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Abstract—In this paper, we propose MUSE-RNN, a multi-
layer self-evolving recurrent neural network model for real-time
classification of streaming data. Unlike the existing approaches,
MUSE-RNN offers special treatment towards capturing temporal
aspects of data stream through its novel recurrent learning
approach based on the teacher forcing policy. Novelties here
are twofold. First, in contrast to the traditional RNN models,
MUSE-RNN has intrinsic ability to self-adjust its capacity by
growing and pruning hidden nodes as well as layers, to handle
the ever-changing characteristics of data stream. Second, MUSE-
RNN adopts a unique scoring-based layer adaptation mechanism,
which makes it capable of recalling prior tasks, with minimum
exploitation of network parameters. The performance of MUSE-
RNN is evaluated in comparison with a number of state-of-the-
art techniques, using seven popular data streams and continual
learning problems under prequential test-then-train protocol.
Experimental results demonstrate the effectiveness of MUSE-
RNN in stream classification scenario.

Index Terms—Recurrent neural network, Data stream, Online
learning, Evolving network, Classification

I. INTRODUCTION

Real-time classification of data streams [1], [2], such as
phone conversations, sensor data, video surveillance, IP net-
work traffic etc., is of high importance in many of the
application areas demanding on-the-fly processing of the gen-
erated data. However, a stream classification problem is not
a trivial task as it imposes several new challenges which are
quite uncommon to the traditional classification scenario [3].
First of all, a stream classification algorithm must work on
infinite length data, but process it under restricted time and
memory bound. Accordingly, the algorithm should be able to
learn new data in a single-pass and sequential manner in the
absence of old data. Secondly, since the underlying concepts
of the data are subject to change over time, the algorithm
should possess self-evolving property and learn in incremental
fashion, without suffering from the catastrophic forgetting of
previous knowledge [4]. In consequence, stream classification
has gained growing research attention, and a number of
advanced models based on incremental and continual learning
approaches [5], [6], [7] have been proposed recently. However,
despite the significant achievements of these systems in terms
of concept drift detection and adaptation over time, we observe
the following research gaps:

e Majority of these models are based on feed-forward

computation which assume that the data is distributed
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‘not identically, but still independently’ [3], and thus, do
not account for the time dependencies in data stream.
However, there are many real-world data streams, such
as ‘Electricity-pricing’, ‘Weather’, ‘Ozone’ etc. [3], [8],
that show prominent temporal dependence, which can be
observed through autocorrelation analysis of the corre-
sponding data.

o Although recurrent neural networks (RNNs) have in-
trinsic ability to account for temporal dependencies in
sequence learning, the existing works mostly focus on
improving the memorization aspects of RNNs through
variants of control structures as in LSTM (long short
term memory) [9] and GRU (gated recurrent units) [10],
which often make the model too complex to learn through
single scanning of data. Further, the rigid-structure (fixed
no. of nodes and layers) of these models often limits their
capacity, and consequently, they show deterioration in the
presence of concept drift or distributional change in data.

Motivated by these observations, in this paper we attempt
to develop MUSE-RNN, a RNN model with dynamic network
capacity achieved through self-evolving multi-layered structure
to suit stream classification scenario. The idea is to utilize
the recurrent learning power of RNN to model the temporal
aspects of the data streams, and at the same time, to make the
recurrent model adaptive to evolving characteristics of data.

A. Contribution

MUSE-RNN structure is automatically developed from
scratch by growing and pruning hidden units to fit the
characteristics of the data. MUSE-RNN is also capable of
adding hidden layers to its architecture to cope with concept
drifts in the data stream. Further, instead of using complex
control structures, the model adopts ‘hidden layer voting’ and
‘winning layer adaptation’ techniques to help recall prior tasks
with the minimum exploitation of network parameters. Even-
tually, MUSE-RNN becomes fit for sequential learning in the
restricted resource environment of streaming data processing.
Furthermore, the recurrent learning strategy of MUSE-RNN is
driven by ‘teacher forcing’ principle that resolves vanishing
and exploding gradient problems while making the model
capable of capturing temporal nature of data streams. Overall,
the proposed MUSE-RNN is well featured for classifying
data streams with optimal usage of network parameters. The
dynamically adjustable recurrent structure of the model helps
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Fig. 1: Learning mechanism of the proposed MUSE-RNN. [In the training phase, the model utilizes the actual output y (see MUSE-RNN
at right) to guide the classification as per teacher forcing policy, while this is replaced by predicted output 7 during testing phase (see left).]

it to efficiently capture the temporal dependencies in the
data without leveraging complex control structure scattering
much less network parameters than those of popular RNN
models: LSTM, GRU. As far as we concern, this is the
first teacher forcing based autonomous RNN model for data
stream processing. We show empirically that MUSE-RNN is
able to achieve average 12% improvement over the state-
of-the-art accuracy under single-pass learning scenario of
stream classification, evaluated using the standard data stream
evaluation protocol of prequential-test-then-train. Thus, our
major contributions in this work are as follows:

o We propose MUSE-RNN, a novel RNN model which is
able to dynamically construct/adjust its network structure
by growing/pruning hidden units as well as hidden layers;

o We define the feature learning and layer growing in such
a way that it maintains teacher-forcing policy and relieve
MUSE-RNN from gradient calculation for hidden-hidden
recurrent connection;

o We incorporate dynamic layer voting and winning layer
adaptation mechanism in RNN model to appropriately
recall relevant knowledge from past, with minimal usage
of network parameters;

The rest of the paper is organized as follows. Section II,
summarizes the recent and relevant works on streaming data
classification. Section III presents the architectural as well as
learning details of the proposed MUSE-RNN model. Section
IV provides a thorough description of the empirical study
along with the details of datasets, experimental set up, results,
and major findings. Finally, we conclude in Section V.

II. RELATED WORKS

Streaming data classification is one of the hot topics in
recent years and has attracted considerable research attentions.
Most of the existing stream classification methods are based
on incremental or continual learning which ensures learning
of new information without perturbing previously acquired
knowledge [8]. Diverse approaches supporting incremental
learning can be found in the literature. For example, the
incremental learning in progressive neural network (PNN) [11]

is crafted on the creation of fresh network structure whenever a
new task arrives, whereas the dynamically expandable network
(DEN) [12] handles the situation by dynamically growing neu-
rons in the hidden layer and timestamping these. Recently, the
task-based hard attention mechanism (HAT) [13] is proposed
as continual learning model which is a masking technique to
preserve the knowledge of previous tasks without affecting the
learning of current tasks. The ‘attentional mechanism’ is also
employed by Liu et al. [14] for learning personalized classifier
weights with respect to different instances. However, all these
models are built upon fixed-layered network architecture, thus
contributing less in adjusting the network capacity compared
to dynamically changing network layer or depth structure [15].
The recent progress in incremental learning based stream ana-
Iytics can also be noticed in the emergence of various ensemble
models [16]. An ensemble method has advantage over single
classifier model because it controls the bias-variance problem
better, by providing sufficient diversity of its base classifiers.
Incremental bagging and incremental boosting [17] are two
well-known ensemble learning algorithms for streaming data
prediction. Recently, Jung et al. [18] have proposed a variant
of online boosting technique, based on ensemble of decision
trees, which is fit for multiclass classification scenario. A
CNN-based prototype ensemble model has been proposed by
Wang et al. [19] for novel class detection and correction in
incremental learning scenario. Learn++.NSE [4] is another
popular ensemble-based classifier model which trains a new
classifier for each batch of data it receives, and combines these
using dynamically weighted majority voting.

Nevertheless, none of the above-discussed models is de-
signed to capture the temporal dependency from input se-
quence, and definitely, they lose generalization power to some
extent [3]. Though the internal memory of RNN is inherently
capable of handing this issue, the existing RNN models for
data stream analytics are rigid-structured, and thus, inflexible
to address drifts and shifts of data streams. Moreover, the
vanishing and exploding gradient problem, from which RNN
suffers, are addressed using various gating mechanisms [20],



[21] which, however, incur expensive network parameters, and
are hard to train in online learning situation.

III. PROPOSED MODEL: MUSE-RNN

This section covers the architectural as well as algorithmic
details of MUSE-RNN, with respect to stream classification.

A. Problem Formulation

The data stream classification problem can be defined
as the classification of continuously generated data chunks
D = [Dy,Ds, - ,D¢] where the number of chunks (C) and
the distribution of the data are not known apriori. Each chunk
may contain one or more data points/samples [93(1), e :c(T)]
such that 7> 1 and (¥ € RP, where D denotes the input
feature dimension. Further, the sample size may depend in a
random manner on the accumulating data [22]. This limits the
feasibility of direct train-test partitioning methods and requires
the model to be executed under prequential test-then-train pro-
tocol, where the data is first used to test the generative power
of the classifier and then is exploited to update the model.
Moreover, the streaming data is usually temporal in nature,
which is ignored by feed forward network architectures. This
salient trait is addressed here by using a teacher forcing based
recurrent network structure, featuring computationally wise
solution (low network parameters) without any compromise
of vanishing/exploding gradient problem. The fundamental
working principle of MUSE-RNN is visualized in Fig. 1. We
assume that the labels of the current samples become available
when the next data chunk arrives.

B. Architecture

Primarily, the concept of MUSE-RNN uses a combina-
tion of dynamic number of self-configurable hidden layers
(1 £1 < K; K is the total number of hidden layers), all of
which have connections to the output layer and have the ability
to produce multi-class probability (y()) by following the
teacher forcing principle of a recurrent model. The recurrent
architecture and the corresponding unfolded computational
graph of the proposed MUSE-RNN at a particular timestamp ¢
is depicted in Fig. 2. For each time step ¢, the D-dimensional
input is z(Y), the hidden layer activation for any layer [ is
H ((lt)), un-normalized output is 08)) which is further updated

through softmax layer to achieve the predicted output g’]g)) =

softmazx (Og)) ) € RS, where S is the number of classes, and

T
the cross-entropy loss for layer [ is L ;.

Each layer () is either rewarded or penalized based on its
classification performance at each timestamp, and accordingly,
the layer is assigned a voting score (¢;) in a dynamic manner
(refer to Section IILE). The winning layer (ly) in the earlier
timestamp is considered for classifying the current data and is
allowed to update its parameter to acquire the new knowledge.
Thus, the predicted output at ¢ becomes:

59 = sofimas (04),) = softmas (e V1) )

where ¢ € R is the bias for the output layer, Viw) €

R%*¢w is the hidden-to-output layer weight matrix, and

lw = argmaz () i.e. the layer corresponding to the highest
l

voting score which varies dynamically as per classification
performance of the layer throughout all the elapsed time
stamps till (¢ —1). This, in turn, helps to maintain the ‘plastic-
ity’ of the model [5]. Further, in the form of old knowledge,
MUSE-RNN keeps a record for the parameter configuration
of the layer (l;;) producing latest best ever classification
performance and utilizes the same to initialize the parameters
for the newly introduced hidden layer in the forthcoming drift
detection scenario (refer Section IIL.LE). This helps the model
to preserve its ‘stability’ towards retaining existing knowledge.
Thus, MUSE-RNN adopts recurrent learning along with ‘layer
voting’ and ‘layer adaptation’ mechanisms to achieve an
improved recall power that can even maintain the ‘stability-
plasticity’ trade off for overcoming the catastrophic forgetting
situation [13] in a stream classification problem.

C. Parameter Learning

Typically, the hidden layer activation in MUSE-RNN is
measured in terms of hyperplane activation [23], [24] as:

, 2i(®

H(Zl()t) = exp <_77W> where, ¢ = 1,2,---¢; is the
number of hidden units in the [-th hidden layer H ((lt)) at
time t, n is a parameter controlling the activation strength,
and ¢'® = |y(t71)‘1fs'(bzl>+U(l>'iH((é;g>

® 43270 Uy,

from the (¢ — 1)-th data point to the i-th feature in the feature
hyperplane at the [-th layer. Here, |y|; indicates the 1-norm of
y, Uy € R®*P is the input to I-th hidden layer weight matrix,

represents the distance

and H ((é) = 2", It may be noted that the hyperplane-based

activation leads each hidden layer to be implicitly influenced
by the output or summarized information from previous time
stamp without involvement of external weights or parameters.
No external weight matrix is maintained for output-to-hidden
recurrent connection. Consequently, this reduces the number
of network parameters to a great extent, especially when
the network is multi-layered. Further, the use of output-to-
hidden layer connection eventually helps the model to learn
from exact inputs from earlier time stamps as per feacher
Jorcing policy [25]. In case of testing, the original output
y®*=1) is replaced by the predicted output g(*~1) (refer to
Fig. 1), to maintain the constraint of unlabeled data. Since
the output-to-hidden recurrent connection in MUSE-RNN is
not explicit, during parameter updating, the back-propagation
algorithm is applied in isolation to each time stamp. This not
only reduces the computational time but also overcomes the
problem of exploding/vanishing gradient, as encountered in the
generalized back-proEagation-through-time algorithm which is
applied on RNN with hidden-to-hidden recurrent connection.
Accordingly, the gradient computation (using stochastic gra-
dient descent or SGD) in MUEE-RNN for internal nodes at
each time stamp becomes as follows:

oL
_ () _,®
801@) = (Vo(t)L)i = (yz Y; ) 2

VH((;;L = V(ZT) (Vow L) 3)
Once the gradients on the internal nodes are obtained, we

compute the gradients for bias parameters (b,c) and weight
parameters (V(;),U(;)) as follows:

s0®\ "
vt~ (252) (T = (Voo @

— (. g®
Vo L = (mv H{)) o (VHg; L) )
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Fig. 2: MUSE-RNN: Recurrent architecture and unfolded computational graph

TABLE I: Summary of notations used to describe MUSE-RNN
parameter learning

[ Notations | Meaning |
D Input feature dimension
S No. of class
(@ i-th datapoint or sample in a chunk
K Total number of layers in the MUSE-RNN architecture
e Number of hidden units in the [-th hidden layer
H ((lt)) Activation of [-th hidden layer for timestamp ¢
Oglt)) Un-normalized output
g’jg)) Predicted normalized output using layer [
ol Predicted normalized output of MUSE-RNN
y@® Actual output
Uy Score of layer [
lw Wining layer
157 Layer producing best ever classification performance
n Activation strength controlling parameter
L Cross-entropy loss
dzg) Distance from the previous data-point to the ¢-th feature in
the [-th feature hyperplane
b bias for the input layer
c bias for the output layer
U, input layer to {-th hidden layer weight matrix
Vi [-th hidden layer to output layer weight matrix

VvgL = Z

oL T
= (50t 7et? = oo ()"0

—((. g O
VoL = ((mv H(fly) o (VH((;L)L» (7))
where muv corresponds to the maximum of the distances from

sample to the features on the [-th feature plane, at time ¢. Table
I summarizes the notations used in Sections III-B-III-C.

(O]

D. Self-construction of Within Layer Structure

MUSE-RNN features flexible layer structure. The number
of the nodes ¢; per layer [ (1 < | < K) is not fixed. It
starts from scratch with a single hidden node in a single
layer, and then, the count of hidden node is dynamically
adjusted during training phase, depending on the distributional
change in the input data stream. The hidden node growing

and pruning condition in MUSE-RNN is driven by network
significance (NS) [7] which represents the generalization
power of the network in terms of bias and variance: NS =
Var(O) + Bias(0)* = (E[0O?] — E[0]?) + (E[O] — y)* where,
E[O] represents the expectation of un-normalized output from
MUSE-RNN. Note that the NS method in MUSE-RNN has to
be redefined because its original form only covers the case of
sigmoid activation function. For any time instant ¢, the F[O)]
for the MUSE-RNN network can be recursively estimated as
follows: E[O] = [% (¢+V - H)p(H)dH = ¢+ V - E[H],

where E[H| = ffoooe(fmaiw))p(d)dd = e(fmafég)(@)) and

Eld— = £32° _, w, for 1 < i < e p is the

Hidden node growing policy: A hidden node is added
to the winning layer () when the model goes into
underfitting zone, identified by high bias condition:
N’tBias + O—tBiaS Mg:ge + ngﬁw where lU’tBias’ O—tBias
are respectively the mean and the standard deviation of bias
at the t-th time instant, and p'Bi", oi"  correspond to the
same for the minimum bias till the time instant ¢. The value
of 7 is selected as 1.3 exp(—bias?) + 0.7, leading to attain
confidence level in between 50% and 95.2%. The underfitting
situation is resolved by increasing complexity of the network
structure, by introducing more units in the hidden layer.
Once a new hidden node is added to the layer, the associated
parameters (b, U, V) are randomly sampled from the scope
of [-1,1] so that it iI}\creases the interestingness (g) of the
layer feature, ie. G(H,,)) > G(Hq,,), where H,, ) and
H ) denote the activations for the winning layer /y, after
and before the node growth, respectively. The interestingness
G is estimated in terms of Gini index [26]. To be noted, the
estimation of Gini index here is solely based on the current
activation of the winning layer, considering its hidden state
before and after the growing of hidden node. Therefore, this
index value is not at all required to be computed in online
fashion. Further, since the number of hidden units in the
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Fig. 3: A typical scenario of hidden layer adjustment in MUSE-RNN

layer at the given time stamp is not considerably high, the
computation of the Gini index takes negligible time.

Hidden node pruning policy: The goal of pruning hidden unit
is to reduce the network complexity to deal with overfitting
situation which can be identified through high variance condi-
tion: p g, + 0% 4 > 1T + 2x0VE, Where pif,,., 0, are
respectively the mean and standard deviation of the variance
at the t-th time instant, and p{*", " correspond to the
minimum variance till the time instant ¢, respectively. The
X, estimated as 1.3 exp(—Var) + 0.7, is a dynamic constant
controlling the confidence level of the sigma rule. Once high
variance is detected, the hidden unit associated with the least
ever average activation value in the winning layer [y is chosen
for pruning. In other words, the pruning candidate is thc(ff'th
unit in ly, such that k = argmin | limr e ZtT,l HLTW

Fig. 2 depicts a typical instaﬁce of unfolded MUSE-RNN
structure along with hidden unit growing and pruning scenario.

E. Layer Adjustment to Adapt to Concept Drift

A drift situation indicates the inadequacy of acquired
knowledge to describe the new data distribution. In order to
maintain sequential learning, this issue needs to be resolved
without sacrificing the already acquired knowledge over the
observed data distribution. MUSE-RNN handles this situation
by adding more layers in the network and only allowing the
currently best performing layer to adapt with the new data.
Other layers are kept unchanged to retain the old knowledge.

Hidden layer growing policy: The drift scenario is detected
by means of Hoeffding’s error bound technique [27].
When the drift status is signaled (see Algorithm 2), a
new layer [, is added in the network with direct feed
forward connection from and to the input and output layer,
respectively. Further, the new layer activations are computed
in terms of hyperplane activation function which leads to
implicit recurrent connection of [,., to the summarized
information from the output of previous time stamp. This

ensures multi-layer MUSE-RNN learning based on teacher
forcing mechanism. The newly created layer parameters are
initialized with the parameter configuration of the layer (I5;)
producing best ever classification accuracy during the elapsed
time period, i.e. Vi, . < Vi, and Uy, < Ui, . This
helps in immediate recovery from drift situation if the drift
is recurrent. Else, this triggers the model to go back to the
stable situation and learn the new knowledge afresh, without
affecting the present knowledge, since the other layers are
kept frozen. To be noted, the best ever classification accuracy
may not always be the one with the best parameters for
a given specific recurring concept. However, our method
still works desirably because of the following reason. If
the best ever classification accuracy corresponds to the
current recurring concept, definitely the reuse of parameter
configuration helps retaining the performance. Otherwise,
even if the best ever classification accuracy does not
correspond to the current recurring concept, the reuse of its
parameter configuration helps the model achieving divergence
from the latest parameter configuration, and subsequently
provides opportunity to search the solution space in a
different direction, through the parameter updating process in
the next step. MUSE-RNN layer growing policy is pictorially
explained in Fig. 3. Incidentallyy, MUSE-RNN does not
offer any layer pruning facility, since removal of a hidden
layer may lead to catastrophic forgetting situation by sudden
loss of significant amount of knowledge relevant to an old task.

Dynamic adjustment of layer score: The key objective of
layer scoring is to properly recall the knowledge acquired from
data. This is achieved in two ways: firstly, by assigning the
highest score value to the layer producing best classification
performance over the current data stream, and secondly, by
allowing only this winning layer to back propagate the error
derivative and accordingly update its associated parameters
to learn the new knowledge while keeping the other layers
unchanged to retain the old knowledge. This mechanism also
helps MUSE-RNN to achieve diversity and ensures that each
layer is assigned its own zone of influence. For each layer [,
the score value ; € [0, 1] is initialized with its classification
rate when it appears first, and then, the value is dynamically



updated either by rewarding (as per eq. 8) or by penalizing
the layer (as per eq. 9), to reflect its current performance.

Y = min(1, 91 + €) ®)
U = maz(0,¢r — ) (©)

where ¢ € [0, 1] is the score adjustment factor which indicates
the significance of reward or penalty. The eq. 8 and 9 ensure
that the score for each layer remains in between O and 1.
This scoring-based layer adaptation helps in recalling most-
relevant knowledge without any gating mechanism, and thus,
achieves improved memorization power with less exploitation
of network parameter. The overall learning process of pro-
posed MUSE-RNN is presented through Algorithm 1.

Algorithm 1: MUSE-RNN Learning Model

Required: z = [z1, z2, -, xD]T, Input to process
Required: y = [y1, Y2, -, ys] ', Target output /* {m(t) Ly }
t=1,2,...,7T is the data stream

1 /* Variable definition and Initialization */
2 );: Score for the [-th layer
3 ly: Winning hidden layer, or the layer with highest score; Iy = 1;
4 lp: Hidden layer with best ever classification performance; {ps = 1;
5 /* Processing */
6 for DC = 1 to the no.of data chunk in the stream do
7 for t = 1 1o the no.of training data in the chunk DC' do
s Testing Phase:
9 Execute forward propagation computation for all I (1 < I < K)(refer
Section III.C);
10 Generate the output class label as y“) = z?l(;‘)/ (refer Section III.B);
11 /* Dynamic updating of layer score */
12 if (DC==1 and t==1) then
13 for | =1t K do
14 ‘ 1 < classification-rate of [;
15 end
16 end
17 else
18 1, < Update score for [ as per eqs. 8 and 9
19 end
20 Training Phase:
21 /* Drift Detection */
22 Perform drift detection based on the Hoeffding’s error bound
technique. (see Algorithm 2)
23 drift-status=Drift-detection(y,3);
24 if (drift-status==DRIFT) then
25 /* Hidden layer growing */
26 create layer l,,¢,, With feed forward connection from and to
input layer and output layer;
27 Vipew < Vips
28 Ulpew < U’M;
29 classification-rate of [,,¢., <—classification-rate of s
30 Vinew < Pipgs
31 K<+K+1;
32 end
3 if t > 1 then
34 In  layer I (1 <1 < K — 1) performing the best till time
t—1;
35 end
36 lw <« argmazx ()
1
37 Update Iy as per hidden unit growing and pruning policy (refer
Section II1.D)
38 Calculate loss function and execute gradient computation as described
in Section III.B-1II.C;
39 Update weights and biases (refer Section III.C);
40 end
41 end

Algorithm 2: Drift-detection(y,y)

IV. EXPERIMENTAL EVALUATION

The details of experimental evaluation for MUSE-RNN are
thoroughly described in the subsequent subsections.

Required: y € R, Actual class labels
Required: 5 € R®, Predicted class labels

1 /* Initialization */

2 cut : cutting point=data point position (initialized as 1) in the current chunk;

3 /* Determine switching point (Cutting point) */

4 fort =11t T do

5 Estimate accuracy matrices F € RT*S and G € R°“**S such that these
_records 1 if corresponding y # v, else 0;

6 F <+ mean(F);

7 G + mean(G);

8 Calculate Hoeffding error bound errorbg and errorbgs

9 if (ﬁ —+ errorbﬁ < G + errorbé) then

10 cut < t;

1 Estimate accuracy matrices H € R(T—cut) XS quch that it records 1

_if corresponding y # ¥, else 0;

12 H < mean(H);

13 break;

14 end

15 end

16 if |1?I - CA;\ > errorgr;f+ then

17 ‘ driftStatus <— DRIFT /* errory,;s: is predefined

18 end

19 else if errory < \f[ - él < errorp then

driftStatus <— WARNING /* errorw and errorp are predefined
Create data in buffer;

22 end
23 else

S
=

driftStatus < STABLE
Remove data from buffer;

26 end
return driftStatus

N
N

TABLE II: Specifications for the datasets used in experimentation

Datasets Specifications
#Instance] #Attr. | #Target| #Task Characteristics

SUSY 5000000 | 18 2 5000 | Synthetic, stationary

ELECT. 45312 8 2 45 Real, non-stationary with
covariate drifts

HYPER. 120000 4 2 120 Synthetic, non-stationary
with gradual drifts

SEA 100000 3 2 100 Synthetic, non-stationary
with recurring drifts

WEATHER| 18000 8 2 18 Real, non-stationary with
recurring concept drifts

R-MNIST 65000 784 10 65 Synthetic, non-stationary
with abrupt concept drifts

P-MNIST 70000 784 10 70 Synthetic, non-stationary
with recurrent drifts

A. Datasets

We evaluate MUSE-RNN with respect to seven datasets: i)
Susy [28], ii) Electricity-pricing [4], iii) Hyperplane [29], iv)
Sea [30], v) Weather [4], vi) Rotated-MNIST [31], and vii)
Permuted-MNIST [31]. Susy is widely used as data stream for
big data problem, whereas Electricity-pricing, Hyperplance,
and Sea are well-used in literature as examples of data streams
with variants of concept drifts (refer Table II). The Electricity-
pricing and Weather data are real-world data showing promi-
nent temporal aspects. As clearly stated in literature [3], if
the electricity price goes up now, “it is more likely than by
chance to go up again, and vice versa”. This data is highly
autocorrelated with “very clear cyclical peaks at every 24
hours, due to electricity consumption habits”. On the other
sides, the Weather data not only shows cyclical seasonal
changes, but also has long-term climate change effect. Though
the dataset Sea is artificial/synthetic, it is prepared along with
induced recurring environment [4], and consequently, this also
shows temporal dependence. We use Permuted (P)-MNIST and



Rotated (R)-MNIST as two variants of MNIST dataset where
each task contains digits transformed by permutation of pixels
or rotation by fixed angle €[0°,180°], respectively. These two
problems are popular continual learning problems and are put
forward to evaluate against a high input dimension. The details
of all these datasets are summarized in Table II.

B. Baselines

We compare MUSE-RNN with eight recent baselines. All
these algorithms deal with one or more of the various issues
in concept drift scenario, including one-pass learning, learning
of new knowledge and preserving the previous knowledge (i.e.
handling the issue of catastrophic forgetting) and so on. Thus,
these are appropriate as baselines for streaming data analysis.

e PNN [11]: Continual learning algorithm; uses the pro-
gressive network for each new task, and augments it with
adapters and nonlinear lateral connections to keep the
useful knowledge from previous tasks.

« DEN [12]: Extension of PNN; puts forward selective
retraining, splitting and duplicating methods.

o HAT [13]: Continual learning algorithm; based on the
task embedding, maintaining the previous task’s infor-
mation without involving the current task.

o pENsemble+ [32]: Built on the concept of evolving
fuzzy parsimonious classifier; Equipped with online ac-
tive learning and ensemble merging scenarios, which re-
duces operator annotation effort with reduced complexity.

o Incremental Bagging [17]: Online version of ‘Bagging’,
an well-known ensemble learning model, working with
low overhead. However, it requires large execution time.

o Learn++.NSE [4]: Appropriate for dealing with variants
of drift scenarios; Capable of learning in non-stationary
environments. However, it suffers from high structural
complexity and considerably long execution time.

e Online Multiclass (OMC) Boosting [18]: A variant of
online boosting algorithm. Based on ensemble learning;
Uses optimal no. of classifier in the ensemble to achieve
desired accuracy with reduced computational cost.

+ RNN_tanh: Conventional RNN model [25] with single
layer using tanh activation and learning based on back
propagation through time (BPTT).

While comparing with the baselines we tried our best to
ensure fair comparison. We initially started with the same
parameter settings as mentioned in their respective source files
or manuscripts. If their result is surprisingly poor, we tuned
the parameters empirically to achieve the best performance in
every case. However, to be noted, our proposed model (MUSE-
RNN) is not driven by any ad-hoc choice of parameters.

C. Experimental Settings

Our proposed MUSE-RNN and all the above mentioned
benchmark models are executed under ‘prequential test-then-
train’ environment in the same platform of 3.20 GHz Intel(R)
Xeon(R) CPU E5-1650 processor and 16 GB RAM. The
learning rate, control parameter (1), and layer score adjustment
factor (¢) for MUSE-RNN are always fixed at 0.001, 0.05, and

TABLE III: Comparative performance study of MUSE-RNN

Metrics
’ Data Models } CR [AL | PC [ BT Geo) |
PNN 63.04 L 4.08 3 a4 345K
DEN 6315 £ 10.06 | 1 212 3K
HAT 7385 £ 3.18 2 342 6K
. pENsemble+ 7699 T 4.6 19 | 3249 35K
2 OMC-Boosting | 77.13 £ 143 | NA | NA 14K
@ Learn++.NSE - NA NA —
T-Bagging 728 £ 3.1 NA | NA 73K
RNN_tanh 6431E 15 T 312 289K
MUSE-RNN 78.14 + 1.6 10 | 1800 21K
PNN 5784 £ 452 3 1368 51.345
DEN 56.54 L 7.66 T 178 7254
o HAT 56.63 L 8.04 2 242 14557
£ pENsemble+ 72.60E 12.1 I 243 170
= OMC-Boosting | 7727 £457 | NA | NA 568
8 Learn++NSE 7718 £93 | NA | NA 169.88
= T-Bagging 728 £ 10.88 | NA NA 5K
RNN_tanh 65.12EF 721 T 104 75K
MUSE-RNN 78.10 £ 7.6 4 184 117.06
PNN 85.07 £ 7.12 3 560 190.196
DEN 9183 £ 4.17 I 58 202.57
2 HAT 779 £ 10.76 2 98 370.8
K pENsemble+ 37.60L 62 5 75 120
= OMC-Boosting | 86.18 & 3.73 | NA NA 111.74
&: Learn++.NSE 90.35 £ 2.48 NA NA 374
= T-Bagging 8139 £22 | NA | NA 17K
RNN_tanh 7655 £ 2.82 T 30 67K
MUSE-RNN 92.64 + 2.15 3 48 25039
PNN 8487 £ 652 3 353 15246
DEN 7995 £ 1928 | 1 38 169.72
HAT 7465 £ 10.1 2 72 327
PENsemble+ 92.00L 6 5 32 230
g OMC-Boosting | 86.78 £ 385 | NA | NA 7744
Learn++NSE | 90.17 £596 | NA | NA 268
T-Bagging 846 L 13 NA | NA 15K
RNN_tanh 7517 £ 2.94 I ) 57K
MUSE-RNN 92.37 + 6.11 2 28 116.24
PNN 68576 £ 1.05 | 3 1074 17.72
DEN 686 L 4.105 I 12 3119
HAT 6854 £ 3.99 2 247 5474
5 pENsemble+ 78.78L 4 2 3T 280
< OMC-Boosting | 6532 £ 198 | NA | NA 7636
B Learn++.NSE 762 £ 382 | NA | NA 26.64
T-Bagging 7549 £ 344 | NA | NA 18K
RNN_tanh 69.14 L 4.04 T 64 20.15
MUSE-RNN 76.96 £ 6.92 1 21 17.46
PNN 56.19 £ 1094 | 3 70K 12801
DEN 6148 £ 21.75 | 2 | 290K 37107
- HAT 6452 £ 1133 | 2 | 249K | 19059
2] pENsemble+ NA NA NA NA
z OMC-Boosting | 2607 £58 | NA | NA 5K
= Learn++ NSE NA NA | NA NA
w4 T-Bagging NA NA | NA NA
RNN_tanh 6323 £ 754 I 98K 94K
MUSE-RNN 76.27 + 4.9 2 125K 190.01
PNN 6442 £ 8.77 3 70K 152.95
DEN 52.08 £ 22.6 2 | 290K 399.83
. HAT 5964 £ 1888 | 2 | 249K | 207.04
12} pENsemble+ NA NA NA NA
4 OMC-Boosting | 35.58 £ 20.51 NA NA SK
= Learn++NSE NA NA | NA NA
A~ T-Bagging NA NA | NA NA
RNN_tanh 69.62 £ 1136 | 1 98K T0TK
MUSE-RNN | 8387 +£ 1342 | 4 | 200K | 416.10

0.1 for every dataset. The learning performance is evaluated
on four criteria: classification rate (CR), used parameter count
(PC), no. of hidden layers (HL), and execution time (ET).
All the results are recorded as average of five random seeds.
Additionally, we also confirm our model performance through
Wilcoxon statistical tests, considering significance level of 5%.

D. Results and Discussion

The performance of MUSE-RNN, in comparison with
PNN, DEN, HAT, incremental bagging, OMC-boosting,
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Fig. 5: Typical instance of hidden unit adjustment in MUSE-RNN

pENsemble+, Learn++.NSE, and traditional RNN_tanh is
summarized in Table III. For I-bagging, OMC boosting, and
Learn++.NSE, PC=NA and HL=NA, since these are based
on decision tree model. Further, the I-bagging, pENsemble+,
and Learn++.NSE models could not be executed on MNIST
variants, because of the very high dimensionality of the data.
In Figs. 4-5, we additionally show how the number of required
hidden layer and hidden unit in proposed MUSE-RNN model
are prudently adjusted with the ever changing flow of data
stream. We also have performed ablation study considering
MUSE-RNN without hidden unit growing/pruning and
recurrent learning features (refer Table V). On analyzing the
tables and the figures, we can infer the following.

Comparison on classification rate (CR): It is evident that
even with the constraint of single-pass data scanning, the
proposed MUSE-RNN is able to achieve state-of-the-art
classification accuracy for each dataset. From Table III, it can
be noted that the average percentage improvement of MUSE-
RNN over state-of-the-art techniques in classifying Susy,
Electricity-pricing, Hyperplane, Sea, Rotated (R)-MNIST,
and Permuted (P)-MNIST, are more than 7%, 10%, 8%,
8%, 30%, and 23% respectively. The modelling of temporal
dependencies through the dynamically adaptive recurrent
architecture of MUSE-RNN leads the model to attain this
encouraging performance. The ‘dynamic layer voting’ and
‘winning layer adjustment’ further assists MUSE-RNN
to appropriately recall relevant knowledge. Although the

classification rates of pENsemble+, OMC-boosting, and
Learn++.NSE are sometimes very near to that of the MUSE-
RNN for some datasets, these techniques either become
intractable or produce substantially poor performance while
dealing with high dimensional data or high volume of data.
For example, though the performance of pENsemble+ in
case of Weather dataset is slightly higher than MUSE-RNN,
pENsemble+ performs considerably poor in case of other
datasets, such as Electricity pricing, Hyperplane, P-MNIST,
R-MNIST etc. To be noted, pENsemble+ outperforms in case
of weather data primarily because of its intrinsic fuzziness for
handling data-uncertainty. Hence, overall, the performance
of MUSE-RNN is comparatively more consistent over all
the datasets. Further, the average percentage improvement of
MUSE-RNN over fixed structured RNN (using BPTT) model
is more than 13%, and also, it is achieved with notably less
execution time (refer Table III). This demonstrates the worth
of dynamically evolving recurrent architecture of MUSE-RNN
along with implicit teacher-forcing-based learning policy.

Comparison on parameter count (PC) and hidden layer
(HL) requirement: As shown in Table III, though the number
of parameters and layer count for MUSE-RNN are sometimes
found to be higher, the beauty lies in the fact that these hidden
layers and parameter requirements are not prefixed from the
beginning. As depicted in Figs. 4 and 5, the execution of the
proposed MUSE-RNN always starts with only one unit in
a single hidden layer, and then, gradually the hidden layers
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TABLE IV: MUSE-RNN performance validation using statistical test

Models

Datasets Incr- pENs OMC Learn RNN

PNN| DEN| HAT Bagg | emble+ -Boost | ++NSE | _tanh
SUSY X X X X X X — X
ELECT. X X X X X X X X
HYPER. X X X X X X X X
SEA X X X X X X X X
WEATHER| X X X X X X X X
RMNIST X X X X — — — X
P-MNIST | X X X X — — — X

X: Reject the null hypothesis that a model performs better than MUSE-RNN

—: Main experimentation could not be conducted

are increased and the hidden units are added or removed
from the winning layer so as to cope with the time varying
distribution and conceptual drift of the streaming data. This
gradual and on-the-fly structural adjustment helps MUSE-
RNN in achieving desired accuracy with optimal number of
parameters in the classifier model.

For example, in order to use same number of hidden
layers (as finally adjusted by MUSE-RNN for each dataset)
a traditional RNN (with full forward as well as recurrent
connections) needs to deal with substantially larger number
of parameters, whereas MUSE-RNN is able to judiciously
choose subset of these parameters to successfully accomplish
the task (see Fig. 6).

Comparison on Execution Time (ET): From the results
presented in Table III, it may also be noted that even with the
dynamic layer adaptation overhead, MUSE-RNN is able to
achieve acceptable accuracy within reasonable time. Though
OMC-boosting needs comparatively less time to produce
almost similar accuracy in case of Susy and Electricity
datasets, the accuracy of OMC-boosting is considerably poor
compared to MUSE-RNN for the other datasets, especially
for those with high input feature dimension.

Results of statistical tests: The performance of MUSE-RNN
is also validated using Wilcoxon statistical test, as summarized
in Table IV. The results validate that, in every case, the
proposed MUSE-RNN performs statistically better or similar
classification compared to the other considered models with a
significance level of 5%.

Results of ablation study: The results of ablation study for
our proposed MUSE-RNN model is summarized in the Table

TABLE V: Summary of the ablation study for MUSE-RNN

Ablation Datasets [ Metrics

Scheme [ CR [ HL | PC [ ET (sec) |
= > Susy 76.56 £1.93 9 31K 22K
3 5 [ Flecricity | 72.58 £ 1084 | 2 20 70.15
= = § [ Hyperplane | 91.73  2.36 3 70 261.92
9835 Sea 8739 £ 7.28 2 32 117.50
§_E § £ Weather 7445 £ 4.56 2 90 17.82
§ETE [ RMNIST | 7109 £310 | 3 | 220K 21K
AZE 8 [ PMNST | 822 E£1329 | 4 240K T9K
= ° Susy 76.11 £ 1.35 10 40 20K
€ 5 [ Ekcricly | B3 E716 | 4 18 13211
= Eg § Hyperplane 88.46 £ 2.2 3 18 242.19
98 3% Sea 84.40 £ 7.56 2 10 115.94
§_E g E Weather 7418 £ 6.21 1 13 15.83
§=TE [ RMNST | 1964£18 | 3 809 1514
&2 E &% [ P-MNST 1881 £ 1.77 4 317 161.93
= ° Susy 78.04 £ 2.82 9 10.6K 15K
3 £ [ Blecuicity | 6345 F 8.82 3 304 2874
= = J_“j Hyperplane 90.62 £ 3.61 1 30 50.81
93 Ew Sea 89.08 £ 7.67 1 74 4320
§_E = E Weather 71.10 £ 6.10 T 35 7.57
SS B & [ RMNIST | 7437 £ 856 2 200K 632.64
&2 22 [T PMNST | 80.16F 1427 3 220K 564.05

V. It can be noted from the table that, in case the hidden layer
pruning feature is removed from MUSE-RNN, the number
of parameter requirements, and hence the execution time is
increased substantially. However, the classification rate of the
model shows no improvement, and rather, it is deteriorated
to some extent because of the over-fitting issue. On the other
side, if the hidden unit growing feature is removed from the
proposed MUSE-RNN, then the number of parameter require-
ment, and hence, the computational time is reduced to certain
extent. However, this leads to a considerable deterioration of
the model performance because of the insufficient usage of the
parameters and the under-fitting issue. Thus, the ablation study
further demonstrates the effectiveness of the fully autonomous
and self-evolving property of the proposed MUSE-RNN.

In order to assess the effectiveness of recurrent learning
for modeling temporal aspects of the data streams, we use
another ablation scheme, where the recurrent learning feature
of the model is removed. The recurrent learning capability of
MUSE-RNN is primarily originated by default due to the use
of hyperplane activation in the hidden layer. Hence, in this
scheme, we simply replace the hyperplane activation with the
standard sigmoid activation. Interestingly, it can be noted from
the Table V that without recurrent learning feature, though
the execution time is certainly reduced, the classification per-
formance of the model is significantly deteriorated especially
for those data streams that show high degree of temporal
dependency, such as Electricity pricing, Weather, and Sea.

Overall, the empirical study reveals that the dynamically
evolving recurrent network model, as adopted in our proposed
MUSE-RNN, have enough potentials to perform desirably
under the data stream classification scenario. Whether the
improved classification performance of MUSE-RNN is due
to its ability to do deal with concept drift or due to its ability
to capture temporal dependencies can be decided based on
the property of the considered dataset as well as the other
algorithm with which we are comparing. For example, the
DEN algorithm is primarily proposed to deal with online
learning and catastrophic forgetting issues of concept drift han-



dling. Thus, the better performance of MUSE-RNN compared
to DEN over the Electricity dataset seems due to temporal
dependence modeling ability of MUSE-RNN. Contrarily, the
better performance of MUSE-RNN compared to DEN over the
R-MNIST dataset (showing no temporal dependence) seems
due to better concept drift handling ability of MUSE-RNN.

V. CONCLUSIONS

This paper proposes a novel recurrent network model,
called MUSE-RNN, for real-time classification of streaming
data with a special treatment towards capturing the temporal
aspects of the data as well. The proposed MUSE-RNN learns
under teacher forcing environment in single-pass manner and
features automatic layer construction as well as adjustment
capability. Further, MUSE-RNN has an unique property of
recalling prior tasks with minimum exploitation of network
parameters. Comparative studies with recently proposed in-
cremental and continual learning techniques show that MUSE-
RNN is able to produce comparable or even better accuracy
in stream classification scenario. Ample scopes remain in
future to further extend MUSE-RNN with added convolution
mechanism to deal with complex image streams. In order
to support reproducible research initiative, source code of
MUSE-RNN along with sample datasets has been shared!.
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