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Abstract— Individuals exhibit different levels of cognitive
load for a given mental task. Measurement of cognitive load
can enable real-time personalized content generation for
distant learning, usability testing of applications on mobile
devices and other areas related to human interactions.
Electroencephalogram (EEG) signals can be used to analyze the
brain-signals and measure the cognitive load. We have used a
low cost and commercially available neuro-headset as the EEG
device. A universal model, generated by supervised learning
algorithms, for different levels of cognitive load cannot work
for all individuals due to the issue of normalization. In this
paper, we propose an unsupervised approach for measuring the
level of cognitive load on an individual for a given stimulus.
Results indicate that the unsupervised approach is comparable
and sometimes better than supervised (e.g. support vector
machine) method. Further, in the unsupervised domain, the
Component based Fuzzy c-Means (CFCM) outperforms the
traditional Fuzzy c-Means (FCM) in terms of the measurement
accuracy of the cognitive load.

[. INTRODUCTION

HE definition of cognitive load, according to Wikipedia

is the “load related to the executive control of working
memory” [1]. In simpler words, it is the amount of load
experienced, by the working memory, to perform a task. The
cognitive load mostly depends on working memory capacity
[2]. An optimum level [3] of cognitive load for an individual
is desirable, in order to perform a task in a satisfactory
manner. Various application use cases ranging from
monitoring pilots [4] to normal truck drivers [5], adaptive
learning systems [6] and practical training sessions [7]
demand for real-time monitoring of individuals’ cognitive
loads, user-interface (UI) evaluation and testing [8] [9].
Apart from the mission critical activities, the need for
constant monitoring of cognitive load can be realistic only if
the EEG measuring device is of low cost and easy to wear.
Recently, a couple of such devices are available (neuro-
headset from Emotive [10] and Neurosky [11]) which have
reinforced the research in such application areas.

The EEG signals have been successfully used in various
motor control applications [12] [13] [14]. Most of the
cognitive load related works use functional magnetic
resonance imaging (fMRI) [15], functional near infrared
spectroscope (fNIRs) [16], positron emission tomography
(PET) [17] etc. Alternately pupil dilation [18] and galvanic
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skin responses [19] have been used to detect the stress,
anxiety and cognitive load. Statistical approaches are used to
measure the cognitive load for students [20] without using
any EEG device. There have been limited amount of work
done in measurement of cognitive loads with low cost EEG
devices.

In the present work, we have used the 14 leads Emotive
EEG device which is wearable on the head. Though it is low
cost and easily available, a practical problem lies in the
repeatability of the EEG signals. In this regard there are two
issues — intensity and signal range variation among different
individuals and the variation for same individual for
different trials. The reason for the first one is mainly due to
the difference in the shape of the head or scalp for different
individuals. The second variation is due to spatial shift in the
positioning of the leads from one trial to another for the
same individual. This is usually termed as normalization
issue. Models generated using supervised learning cannot
address this unless the EEG signals are normalized before
training. Hence in this paper, we have proposed an
unsupervised approach for measurement of cognitive load.

The objective is to identify the stimulus that imparts
higher cognitive load to an individual than another stimulus
using the EEG signals. In order to achieve the same, initially
the EEG signals are split into sliding windows of few
seconds (~10 sec.). These raw EEG signal are fed into the
input of CSP (Common Spatial Pattern) [21] to filter out the
two most widely separated signals based on their variance.
These CSP filtered signals are then used to extract the
meaningful features to be used for determining the level of
cognitive load imparted by a stimulus (dataset). In the
present paper we focus on two levels of the cognitive load —
low and high. Standard Fuzzy c-Means (FCM) and its
extension Component-wise Fuzzy c-Means (CFCM)
algorithms have been used as the unsupervised approach. A
comparison is performed with the supervised approach using
a standard SVM (Support Vector Machine) classifier to
generate the training model and classify the test dataset
using the feature set. One example of classifying EEG
signals using SVM classifier is explained in [22]. The use of
unsupervised approach to measure different levels of
cognitive loads overcomes the issues related to
normalization and relaxes the need for initial training of
individual users before the measurements. Therefore the
unsupervised approach enhances its wide spread
applicability for any real-time measurement of cognitive



load in any educational institute as well as professional
pedagogical (or training) institute.

The paper is organized as follows. Section II provides the
details of Test Stimuli used for the experiment. In section III
we have described the data acquisition tool and the details of
proposed methodology. Section IV gives the details of the
experiments conducted, followed by the results and
performance analysis in section V. Finally the paper is
concluded in section VI.

II. DESIGN OF TEST STIMULI

The cognitive load can be broadly classified into three
types — Intrinsic, Extraneous and Germane [23]. Each of
these types effect the learning and decision making process
of an individual. Intrinsic load refers to the complexity of the
task. The additional load due to the method of presentation
of the task refers to Extraneous load. The load due to
learning a new technology or schema refers to the Germane
load. In the current work, we have used three different types
of stimulus namely — (i) Stroop Test [24] — this is mostly
Extraneous load (ii) Generic UI usability Test — Extraneous
load and (iii) Logical reasoning — mostly Germane load. For
generic GUI usability test, we have used two different
onscreen keyboard layouts (Fig. 5 and Fig. 6) which can be
operated by a remote control. These two layouts were
compared on the basis of user-friendliness. All of the above
stimuli are having varying Intrinsic load.

Each of these stimuli is constituted for two levels of
complexity — low and high as detailed below.

A. Stimuli for Stroop test

In typical Stroop test the users are asked to read out the
colours of each text in each slide while wearing the EEG
headset. Typical example of Stroop slides used for two
levels of cognitive loads are shown in Fig. 1 and Fig. 2.

In Fig. 1 (for low cognitive load) the name of the colour
was printed in a colour denoted by the name while in Fig. 2
(for high cognitive load) the name was printed in a colour
not denoted by the name. In both the cases the users were
asked to read the colour inferred by the text instead of name
of the colour.

Fig. 1. Stroop slide for low cognitive load.

Fig. 2. Stroop slide for high cognitive load.

B. Logical reasoning test

In this test a set of logical reasoning questions having
different levels of cognitive loads were designed. The
questions are prepared based on the laws of propositional
logic as described in [25]. Questions containing single
logical error were designed to impart low cognitive load
whereas questions containing multiple logical error imparted
high cognitive load. The experimental test set consisted of
three slides for low load and three slides for high load.
Typical examples of such slides are shown in Fig. 3 and Fig.
4 for low and high cognitive load respectively.

Rule: (x>2) or (y<1) Rule:
=4
if *[(x>=2) or (y>3)] then z=2+1

Problem: Find valid x,y pair else f (1>2) then z=2-1

1.y=0, 152 Problem: if output is z=3, then valid x is
1.x33

2.y=0, x=1 3 520

3.y=0, x=4 3. x=1

Fig. 3. Question for low load. Fig. 4. Question for high load.

C. Typing using onscreen-keyboards

In this experiment, the users are asked to type some
phrases using two different onscreen layouts shown in Fig. 5
and Fig. 6. Theoretical model (KLM-GOMS) as well as
extensive user study establishes the fact that the Hierarchical
layout imparts lower cognitive load compared to QWERTY
layout [26] [27]. The test phrases are taken from
Mackenzie’s standard phrase sets [28]. The average length
of the phrases selected is 20 characters.

lCE
Delete

Fig. 5. Hierarchical keyboard layout.
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Fig. 6. QWERTY keyboard layout.

III. PROPOSED METHODOLOGY

The objective of this research is to compare the



performance of supervised and unsupervised classification
methodologies while classifying the cognitive load. While
performing the tasks, the EEG signals are acquired from the
users. As the time intervals for executing tasks for different
stimuli are different, we apply dynamic time wrapping
algorithm [29] to align them in the same time-scale.

A. EEG data acquisition and analysis tool

For recording the EEG signals, we have used 14—channel
Emotiv neuro-headset. The device uses a standard 10-20
electrode configuration for channel fixing. The sampling
frequency of the device was set to 128Hz. The raw EEG data
acquired was pre-filtered using a notch filter at power line
frequency. The device also provides two reference channels
(DRL, CMS) at P3/P4 locations offering good spatial
resolution. The headset is shown in Fig. 7.

The acquired EEG data are processed in a window by
window basis. Window size is defined based on the
maximum discrimination of Cognitive Score (CS) between
high and low cognitive loads. A typical window size of 10
sec has been experimentally chosen based on the Stroop test
dataset [25].

Fig. 7. Emotive neuro-headset.

The raw EEG signal (in a particular window) suffers from
poor spatial resolution. Hence we used CSP filters to
maximize the variance of band-pass filtered EEG signals
from one class while minimizing that from other class [21].
From these filtered signals, EEG features are extracted. The
features used in the present work are log variance [30],
Hjorth parameters [31] [32] and different band power
estimates [33] [34].

The feature vectors thus obtained are then fed to both
supervised and unsupervised learning algorithms to finally
measure the level of the cognitive load on the users.

B. Classification of cognitive load using supervised
learning

A standard Support Vector Machine (SVM) classifier is
used to classify the cognitive load of users. For the purpose
of training, EEG data from standard Stroop test undertaken
by a group of users have been used. This trained model is
further used to classify the EEG data obtained from the same
set of users exposed to two different sets of stimuli. Here in
our experiments, different on-screen keyboard layouts and
logical reasoning problems are used as two different testing
stimuli as explained in [22], [25].

C. Classification of cognitive load using unsupervised
learning

EEG signals generated from the same individual at
different instances for the same stimulus do not remain the
same because of the normalization issues as discussed
before. Thus it becomes absolutely necessary to train the
classifier for individual users every time we need to measure
the cognitive load of that user to achieve best performance
of the classifier. This may not be feasible under all
circumstances. To overcome this difficulty we have opted
for unsupervised learning algorithms for differentiating the
levels of cognitive loads. In an unsupervised learning
algorithm, data points are grouped into two or more clusters
based on the data similarity. In the present work we have
used traditional FCM algorithm and an extension of the
traditional Fuzzy c-Means algorithm called Component-wise
Fuzzy c-Means (CFCM) algorithm [35] and have compared
their performances while measuring the cognitive load for
two levels.

Traditional FCM is an unsupervised algorithm, where
each data points are induced by a membership value which
is a function of the distance measure of the data point from
the cluster centers. It is an iterative process of finding the
cluster centers based on these membership values. At the
end of each iteration, the membership values are used for
hard assignment of the data points to one of the clusters.

But in CFCM, instead of giving an overall membership
for a data point, each individual dimensions of the data-point
are assigned a membership of belongingness to a cluster.
This enhances the performance of clustering where odd
parametric values of one or fewer dimensions lead to a bad
clustering of data points. However instead of giving a
complete freedom, these individual memberships of
belongingness at component level is further aggregated
while calculating the cluster centroid. Another important
aspect of CFCM is that it automatically updates the value of
fuzziness control parameter # based on the stability
criterion of cluster centers. Therefore whatever be the initial
value ofm , the algorithm automatically tunes min the
stability region of cluster centers.

The present approach has been evaluated on two levels of
clustering, but it can further be employed to multi-level
cognitive load measurement in a seamless manner. The
overall methodology using both supervised and
unsupervised learning algorithms has been depicted in a
flowchart given in Fig. 8.

IV. EXPERIMENTS

Three sets of experiment are conducted to generate the
training and testing database for the proposed approach.

A. Experiment 1

A group of 15 users (male) were selected in the age group
of 25-30 years. Female users were avoided because of the
problems in placement of EEG headset due to their long
hair. They were asked to read both the Stroop slides as



shown in Fig. 1 and Fig. 2. EEG signals were recorded while
reading the slides.

| Data for low load | | Data for high load |

| Dynamic time wrapping for signal matching |
\4 \4

Divide low load
EEG data in 10s

Divide high load
EEG data in 10s

windows windows
Extract EEG Extract EEG
feature vector feature vector
for each for each
window window

4
SVM
FCM / CFCM

Cluster center for
low load and high
load

Stroop
Test data

9

Low load or
high load

Fig. 8. Flowchart for overall process.

B. Experiment 2

In this experiment the subjects who have already been
participated in experiment 1 were asked to take part in
Logical reasoning test as described in section IIB. Each
participant completed both the sessions of low and high
cognitive tasks with a short break of 30 seconds between
each session.

C. Experiment 3

All the participants were next asked to type 5 different
phrases [28] using the on-screen keyboard layouts shown in
Fig. 5 and Fig. 6. After typing a phrase using a particular
layout, the participants were asked to take a short brake of 2
mins. EEG signals were recorded while typing the phrases.

V. RESULTS AND PERFORMANCE ANALYSIS

In this section we have described the metric used for the
performance analysis of the algorithms, the selection of
Fuzziness Control parameter m and it’s convergence over
iterations using CFCM and the performance comparison of
Supervised (SVM) and Unsupervised (FCM and CFCM)
algorithms while classifying the EEG signals into two levels
of cognition load.

A. Performance metric

The performance metric used for analyzing the output of
both supervised and unsupervised learning algorithm is

the ... (1) which is defined as the harmonic mean of
precision (P) and recall (R).
2-P-R
= 1
measure P+R ( )

Precision (2) is defined as the ratio of number of data
points truly belonging to a cluster (TP) and the total number
of data points identified to belong to the same cluster

(TP+FP). Where FP represents the false positive, i.e. the
total number of data points which are falsely identified to
belong to the said cluster.
TP+ FP
Recall (3) is the ratio of true positive (TP) and the total
number of data points that actually belong to that cluster
(TP+FN). Where FN, the false negative is the total number
of data points which are wrongly identified as not belonging
to the same cluster.
TP

R=—— ©)
TP+FN

Initial value of m=2.0
—+— Initial value of m=4.0
45+ —#— Initial value of m=5.0 H

Fuzziness Control Parameter {m)

25+ R

.
] 50 100 150
lterations

Fig. 9. Automatic tuning of Fuzziness Control Parameter (771 ) using
CFCM with different initial value of 771 for Onscreen Keyboard dataset.

B. Choice of m for EEG data set

An analysis on the automatic update of fuzziness control
parameter (1) is done over iterations with different initial
values of m ranging from 2, 4 to 5 using CFCM algorithm. It
has been observed from Fig. 9 that the value of m for EEG
dataset converges within a small range from 2.8 to 3.2.
Therefore a suitable choice for fuzziness control parameter
(m) for EEG data set can be 3. So the traditional FCM
algorithm is evaluated with a m value set at 3.

C. Analysis of the result of Supervised and Unsupervised
learning algorithm

The performances of traditional FCM, CFCM and
standard SVM classifier on Onscreen Keyboard and Logical
reasoning dataset are shown in Fig. 10 and Fig. 11
respectively. From the figures it is evident that the
performance obtained in unsupervised approach (FCM and
CFCM) is comparable with that obtained by supervised
learning algorithm (SVM).
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Fig. 10. Performance comparison between CFCM, FCM and SVM for On-
Screen keyboard dataset.
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Fig. 11. Performance comparison between CFCM, FCM and SVM for
Logical Reasoning dataset.

Table 1 give the average and standard deviation of
for all the subjects. It can be seen that the overall

for CFCM and

SVM are comparable. Moreover, the standard deviation for
CFCM and FCM for both the datasets remains almost same
whereas it varies drastically for SVM. It indicates that the
issue of normalization across datasets does not affect the
unsupervised (CFCM) learning.

If normalization issues arising due to non-homogeneity of
human scalp and spatial drift in successive trials are to be
handled properly using a supervised learning model, then it
imposes an extra overhead of data normalization and
preprocessing of training data. This also requires the
construction of a training model every time there is a need
for measuring the cognitive loads of individuals. This may
not be feasible in real life applications as cited before, where
continuous monitoring of cognitive loads of different users
is essential to judge their cognitive ability. Therefore
unsupervised approach which does not require any training
phase and hence does not suffer from normalization issues
can be a better alternative where there is a practical need for

F

measure

performance in terms of average F

measure

more real time monitoring of cognitive loads.

TABLE 1. PERFORMANCE COMPARISION BETWEEN SVM, FCM AND
CFCM
Stimulus
Fmeasure
SVM FCM CFCM

Avg. Std. Avg. Std. Avg. Std.
On Screen 0.743 | 0.082 | 0.688 | 0.155 | 0.779 0.129
Keyboard
Logical 0.764 | 0.149 | 0.657 | 0.162 | 0.767 0.111
Reasoning

VI. CONCLUSION

This paper discusses the problems associated with the
generation of a Universal model to analyze the cognitive
loads of different individuals due to normalization issues of
the EEG signal. Therefore it proposes an unsupervised
approach for measuring the cognitive load which is a better
alternative than the supervised one as it requires no training
and hence is independent of the normalization problems. It is
further experimentally proved that the unsupervised
algorithm is a more feasible solution in practice where there
is need for continuous measurement of cognitive load.
However it is clear from the experimental results that CFCM
will be a better choice, if unsupervised approach for two-
level classification of cognitive loads is adopted. The
complexity of the CFCM is higher compared to FCM, hence
as part of future work, there is a need to reduce the
complexity for real-time embedded implementation in
portable solutions. Though the present approach has been
justified with only two class clustering problem, it can
further be employed for a multi-level cognitive load analysis
problem in a seamless manner.
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