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Abstract—We consider echo state networks (ESNs) for text
classification. More specifically, we investigate the learning ca-
pabilities of ESNs with pre-trained word embedding as input
features, trained on the IMDb and TREC sentiment and ques-
tion classification datasets, respectively. First, we introduce a
customized training paradigm for the processing of multiple
input time series (the inputs texts) associated with categorical
targets (their corresponding classes). For sentiment tasks, we
use an additional frozen attention mechanism which is based
on an external lexicon, and hence requires only negligible
computational cost. Within this paradigm, ESNs can be trained
in tens of seconds on a GPU. We show that ESNs significantly
outperform their Ridge regression baselines provided with the
same embedded features. ESNs also compete with classical Bi-
LSTM networks while keeping a training time of up to 23 times
faster. These results show that ESNs can be considered as robust,
efficient and fast candidates for text classification tasks. Overall,
this study falls within the context of light and fast-to-train models
for NLP.

Index Terms—reservoir computing, echo state networks, nat-
ural language processing, text classification

I. INTRODUCTION

Recurrent neural networks (RNNs) refer to the class of
artificial neural networks that contain recurrently intercon-
nected units. This architecture endows the networks with
valuable memory capabilities, making them ideal candidates
for the learning of sequential data. Nowadays, recurrent neural
networks are mainly used in the form of LSTM or GRU-
like architectures and achieve remarkable learning capabilities
in many domains [1]. However, the performance of these
networks comes at a certain price: RNNs are hard to train [2].

Echo State Networks (ESNs) are specific types of recurrent
neural networks that are fast-to-train and particularly well-
suited for temporal tasks [3–6].1 An ESN consists of an input
layer projecting onto a sparse, recurrent and random reservoir
of neurons, itself projecting onto an output layer (cf. Figure 1).
During training, the input and reservoir weights remain fixed,
and only the output weights are learned – generally via simple
regression-like methods. In this architecture, the recurrent

1A similar bio-inspired approach was introduced independently under the
name of Liquid State Machines (LSMs) [7, 8].

reservoir first performs a non-linear transformation of the
sequential inputs, and the output layer then computes a simple
mapping of the transformed inputs. Thus, ESNs can be con-
sidered as a temporal kernel method [9]. ESNs are easily and
quickly trainable models that have been successfully applied to
a wide variety of machine learning problems [9, 10]. Recently,
they have been expanded into deeper architectures [11].

In the field of natural language processing (NLP), text
classification tasks represent a major topic with numerous
applications in business intelligence, marketing, finance, and
politics, among others [12, 13]. In this domain like in many
other applicative areas of machine learning, classical methods
like linear Support Vector Machines [14] have nowadays
been mainly supplanted by highly efficient deep learning
approaches [15]. But deep methods often require a large
amount of training data and can be slow to train.

Due to their recurrent nature as well as their simplicity of
training, and because input texts are specific kinds of sequen-
tial data, ESNs represent a relevant fit for natural language
processing problems. In fact, ESNs have already been used in
the context of NLP. For instance, in an early seminal work, a
first RNN-based language model not far from the reservoir
computing approach was introduced by Elman [16]. More
recently, a series of studies considering ESNs in the context
of grammatical inference with applications in human-robot
interaction has been proposed [17–21]. Furthermore, ESNs
have been used in the context of named-entity recognition
(NER), thus involving word-level rather than sentence-level
classification features [23]. ESNs have also been used for text
classification [22, 24], yet with different approaches from ours,
resulting in significantly slower training times [24]. A more
detailed discussion of these methods is provided in Section IV.

Here, we pursue the study of ESNs for text classification
tasks. More specifically, we investigate the learning capabili-
ties of ESNs with pre-trained word embedding as input fea-
tures, trained on the IMDb and TREC sentiment and question
classification datasets, respectively. First, we introduce a cus-
tomized training paradigm for the processing of multiple input
time series (the successive embedded texts) associated with



categorical targets (their corresponding classes). For sentiment
tasks, we make use of an external lexicon in order to build a
straightforward frozen attention mechanism that requires only
negligible computational cost. Within this paradigm, ESNs
can be trained in tens of seconds on a GPU. We show
that ESNs significantly outperform their Ridge regression
baselines provided with the same embedded features. ESNs
also compete with classical Bi-LSTM networks while keeping
a training time of up to 23 times faster, depending on he
dataset. These results show that ESNs can be considered as
robust, efficient and fast candidates for text classification tasks.
Overall, this study falls within the context of light and fast-
to-train models for NLP.

II. ECHO STATE NETWORKS

A. Definition
An echo state network (ESN) is a recurrent neural network

composed of Nu input units, Nx hidden units composing
the so-called reservoir, and Ny output units (cf. Figure 1).
The input units project onto the reservoir, which is itself
recurrently connected, and projects onto the output units.
The input-to-reservoir, reservoir-to-reservoir and reservoir-to-
output connections are respectively given by the following
weight matrices

Win ∈ RNx×(1+Nu)

Wres ∈ RNx×Nx

Wout ∈ RNy×(1+Nx)

where W(j, i) is the weight of the directed connection from
cell i to cell j, for W ∈ {Win,Wres,Wout}, and the first
columns of Win and Wout represent the biases of the reservoir
and output cells, respectively.

… …

Win
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Fig. 1: An echo state network. The network consists of an input layer, a
reservoir and an output layer connected together by the weights matrices
Win, Wres and Wout. The weights from Win and Wres are fixed, while
those from Wout (in red) are trainable.

In this work, we consider Leaky Integrator ESNs. The
inputs, reservoir state and outputs of the network at time t > 0
are denoted by u(t) ∈ RNu , x(t) ∈ RNx and y(t) ∈ RNy ,
respectively. The state x(0) is the initial state. The dynamics
of the network is then given by the following equations:

x̃(t+ 1) = fres (Win[1,u(t+ 1)] + Wresx(t)) (1)
x(t+ 1) = (1− α)x(t) + αx̃(t+ 1) (2)
y(t+ 1) = fout (Wout[1,x(t+ 1)]) (3)

where [a,b] denotes the concatenation of a and b, x(0) is the
initial state, fres and fout are the activation functions of the
reservoir and output cells (applied component-wise), and α is
the leaking rate (0 ≤ α ≤ 1). The leaking rate controls the
update speed of the reservoir dynamics: larger leaking rates
mean faster reacting reservoirs, since the contribution of the
previous state in the updating process is reduced [10].

The input weights Win are initialized randomly from a
uniform distribution U(−a, a), where a is the input scaling.
The input scaling determines the extent of nonlinearity of the
reservoir response: in fact, larger input scalings will drive the
reservoir units into larger activation values, where fres operates
in a more non-linear regime [10]. The input weights Win are
kept fixed during the whole training process.

The reservoir weights Wres are drawn from the uniform
distribution U(−1, 1), and then randomly set to 0 with a
sparsity rate of 99%. Afterwards, Wres is rescaled such that
the spectral radius2 of the matrix W = (1 − α)I + αWres,
denoted by ρ(W), is equal to some desired value ρ < 1.
Formally, setting

Wres :=
ρ− (1− α)

αρ(Wres)
Wres

ensures that ρ(W) = (1 − α) + αρ(Wres) = ρ < 1. The
reservoir weights Wres are also kept fixed during training.

The rescaling of Wres is performed with the aim to
satisfy the echo state property (ESP) – a set of mathemat-
ical conditions under which a consistent learning can be
achieved [3, 25, 26]. Intuitively, the ESP states that, as the
network processes its successive inputs, the induced reservoir
states should depend less and less on the initial conditions
and more and more on the input history – until asymptotically
acting as an “echo” of the past inputs only. In practice,
choosing some spectral radius ρ < 1 and rescaling Wres

such that ρ((1 − α)I + αWres) = ρ ensures that the echo
state property is satisfied in most situations [9, 10]. The
spectral radius ρ modulates the effect of the past inputs on
the successive reservoir states: larger spectral radii correspond
to longer input memories [10].

In an ESN, only the output weights Wout are trained. The
training process can be described as follows. Consider some
training set S composed of temporal inputs and associated
targets, i.e.,

S =
{(

u(t),ytarget(t)
)

: t = 1, . . . , T
}
.

Let x(1), . . . ,x(T ) and y(1), . . . ,y(T ) be the successive
reservoir states and predictions obtained when running the
ENS on inputs u(1), . . . ,u(T ), respectively (cf. Equa-
tions (1)–(3)). Then, the output weights Wout are computed
by minimizing some cost function L of the predictions and
targets via any desired learning algorithm. Usually, some
initial transient of the ESN dynamics is used as a warm-
up of the reservoir, and Wout is computed on the basis of

2The spectral radius of a matrix W, denoted by ρ(W), is the largest
absolute value of the eigenvalues of W.



the remaining suffix of collected states, predictions and and
targets [10]. Note that an ESN with Nx reservoir units contains
only |Wout| = Ny × (1 + Nx) learning parameters (e.g.,
2002 parameters for an ESN of size 1000 used for binary
classification).

In this study, we simply let Wout be given by the closed-
form solution of a Ridge regression, i.e.,

Wout
T = (XTX + λI)−1XTytarget

where X and ytarget are the row-wise concatenations of
reservoir states and targets, respectively, and λ ∈ R+ is the
regularization parameter.

B. Many-to-one training paradigm

Classical temporal tasks involve time series where each
point is associated with a corresponding target. By contrast,
in the present case, the task comprises multiple time series as
inputs – the successive embedded texts – each of which being
associated with only one output target – its corresponding
class. We propose a customized training process targeted at
this many-to-one paradigm.

Consider some training set composed of input texts (τi)
T
i=1

associated with classes (ytarget
i )Ti=1:

S =
{(
τi,y

target
i

)
: i = 1, . . . , T

}
.

Let E be some word embedding of dimensions D which maps
every text τi onto the matrix Eτi ∈ R|τi|×D, where the rows
of Eτi are the successive embedded words of τi. The many-
to-one training procedure, illustrated in Figure 2, is described
as follows:

1) Warm up: Run the ESN freely on a sufficiently large
embedded text and record the final reservoir state xwarm,
referred to as the warm state.

2) Embedding + ESN + merging: For each text τi:
a) Initialize the reservoir state to xwarm.
b) Embed text τi into the matrix Eτi ∈ R|τi|×D.
c) Run the ESN on the sucessive inputs Eτi ∈

R|τi|×D and collect the corresponding reservoir
states Xτi ∈ R|τi|×Nx . The rows of Xτi are the
reservoir states obtained by running the ESN on
the rows of Eτi .

d) Apply a merging strategy ms : R|τi|×Nx → RNx in
order to transform the sequence of reservoir states
Xτi into a single merged state xτi = ms(Xτi).

3) Training: Consider the new training set composed
of merged states (xτi)

T
i=1 and associated targets

(ytarget
i )Ti=1:

S ′ =
{(

xτi ,y
target
i

)
: i = 1, . . . , T

}
,

and compute Wout as the closed-form solution of a
Ridge regression for this supervised learning problem.

Two main merging strategies are considered:
• Mean: each merged state xτi is simply the mean of the

reservoir states (rows) of Xτi , i.e., xτi = 1
|τi|1

TXτi .

• Lexicon mean: each merged state xτi is a weighted mean
of the reservoir states of Xτi . The chosen weights are
not learned but fixed. They are determined on the basis
of the pre-annotated lexicon of the Semantic Orientation
CALculator (SO-CAL), which associates each word x
from the corpus with a polar sentiment score sent(x) ∈
[−5, 5] [27]. On that basis, each state (row) Xτi,k of Xτi

is associated with a positive weight3 wτi,k given by

wτi,k =

1 + 2|sent(τi.k)| if the k-th word τi.k of τi
is in the lexicon,

1 otherwise

for k = 1, . . . , |τi|. The merged state xτi is then given
by the weighted mean of the reservoir states (rows)
of Xτi , i.e., xτi = 1∑

k wτi,k
wT
τiXτi where wτi =

(wτi,1, . . . , wτi,|τi|). Note that the computation wτi only
requires |τi| lookup operations in the lexicon, and no
learning process.

For the sake of comparison, we also tested the absence of
merging strategy – called the none merging strategy – as used
in a previous study [22]. This case corresponds to a many-to-
many training paradigm. For each i = 1, . . . , T , the successive
reservoir states (rows)

(
Xτi,k

)|τi|
k=1

of Xτi are not merged
but associated with the same duplicated target ytarget

i . These
considerations lead to the extended training set

S ′′ =
{(

Xτi,k,y
target
i

)
: i = 1, . . . , T and k = 1, . . . , |τi|

}
.

The output weights Wout are then computed as the solution of
a Ridge regression for this new supervised learning problem.
In this context, the processing of each embedded input text Eτi
induces a sequence of predictions 〈yi,1, . . . ,yi,|τi|〉, instead of
a single one (cf. Equations (1)–(3)). The final prediction yi as-
sociated with embedded input text Eτi is then given as the av-
erage of the output sequence, i.e., yi := avg〈yi,1, . . . ,yi,|τi|〉.

Both many-to-one “mean” and “lexicon mean” merging
strategies have the advantage of keeping the cardinality of the
training set to the number of text samples (|S ′| = T ). But they
also have the disadvantage of aggregating the reservoir state
dynamics in a relatively coarse manner. Still, the strategies
turn out to work surprisingly well in practice. The many-to-
many “none” merging strategy results in drastically reduced
performance, both in terms of accuracy and training time.

C. Pre-trained embeddings

In this work, four classical pre-trained word embeddings of
the same dimension 300 are considered: fastText en 300d [28],
GloVe 6B-300d, GloVe 42B-300d and GloVe 840B-300d [29].
For the main results, we focused on GloVe 840B-300d. Once
downloaded, the computational cost of the embedding process
reduces to simple lookup matrix operations.

3The weighted mean strategy imposes the consideration of positive weights.
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<latexit sha1_base64="IQfadZGrtqbm7XrAuBJL7LN+oEY=">AAACEnicbVDLSsNAFJ3UV42vqks3g0XQTUmKosuCG91VsA9oQ5lMbtqhk0mYmYgl9Bvc+CtuXCji1pU7/8ZJW0RbDwwczrmXO+f4CWdKO86XVVhaXlldK67bG5tb2zul3b2milNJoUFjHsu2TxRwJqChmebQTiSQyOfQ8oeXud+6A6lYLG71KAEvIn3BQkaJNlKvdNL1oc9ERkFokGP7WiSpVljDvVZ2F0Tw4/RKZafiTIAXiTsjZTRDvVf67AYxTSOzTzlRquM6ifYyIjWjHMZ2N1WQEDokfegYKkgEyssmkcb4yCgBDmNpntB4ov7eyEik1CjyzWRE9EDNe7n4n9dJdXjhZSyPCYJOD4UpxzrGeT84YBKo5iNDCJXM/BXTAZGEmhJUXoI7H3mRNKsV96zi3FTLtdNZHUV0gA7RMXLROaqhK1RHDUTRA3pCL+jVerSerTfrfTpasGY7++gPrI9vwz2eGA==</latexit>

Inputs texts

<latexit sha1_base64="7aDFZ3QCipMPFOIkWzAPXfml/FI=">AAACIXicbVDLSgMxFM34rOOr6tJNsAh1U2aKYpcFNy4r2Ad0Ssmkt21oJhmSjFKG/oobf8WNC0W6E3/GtB1BWw8EDuecy809YcyZNp736aytb2xubed23N29/YPD/NFxQ8tEUahTyaVqhUQDZwLqhhkOrVgBiUIOzXB0M/ObD6A0k+LejGPoRGQgWJ9RYqzUzVeCEAZMpBSEATVxZWLixOBHYIOh0TgI3KKWPJmFL9wARO8n2c0XvJI3B14lfkYKKEOtm58GPUmTyI5TTrRu+15sOilRhlEOEzdINMSEjsgA2pYKEoHupPMLJ/jcKj3cl8o+YfBc/T2RkkjrcRTaZETMUC97M/E/r52YfqWTMmGPBkEXi/oJx0biWV24xxRQw8eWEKqY/SumQ6IItR1o15bgL5+8Shrlkn9V8u7KheplVkcOnaIzVEQ+ukZVdItqqI4oekIv6A29O8/Oq/PhTBfRNSebOUF/4Hx9A33FpEU=</latexit>

output weights
(solution)

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>

<latexit sha1_base64="A2/vf2I1nkJgSOx0OuBGKd9l95w=">AAAB/nicbVDLSsNAFJ34rPUVFVdugq3gqiQVH8uCG5cV7AOaECbTSTt0MgkzN0IJAX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ0g4U2Db38bK6tr6xmZlq7q9s7u3bx4cdlWcSkI7JOax7AdYUc4E7QADTvuJpDgKOO0Fk9vC7z1SqVgsHmCaUC/CI8FCRjBoyTeP626EYRyEWT/3Mxdw6l/kdd+s2Q17BmuZOCWpoRJt3/xyhzFJIyqAcKzUwLET8DIsgRFO86qbKppgMsEjOtBU4IgqL5vFz60zrQytMJb6CbBm6u+NDEdKTaNATxZZ1aJXiP95gxTCGy9jIkmBCjI/FKbcgtgqurCGTFICfKoJJpLprBYZY4kJ6MaqugRn8cvLpNtsOJcN+75Za12VdVTQCTpF58hB16iF7lAbdRBBGXpGr+jNeDJejHfjYz66YpQ7R+gPjM8f6ZKVaA==</latexit>

X⌧3

<latexit sha1_base64="5CAYHGeSBVuCaGS+appuE6OA/5Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkpS8LEsuHFZwT6gCWEynbRDJw9mboQSAv6KGxeKuPU73Pk3TtostPXAwOGce7lnjp8IrsCyvo3K2vrG5lZ1u7azu7d/YB4e9VScSsq6NBaxHPhEMcEj1gUOgg0SyUjoC9b3p7eF339kUvE4eoBZwtyQjCMecEpAS5550nBCAhM/yAa5lzlAUq+VNzyzbjWtOfAqsUtSRyU6nvnljGKahiwCKohSQ9tKwM2IBE4Fy2tOqlhC6JSM2VDTiIRMudk8fo7PtTLCQSz1iwDP1d8bGQmVmoW+niyyqmWvEP/zhikEN27GoyQFFtHFoSAVGGJcdIFHXDIKYqYJoZLrrJhOiCQUdGM1XYK9/OVV0ms17cumdd+qt6/KOqroFJ2hC2Sja9RGd6iDuoiiDD2jV/RmPBkvxrvxsRitGOXOMfoD4/MH6AyVZw==</latexit>

X⌧2

<latexit sha1_base64="BJ7JgSJYFQE4d1vok4WTSKJg30Q=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAVXJWk4GNZcOOygn1AE8JkOmmHTh7MTIQSAv6KGxeKuPU73Pk3TtostPXAwOGce7lnjp9wJpVlfRuVtfWNza3qdm1nd2//wDw86sk4FYR2ScxjMfCxpJxFtKuY4nSQCIpDn9O+P70t/P4jFZLF0YOaJdQN8ThiASNYackzTxpOiNXED7JB7mWOwqln5w3PrFtNaw60SuyS1KFExzO/nFFM0pBGinAs5dC2EuVmWChGOM1rTippgskUj+lQ0wiHVLrZPH6OzrUyQkEs9IsUmqu/NzIcSjkLfT1ZZJXLXiH+5w1TFdy4GYuSVNGILA4FKUcqRkUXaMQEJYrPNMFEMJ0VkQkWmCjdWE2XYC9/eZX0Wk37smndt+rtq7KOKpzCGVyADdfQhjvoQBcIZPAMr/BmPBkvxrvxsRitGOXOMfyB8fkD5oaVZg==</latexit>

X⌧1

…
<latexit sha1_base64="IsgGROUSwcx96vdj6ROmyuQsIFk=">AAACGXicbVDLSgMxFM34rOOr6tJNsAiuykxRdFlw47KKfUCnlEzmThuaSYYkUyhDf8ONv+LGhSIudeXfmD4QbT0QOJxzLjf3hCln2njel7Oyura+sVnYcrd3dvf2iweHDS0zRaFOJZeqFRINnAmoG2Y4tFIFJAk5NMPB9cRvDkFpJsW9GaXQSUhPsJhRYqzULXpBCD0mcgrCgBq7d6BBDSVTOAhcbYgB7QYgop9At1jyyt4UeJn4c1JCc9S6xY8gkjRL7DzlROu276WmkxNlGOUwdoNMQ0rogPSgbakgCehOPr1sjE+tEuFYKvuEwVP190ROEq1HSWiTCTF9vehNxP+8dmbiq07ORJoZEHS2KM44NhJPasIRU0ANH1lCqGL2r5j2iSLUlqAnJfiLJy+TRqXsX5S920qpej6vo4CO0Qk6Qz66RFV0g2qojih6QE/oBb06j86z8+a8z6IrznzmCP2B8/kNzfugug==</latexit>

Reservoir
states

<latexit sha1_base64="vmVTtKYUe31tlNDIOxBU23EmJK8=">AAACG3icbVDLSsNAFJ3UV42vqEs3g0VwVZKC2GVBBFdS0T6gKWUyvWmHTiZhZiKUkP9w46+4caGIK8GFf+P0gWjrgQuHc+7l3nuChDOlXffLKqysrq1vFDftre2d3T1n/6Cp4lRSaNCYx7IdEAWcCWhopjm0EwkkCji0gtHFxG/dg1QsFnd6nEA3IgPBQkaJNlLPqWR+ENp+AAMmMk2ClBOZZ5TmdqWMfd++vL22fRD9H8/Oe07JLbtT4GXizUkJzVHvOR9+P6ZpBEJTTpTqeG6iuxmRmlEOue2nChJCR2QAHUMFiUB1s+lvOT4xSh+HsTQlNJ6qvycyEik1jgLTGRE9VIveRPzP66Q6rHYzJpJUg6CzRWHKsY7xJCjcZxKo5mNDCJXM3IrpkEhCtYnTNiF4iy8vk2al7J2V3ZtKqVadx1FER+gYnSIPnaMaukJ11EAUPaAn9IJerUfr2Xqz3metBWs+c4j+wPr8Bp6hoHs=</latexit>

2.
ESN

<latexit sha1_base64="BuK/k67NWw0ongpQd0rcjnXeoDM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURY8FL56kgqmFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHLZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8sdwdDPzH5+4NiJRDzhOeRDTgRKRYBSt5Ffvelm1V664NXcOskq8nFQgR7NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkla95l3W3Pt6pXGRx1GEEziFc/DgChpwC03wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A+fkjgo=</latexit>

Nu

<latexit sha1_base64="BuK/k67NWw0ongpQd0rcjnXeoDM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURY8FL56kgqmFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHLZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8sdwdDPzH5+4NiJRDzhOeRDTgRKRYBSt5Ffvelm1V664NXcOskq8nFQgR7NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkla95l3W3Pt6pXGRx1GEEziFc/DgChpwC03wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A+fkjgo=</latexit>

Nu

<latexit sha1_base64="BuK/k67NWw0ongpQd0rcjnXeoDM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURY8FL56kgqmFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHLZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8sdwdDPzH5+4NiJRDzhOeRDTgRKRYBSt5Ffvelm1V664NXcOskq8nFQgR7NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkla95l3W3Pt6pXGRx1GEEziFc/DgChpwC03wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A+fkjgo=</latexit>

Nu

<latexit sha1_base64="G5gxFH8ynSY5mohmH55XI24rXq4=">AAAB/nicbVDLSsNAFJ34rPUVFVduBlvBVUkKPpYFEVxWsA9oQphMJ+3QyYOZG6GEgL/ixoUibv0Od/6NkzYLbT0wcDjnXu6Z4yeCK7Csb2NldW19Y7OyVd3e2d3bNw8OuypOJWUdGotY9n2imOAR6wAHwfqJZCT0Bev5k5vC7z0yqXgcPcA0YW5IRhEPOCWgJc88rjshgbEfZLe5lzlAUs/O655ZsxrWDHiZ2CWpoRJtz/xyhjFNQxYBFUSpgW0l4GZEAqeC5VUnVSwhdEJGbKBpREKm3GwWP8dnWhniIJb6RYBn6u+NjIRKTUNfTxZZ1aJXiP95gxSCazfjUZICi+j8UJAKDDEuusBDLhkFMdWEUMl1VkzHRBIKurGqLsFe/PIy6TYb9kXDum/WWpdlHRV0gk7RObLRFWqhO9RGHURRhp7RK3oznowX4934mI+uGOXOEfoD4/MHyOmVUw==</latexit>

E⌧1

<latexit sha1_base64="n3eUQn8wn74jBKLrpTot8AxLJH0=">AAAB/nicbVDLSsNAFJ34rPUVFVduBlvBVUkKPpYFEVxWsA9oQphMJ+3QyYOZG6GEgL/ixoUibv0Od/6NkzYLbT0wcDjnXu6Z4yeCK7Csb2NldW19Y7OyVd3e2d3bNw8OuypOJWUdGotY9n2imOAR6wAHwfqJZCT0Bev5k5vC7z0yqXgcPcA0YW5IRhEPOCWgJc88rjshgbEfZLe5lzlAUq+Z1z2zZjWsGfAysUtSQyXanvnlDGOahiwCKohSA9tKwM2IBE4Fy6tOqlhC6ISM2EDTiIRMudksfo7PtDLEQSz1iwDP1N8bGQmVmoa+niyyqkWvEP/zBikE127GoyQFFtH5oSAVGGJcdIGHXDIKYqoJoZLrrJiOiSQUdGNVXYK9+OVl0m027IuGdd+stS7LOiroBJ2ic2SjK9RCd6iNOoiiDD2jV/RmPBkvxrvxMR9dMcqdI/QHxucPym+VVA==</latexit>

E⌧2

<latexit sha1_base64="Y8Ug14264hf0HKPzG/vbxMImlyY=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAVXJWk4mNZEMFlBfuAJoTJdNIOnTyYmQglBPwVNy4Ucet3uPNvnLZZaOuBgcM593LPHD/hTCrL+jZKK6tr6xvlzcrW9s7unrl/0JFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3wz9buPVEgWRw9qklA3xMOIBYxgpSXPPKo5IVYjP8hucy9zFE6987zmmVWrbs2AloldkCoUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd5xUklTTAZ4yHtaxrhkEo3m8XP0alWBiiIhX6RQjP190aGQyknoa8np1nlojcV//P6qQqu3YxFSapoROaHgpQjFaNpF2jABCWKTzTBRDCdFZERFpgo3VhFl2AvfnmZdBp1+6Ju3TeqzcuijjIcwwmcgQ1X0IQ7aEEbCGTwDK/wZjwZL8a78TEfLRnFziH8gfH5A8v1lVU=</latexit>

E⌧3

…
<latexit sha1_base64="ZYz098tM6i12l+S/d/NiVTM650g=">AAACF3icbVDLSsNAFJ34rPEVdelmsAiuSlIUXRZEcFnBPqApZTK5aYdOJmFmIpbQv3Djr7hxoYhb3fk3Ttsg2npg4HDOPdy5J0g5U9p1v6yl5ZXVtfXShr25tb2z6+ztN1WSSQoNmvBEtgOigDMBDc00h3YqgcQBh1YwvJz4rTuQiiXiVo9S6MakL1jEKNFG6jkVP4A+EzkFoUGO7as4gDCEEPu+reFeK9sHEf7YPafsVtwp8CLxClJGBeo959MPE5rFJk85Uarjuanu5kRqRjmMbT9TkBI6JH3oGCpIDKqbT+8a42OjhDhKpHlC46n6O5GTWKlRHJjJmOiBmvcm4n9eJ9PRRTdnIs00CDpbFGUc6wRPSsIhk0A1HxlCqGTmr5gOiCTUlKAmJXjzJy+SZrXinVXcm2q5dlrUUUKH6AidIA+doxq6RnXUQBQ9oCf0gl6tR+vZerPeZ6NLVpE5QH9gfXwDti6fkw==</latexit>

Embedded
texts

<latexit sha1_base64="pABY/pRJauZxbEcH8b7zz00+YV8=">AAACIXicbVDLSgMxFM34rOOr6tJNsAiuyowgdlkQwWUF+4BOKUnmThuayQxJRijD/Iobf8WNC0W6E3/G9IFo64HA4ZxzubmHpoJr43mfztr6xubWdmnH3d3bPzgsHx23dJIpBk2WiER1KNEguISm4UZAJ1VAYiqgTUc3U7/9CErzRD6YcQq9mAwkjzgjxkr9ci0PaOQGFAZc5obQTBBV5IwVrl/FQeDexhTCkMuBG4AMfxJu0S9XvKo3A14l/oJU0AKNfnkShAnLYpCGCaJ11/dS08uJMpwJKNwg05ASNiID6FoqSQy6l88uLPC5VUIcJco+afBM/T2Rk1jrcUxtMiZmqJe9qfif181MVOvlXKaZAcnmi6JMYJPgaV045AqYEWNLCFPc/hWzIVGEGVuqa0vwl09eJa3Lqn9V9e4vK/Xaoo4SOkVn6AL56BrV0R1qoCZi6Am9oDf07jw7r86HM5lH15zFzAn6A+frG+WLo08=</latexit>

1.
Embedding

<latexit sha1_base64="MRW//JIWHfOilO1k6fCFYYDFfi8="></latexit>

4.
Learning
algorithm
(RR, . . . )

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>

Nx

<latexit sha1_base64="KrXsuXIYcFv075XkUM+wBo+qY0k=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnosePEkFdxaaJeSTbNtaDZZkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJ9IrlUnRBrypmgvmGG006iKI5DTh/C8fXMf3ikSjMp7s0koUGMh4JFjGBjJb9623+q9ssVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5J2veY1ahd39UqzkcdRhBM4hXPw4BKacAMt8IEAg2d4hTdHOC/Ou/OxaC04+cwx/IHz+QPtuY4R</latexit>
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Merged
states

Fig. 2: Customized training paradigm of an echo state network. Horizontal
rectangles represent vectors. Empty rectangles represent padding null vectors
enabling batch parallelization of the training process. 1. Embedding: each
raw input text is tokenized and embedded into a sequence of input vectors
(green). 2. ESN: input vectors (green) are passed through the ESN with
“warm” initial state (yellow), producing corresponding reservoir states (blue).
3. Merging strategy: reservoir states are merged into a single merged state
(blue). The process is repeated for all input texts. 4. Learning algorithm: the
output weights Wout are computed as the solution of a supervised learning
problem whose inputs and outputs are the merged reservoir states (blue) and
the categorical targets (red), respectively (dashed rectangle).

D. Datasets

In this study, the standard IMDb dataset for binary sentiment
classification as well as the benchmark TREC-6 and TREC-50
datasets for fine-grained question classification are considered.
In this way, two different domains of text classification and
different class granularities are represented. The datasets are
described in more detail below.

IMDb. The Large Movie Review Dataset (IMDb) is a
balanced dataset for binary sentiment classification composed
of 50′000 movie reviews from IMDB labeled as positive or
negative [30].

TREC. The Text REtrieval Conference dataset (TREC) for
question classification consists of 5′952 open-domain, fact-
based questions divided into broad semantic categories [31].
It has both a six-class (TREC-6) and a fifty-class (TREC-50)
version.

E. Implementation and hyperparameter tuning
The model was implemented in PyTorch 1.5.0 and the code

run on 1 GPU (32 GB of memory) of a NVIDIA V100.
The hyperparameters of interest are the input scaling a, the

leaking rate α, the spectral radius ρ and the regularization
parameter λ. For each dataset, the tuning of a, α and ρ
was performed by a grid search on 20% of the training set,
using 3-fold cross validation and averaging over random 5
seeds, in order to attenuate the initialization effect of the ESN.
Afterwards, for each reservoir size, the best hyperparameters
a, α and ρ were kept fixed, and an additional tuning of λ was
performed via linear search.

III. RESULTS

This section analyzes the learning performance of ESNs on
the IMDb and TREC datasets and compares it with that of
corresponding RR-baselines and benchmark models.

A. Effect of embedding
We show that the quality of the pre-trained embedding

plays a significant role in the performance of the network.
In fact, contrary to what might be assumed at first sight,
the representational properties of the embedding are actually
preserved through the random input projection and reservoir
trandsformation Win and Wres, respectively.

This feature might be explained as follows. Since the input
and reservoir weights Win and Wres are not learned but
kept fixed, they are fixed finite-dimensional linear operators
between normed spaces. Hence, Win and Wres are bounded
operators, and thus, are Lipschitz continuous. By composition
of Lipschitz functions, the right hand side of Equation 2,
denoted by Φ(u(t + 1)), is also a Lipschitz function. This
means that there exists L ∈ R+ such that ‖Φ(u)− Φ(u′)‖ ≤
L ‖u− u′‖ for all u,u′ ∈ RNu . In other words, if L is not
too large, the distance between embedded features is preserved
through the input and reservoir projections.

These considerations are empirically confirmed by our
analyses. We trained an ESN of size 1000 as well as its
Ridge regression (RR) baseline (cf. Section III-B for a formal
definition), both with the merging strategy “mean”, on the
IMDb dataset. The following four pre-trained embeddings
of dimension 300 are used as input features: fastText en
300d [28], GloVe 6B-300d, GloVe 42B-300d and GloVe
840B-300d [29]. The test accuracies as a function of the
embeddings are reported in Figure 3. For the RR-baseline, the
accuracy for fasttext.en.300d is surprisingly larger than that for
glove.6B.300d. More complex GloVe embeddings then lead to
better performance. For the ESN, more complex embeddings
consistently lead to significantly better accuracies. The highest
improvement is achieved when passing from glove.6B.300d
to glove.42B.300d. The same pattern is observed for other
datasets.

B. Effect of the reservoir
By definition, the ESNs considered here consist of a pre-

trained embedding layer (EMB), followed by a reservoir trans-
formation (RES), followed by a Ridge regression layer (RR).
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Fig. 3: Test accuracy of an ESN of reservoir size 1000 and its RR-baseline,
both with the merging strategy “mean”, on the IMDb dataset. Four pre-trained
embeddings of dimension 300 are used as input features: fasttext.en.300d,
glove.6B.300d, glove.42B.300d and glove.840B.300d. For the ESN, results
are averaged over 10 random seeds. The points and errors bar represent the
means and standard deviations of the results, respectively.

For each ESN, we define its corresponding Ridge regression
baseline (RR-baseline) as the model composed of the pre-
trained embedding layer (EMB) directly followed by the Ridge
regression layer (RR). In this way, the comparison between an
ESN (EMB + RES + RR) and its corresponding RR-baseline
(EMB + RR) allows us to properly assess the contribution of
the reservoir to the classification results.

The accuracy of ESNs with different reservoir sizes together
with that of their corresponding RR-baselines are reported in
Figure 4 and Tables I–III. All ESNs and associated baselines
use the pre-trained embedding glove.840B.300d. The hyperpa-
rameters (input scaling a, leaking rate α and spectral radius ρ
and regularization parameter λ) were obtained via grid search
as described in Section II-E. The results are averaged over
5 random seeds. For RR-baselines, λ was also optimized
via linear search. Since these methods are deterministic, no
multiple seeds were used.

For all datasets and all merging strategies, the ESNs out-
perform their corresponding RR-baselines significantly. Re-
garding IMDb, the ESNs with reservoir size 500 already
surpass their RR-baselines. Moreover, the accuracy increases
monotonously with the reservoir size, but flattens for larger
reservoirs. For reservoirs of size 5000, the ESNs exceed
their baselines by about 2.5 points of accuracy. For TREC-6
and TREC-50, The ESNs also significantly surpass their RR-
baselines, from a reservoir size of 500 onwards. For TREC-6,
the accuracy increases up to a reservoir of 3000, and then stag-
nates for larger reservoirs. This effect may reflect an overfitting
behavior of large reservoirs, or might be due to a non-optimal
grid search for the optimization of hyperparameters. We would
lean towards the second alternative. In this case, the ESNs with
reservoir size 5000 outperform their RR-baselines by up to 12
points of accuracy. For TREC-50, the trend is monotonously
increasing, with even a bouncing effect for large reservoirs.
Here, the ESNs with reservoir size 5000 considerably surpass
their RR-baselines by about 19 points of accuracy.

These results show that the temporal dynamics captured by
the reservoir drastically improves the classification results.
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Fig. 4: Performance of ESNs, RR-baselines and Bi-LSTM over the datasets
IMDb, TREC-6 and TREC-50. Blue and red solid traces: Test accuracy of
ESNs with increasing reservoir size using the ‘lexicon mean” (blue trace) and
the “mean” (red trace) merging strategies, respectively. Results are averaged
over 5 random seeds: the points and associated error bars represent the
means and standard deviations of the accuracy, respectively. Blue and red
dashed traces: Test accuracy of RR-baselines with ‘lexicon mean’ (blue trace)
and “mean’ (red trace) merging strategies, respectively. Black traces: Test
accuracy of Bi-LSTM with 2× 128 units trained during 50 epochs. Results
are averaged over 5 random seeds. Dashed lines and shaded areas around
them represent the mean and standard deviation of the accuracy, respectively.

C. Effect of merging strategies

Both “mean” and “lexicon mean” merging strategies have
the great advantage of keeping the cardinality of the training
set to the number of texts only (|S ′| = T ). This characteristic



enables a fast training process. On the other hand, the “mean”
strategy has the disadvantage of aggregating the reservoir
states in a coarse way. The “lexicon mean” is more refined, but
targeted at sentiment tasks only, due to the very nature of the
SO-CAL lexicon. It can be regarded as a rudimentary frozen
attention mechanism with negligible additional computational
cost. Accordingly, it doesn’t increase the training time. The
“none” merging strategy, by contrast, increases the cardinality
of the training set from |S ′| = T to |S ′′| =

∑T
i=1 |τi|, resulting

in an increased training time.
The results for the ESNs and their RR-baselines are reported

in Tables I–III. For RR-baselines, we see that the “none”
merging strategy leads to drastically inferior performance than
its competitors, both in terms of accuracy and training time
(e.g., for IMDb, the “none”, “mean” and “lex. mean” merging
strategies lead to accuracies of 76.25%, 85.11% and 86.06%,
respectively). The largest performance gap is observed for
the TREC-50 dataset, where the “none” and “mean” merging
strategies lead to accuracies of 27.40% and 65.20%, respec-
tively. The significant performance drop of the “none” merging
strategy was also consistently observed in the context of ESNs,
and for all datasets. Consequently, the study of this strategy
has eventually been discarded.

We now focus on the “mean” and “lexicon mean” merging
strategies for ESNs. As expected, in the context of a sen-
timent task (IMDb), the “lexicon mean” strategy performs
significantly better than the “mean” one, providing a gain
of about 0.7 accuracy point while maintaining an equivalent
training time (cf. Figure 4 and Table I). For non-sentiment
tasks (TREC-6, TREC-50), the “lexicon mean” strategy either
slightly degrades or tend to coincide with the performance of
the “mean” (cf. Figure 4 and Table II–III). For TREC-50, the
performance of the “mean” and “lexicon mean” strategies are
surprisingly similar.

Overall, despite their simplicity, both merging strategies
work surprisingly well. For the sentiment task, the added value
of the “lexicon mean” strategy is significant.

D. Comparison with Bi-LSTM and state-of-the-art models

LSTM and Bi-LSTM networks represent benchmark ap-
proaches for prediction and classification of sequential data. In
the context of text classification, several state-of-the-art models
are based on improved Bi-LSTM architectures [32].

In order to compare the performance of ESNs to that of
benchmark models, we trained a standard Bi-LSTM network
on the IMDb and TREC datasets. The network is composed
of 1 hidden layer with 2 × 128 units. The cross-entropy
loss and Adam optimizer with default parameters were used,
and training was performed during 50 epochs. Results are
reported in Figure 4 and Tables I–III. We see that ESN with
sufficiently large reservoir size significantly outperform the Bi-
LSTM networks. More importantly, we see that the training
time of the ESNs is from 4 to more than 20 times faster
than that of the Bi-LSTM networks. The difference in training
time is more important for large datasets and small number
of classes. Indeed, on TREC-50 and TREC-6, the training of

ESNs is about 4 and 10 times faster than that of the Bi-LSTM,
respectively. On IMDB, if is about 23 times faster. Clearly,
increasing the number of layers and units of the Bi-LSTM
networks would eventually lead to an over-performance of
these models over the ESNs. But the training time and number
of parameters would also be drastically increased.

As far as state-of-the-art models are concerned, on IMDB,
the best reported model achieves an accuracy of 96.21% [33]
(cf. NLP-progress). On TREC-6 and TREC-50, best models
reach the remarkable accuracy of 98.07% [34] and 97.2% [35],
respectively (cf. NLP-progress). For IMDB and TREC-6, those
best models are children of the “transformer revolution” [36,
37]. They are composed of transformer-like deep feedforward
(and not recurrent) architectures, and are pre-trained on huge
corpora before being fine-tuned on downstream tasks.

IMDb
Accuracy (%) Training time (sec.)

RR (none) 76.25 16.97 (batch=64)4

RR (mean) 85.11 3.74 (batch=2048)
RR (lex. mean) 86.06 2.49 (batch=2048)
Bi-SLTM (128) 87.14± 0.40 899.32± 4.01
ESN (5000, mean) 87.78± 0.11 38.47± 0.14
ESN (5000, lex. mean) 88.46± 0.08 39.10± 0.23

Table I: Test accuracy and training time of the RR-baselines, Bi-LSTM
and ESNs over the IMDb dataset. ESNs and RR-baselines are trained with
the merging strategies “mean” and “lexicon mean”. ESNs size is 5000 (see
Figure 4 for other reservoir sizes). Bi-LSTM contains 1 hidden layer of 2×128
units and is trained during 50 epochs. All results are averaged over 5 seeds.

TREC-6
Accuracy (%) Training time (sec.)

RR (none) 56.20 1.92 (batch=2048)
RR (mean) 81.80 0.42 (batch=2048)
RR (lex. mean) 78.80 0.13 (batch=2048)
Bi-SLTM (128) 88.65± 0.38 27.04± 5.11
ESN (3000, mean) 91.12± 0.48 2.64± 0.12
ESN (4000, lex. mean) 90.72± 0.66 4.35± 0.09

Table II: Test accuracy and training time of the RR-baselines, Bi-LSTM and
ESNs over the TREC-6 dataset.

TREC-50
Accuracy (%) Training time (sec.)

RR (none) 27.40 1.81 (batch=2048)
RR (mean) 65.20 0.15 (batch=2048)
RR (lex. mean) 65.40 0.13 (batch=2048)
Bi-SLTM (128) 79.56± 1.43 27.12± 0.93
ESN (5000, mean) 83.96± 0.23 7.02± 0.14
ESN (5000, lex. mean) 83.32± 0.27 7.13± 0.23

Table III: Test accuracy and training time of the RR-baselines, Bi-LSTM and
ESNs over the TREC-50 dataset.

IV. DISCUSSION

Regarding previous works, an important reservoir comput-
ing approach to grammatical inference with further applica-
tions in human-robot interaction has been proposed [17–21].
These studies are of a biological inspiration, exploiting the
homology between the cortico-striatal system and reservoir



computing. In this context, the system is able to learn and
predict in real-time the grammatical functions of successive
semantic words (object, predicate, agent, recipient) contained
in a sentence – with the aim to reconstructing its coded
meaning. The nature of this task imposes a many-to-many
training paradigm.

More recently, ESNs have been used on an authorship
attribution task [22]. In this context, the ESNs are enhanced
with three embedding as well as one feature extractor layers,
all of them trained via gradient descent. Despite the many-to-
one nature of the task, the networks are trained in a many-
to-may manner corresponding to the “none” merging strategy
described in the paper (use duplicated targets to achieve a 1-1
mapping between input words and targets). Results show that
ESNs compete with SVM methods.

ESNs have also been used in the context of named entity
recognition (NER) [23]. Here, various pre-trained embeddings
are also used as features. Bi-directional ESNs with logistic
regression or deep readout layers are trained via gradient
descent. The NER task imposes a many-to-many training
scheme. The method achieves competitive results in terms of
accuracy and training times.

Finally, a relevant attention-based ESN model has been
proposed in the context of question classification [24]. In this
study, a multi-ring reservoir topology is considered. The many-
to-one training scheme is achieved through the consideration
of a self-attention mechanism which concatenates the bidirec-
tional reservoir dynamics into a single contextual vector. The
enhanced model is trained via gradient descent. The model
achieves a high accuracy on the TREC-6 dataset (93.5%±0.9)
with reasonable training time (65±8 seconds). By comparison,
our model achieves an accuracy of 91.12% ± 0.48 and a
training time of 2.64± 0.12 seconds on the same dataset. No
other dataset is considered in their study.

V. CONCLUSION

We studied the the learning capabilities of ESNs with pre-
trained word embedding as input features on two text classi-
fication tasks: sentiment analysis and question classification.
More specifically, we first proposed a customized training
paradigm targeted to the many-to-one nature of the tasks.
In this context, the many-to-one reduction of the networks’
dynamics is achieved by means of straightforward merging
strategies. This simplified representation of the sequential
inputs is actually capable of retaining relevant information
from the ESN dynamics. As a result, competitive performance
with extremely fast training times are obtained.

Nowadays, state-of-the-art NLP models achieve remarkable
performance on more and more complex tasks. Oftentimes, the
best models are children of the “transformer revolution” [36,
37]. In this context, the consideration of deep feedforward
architectures coupled with attention mechanisms and a specific
2-step training paradigm – pre-training and fine-tuning – are
capable of surpassing the power of recurrent architectures. But
those models are often monstrous in terms resources, even
if very recently, a lot of progress has been made towards

the design of smaller, faster, cheaper and lighter versions of
them [38].

In contrast, this study falls within the context of light and
fast-to-train NLP models. Our choice of rudimentary merging
strategies, as opposed to trainable attention-based ones, has
been made with the intention of prioritizing the size and speed
of the models. Our results show that ESNs can be considered
as robust, efficient and fast ML methods for text classification.

ACKNOWLEDGMENTS

This work was partially supported by the Czech Science
Foundation under grant number GA19-05704S. The authors
are grateful to Playtika Ltd. for contributing to an inspiring
R&D environment.

REFERENCES

[1] K. Greff, R. K. Srivastava, J. Koutnı̀k, B. R. Steunebrink,
and J. Schmidhuber, “LSTM: A search space odyssey,”
IEEE Transactions on Neural Networks and Learning
Systems, vol. 28, no. 10, pp. 2222–2232, 2017.

[2] Y. Bengio, P. Y. Simard, and P. Frasconi, “Learning long-
term dependencies with gradient descent is difficult,”
IEEE Trans. Neural Networks, vol. 5, no. 2, pp. 157–
166, 1994.

[3] H. Jaeger, “The “echo state” approach to analysing and
training recurrent neural networks,” GMD - German
National Research Institute for Computer Science, GMD
Report 148, 2001.

[4] ——, “Short term memory in echo state networks,” GMD
- German National Research Institute for Computer Sci-
ence, GMD-Report 152, 2002.

[5] H. Jaeger and H. Haas, “Harnessing nonlinearity: Pre-
dicting chaotic systems and saving energy in wireless
communication,” Science, vol. 304, no. 5667, pp. 78–80,
2004.

[6] H. Jaeger, “Echo state network,” Scholarpedia, vol. 2,
no. 9, p. 2330, 2007.

[7] W. Maass and H. Markram, “On the computational power
of circuits of spiking neurons,” J. Comput. Syst. Sci.,
vol. 69, no. 4, pp. 593–616, 2004.
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