simulated memristors. (a) Demonstration of well-
trained classes painted with various colors based on PCA method; (b) evolution traces of the accuracy as well as the average loss
during the training; (c) the length updating during the training process for a weight vector.
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Figure 6 (Color online) Simulation results of the influential factors to the DPE-based document clustering. (a) The influence of
the control parameter a on the clustering process; (b) simulation results of the impact of learning rate on the clustering process.

DPE. As we have discussed earlier, the control parameter «, as well as the learning rate 7, will affect the
similarity results according to (3). Figure 6(a) shows the simulation results of the number of normalization
steps as well as the clustering accuracy with the control parameter a. Clearly, as « increases, the number
of the normalization steps is greatly reduced for the reason that the accumulation of the numerical
updating of the winner vector takes much more time to break through the limitation of L. This will
lessen the operations in the memristor crossbar array and bring much more hardware-friendly. What
is much more essential is that when « is smaller than 0.3, the success rate for data clustering makes
little difference to the software-based one. Even if a gets much bigger (smaller than 0.6), the document
clustering task still obtains acceptable results (around a 90% success rate). Yet once « gets too large,
it is not suitable to apply Taylor expansion to (2b) and the updating progress with (3) will create much
inaccuracy and result in a dramatic decline in the success rate. Meanwhile, Figure 6(b) is the influence
of the learning rate on the normalization number and the accuracy. When 7 is small (less than 0.05),
data quantization in the memristor will lead to invalid numerical updating determined by (2a) and result
in a reduced success rate. But a too-large learning rate (larger than 0.15 here) will make the L, much
larger than Ly, before the data normalization step and make the assumption L, ~ L, invalid and finally
degrade the success rate. Apart from that, n will determine the number of the normalization step linearly
under the same « for the linear increment of vector length. Thus, the normalization steps can be partly
reduced by increasing the learning rate appropriately.

More simulations evaluate the device properties of the memristor and provide a guideline for future
hardware implementation. During the in-situ training, the instability of the memristor array may cause
device failures which lead to write errors and affect the results, especially for the hyper-dimensional data
storage. Here, the stuck-at-fault (STA) defect model is used to evaluate the influence of the device failure
of memristors. Figure 7(a) shows the influence of the memristor array under different ratios of stuck at
0 (the maximum conductance). The result shows that less than 30% stuck at 0 failure of the memristor
nodes can still ensure the success rate of clustering higher than 80%. That is, the zero values in the
sparse hyper vectors match the stuck at 0 failure and degrade the influence of cell failure. But if the
values are stuck at other states of the memristor cells which map non-zero values, the length of vectors
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Figure 7 (Color online) Simulation results of the influential factors to the DPE-based document clustering. (a) Influence of the
memristor array under different ratios of stuck at 0; (b) relationship between the maximum number of failure cells and the average
value Vayg of the failure cells; (c) accuracy distribution under different pulse states; (d) influential discussion of the write noise to
the clustering results.

will be easily larger than the unit one. Assume the ratio of the failure memristors is r and the average
mapped values of the failure memristor is V. Under parameter o = 0.6, the relationship between r and
Vavg Obeys (1+0.6)2—1> N -r- vag = nVaQVg. Where N is the total number of the memristor cells and
n is the number of failure cells. Figure 7(b) illustrates the acceptable maximum number of failure cells
under different Vs with the BBCSport dataset. Results show that the maximum number of failure cells
degrades dramatically when V,y, has a slight increment. This indicates that the performance of SKM is
sensitive to the defect of stuck at non-zero values of device failure. In general, to avoid the influence of
the data failure, the failure memristor cells are suggested to be set to high resistance states (low mapped
values).

Another two main aspects including the conductance states of the memristor and the write noise
for conductance modulation are further discussed in detail. Figure 7(c) shows the distribution of the
success rate of the clustering tasks under different pulse states of the memristor. Being larger than
6 bit, the success rates remain at a similar level and comparable with the software obtained (96.7%).
This indicates that the 6-bit conductance states can provide distinguishable conductance levels to store
the TF-IDF values of the documents. The high-bit requirement of the memristors has been reported
achievable in large-scale crossbar and fabrication which will support our implementation [15,32]. In
addition, low-bit memristor cells can also achieve high-precision calculations through the cooperation of
multiple chips [26,37]. Figure 7(d) shows the inevitable write noise of the device modulation. When the
write noise is small, the conductance can be modulated much closer to the ideal one. But once it gets too
large (larger than 0.04), the in-situ modulation determined by (2a) and (3) will deviate from the original
updating direction and make the in-situ training inaccurate.

Three more open-accessed document datasets, including the BBC news, Google snippets, and the 20
Newsgroups, are used to discuss the complexity of the algorithm. The detailed information of the datasets
is shown in Table 1. The factor N,/N. 3 is used to measure the time complexity in the CPU-based systems
where Ny denotes the number of operations in the computer and Ny is the number of the documents.



Zhou H J, et al. Sci China Inf Sci  February 2022 Vol. 65 122410:9

Table 1 The comparison of the required operations both in the software based system and in the memristive document clusteringa)

Dataset N of classes N of documents N of terms Operations in NS/Ng Operations in
(N¢) (Ng) (Ny) software (Ny) (0(n?)) DPE (N.,)
BBCSport 5 737 13050 ~48.1 M ~88.5
BBC news 5 2225 29395 ~327 M ~66.0
. 3N4 + N,
Google Snippets 8 12340 30642 ~3.02 G ~19.9
20 Newsgroups 20 18846 34118 ~12.9 G ~36.2

a) N, denotes the normalization numbers.

The results show that the Ng /Ng keeps the tens of levels for different datasets which indicate that the
analytical temporal complexity O(N - d) of the original algorithm approximates O(n?) and exhibits high
temporal complexity. For the memristive document clustering method, the number of the operations
keeps 3Ny + N, which shows a linear time complexity. Here, IV, denotes the normalization numbers
and is always smaller than Ny according to the former simulation. 3N, indicates the operations in the
crossbar array, including the cosine similarity calculation (one step) and the vector length computation
(two steps) for each sample. Thus the memristive document clustering method provides a much higher
time efficiency than the conventional one, which will facilitate its usages for data analysis in the era of
data explosion.

5 Conclusion

In conclusion, focused on the cosine similarity acceleration, a memristive document clustering method
utilizing the spherical K-means is proposed, which lowers the clustering complexity from O(N - d) to
O(N). Moreover, an in-situ vector normalization method in the memristor array is introduced to provide
a simple and efficient hardware training scheme for clustering. Simulation results show that this method
not only provides a reliable clustering success rate but also leads to a more hardware-friendly feature
by reducing the normalization steps. The impacts of non-ideal factors of memristive devices, including
the device failure, the quantized states, and the write noise, are discussed in detail, which provides the
guidelines for future hardware implementations. In short, this clustering method demonstrates a much
more efficient way for text data analysis and will benefit the massive data processing tasks.
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