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Abstract—Designing subject-independent Brain-Computer In-
terfaces remains to be an open question for developing systems
that can capture the inter-subject intrinsic brain features and
classify them with reasonable accuracy. This paper presents the
application of the state-of-the-art deep transfer learning archi-
tectures on classifying ERP signals. We report 66.87%, 67.64%,
65.58%, and 71.93% test classification accuracy for DenseNet121,
DenseNet201, Xception, and VGG-16 models, respectively. The
experimental results demonstrate the viability of our approach
in subject independent ERP-signals classification and suggest the
better performance of models with fewer layers in classifying
ERP signals.

Index Terms—Brain-Computer Interfaces, ERPs, P300,
subject-independent, deep transfer learning

I. INTRODUCTION

BRAIN Computer Interfaces (BCI) is a promising field

of the current neuroscience and engineering technology,

which would allow people to communicate and control exter-

nal devices by decoding neural activities [1], [2]. This is espe-

cially of great importance for people affected by amyotrophic

lateral sclerosis (ALS), in which the neurons responsible

for voluntary muscular movements are affected. Therefore, a

potential technology for establishing the communication with

the external world for such people is considered to be a BCI-

based speller device.

One of the first and still most prominent BCI spellers is a

P300-based speller, a 6 by 6 matrix consisting of alphanumeric

characters [3]. It utilizes P300 Event-Related Potentials (ERP),

one of the most studied component of electroencephalography

(EEG) signals [4]. Although measuring the P300 signals may

seem trivial, there are specific research challenges that affect

the accuracy of the speller. Detecting ERPs is challenging

due to their low signal to noise ratio, large variability, and

high dimensionality of these observations [5]. Due to the

psychological and physiological distinctions among subjects,

classification of ERP-based P300 signals becomes even harder,

thus urging for the design of robust subject-independent BCIs

that are robust to data variability in EEG signals. Therefore,
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this work is devoted to utilizing various signal processing

techniques and deep learning models to construct a reliable

decoding pipeline.

Deep transfer learning – a novel line of work in deep

learning–involves fine-tuning pre-trained deep architectures

developed for specific applications. CNN-based deep neural

networks are pre-trained on large-scale datasets such as Ima-

geNet in order for models to capture generic features that could

be useful in other problems. In this regard, the pre-trained

model are transferred to other applications and, subsequently,

retrained to make the extracted features more relevant to the

application at hand. This approach is usually beneficial in

reducing time for training, higher accuracy, and computational

efficiency. The commonly known architectures include models

such as VGGNet, DenseNet, and Xception. In some BCI ap-

plications, these models were already deployed: in [6], authors

suggest VGG-16 based model that improves the classification

accuracy and efficiency on a motor imagery BCI, while authors

in [7] report a superior performance of deep transfer learning

models on music imagery dataset. The primary focus in the

present study is to apply deep transfer learning on ERP-based

data to achieve subject-independent predictive models. The

architectures under consideration are Xception, VGG-16, and

DenseNet based family of architectures.

II. MATERIAL AND METHODS

A. Dataset

We used the P300-based dataset, which was collected on

an experiment using a Farwell and Donchin styled speller by

P.Arico et al. [8], which is accessible via MOABB toolkit

[9]. The dataset is collected on 16 electrodes, sampled at

256 Hz, and high- and low-pass filtered at 0.1 and 20 Hz

cutoff frequencies. The following data processing methods

were applied to enhance the accuracy of the final model:

1) Data upsampling. To avoid the effects of dataset class
imbalance in the model selection process, we apply upsam-

pling the observations of the minority class to be the same

size as the majority class.

2) Normalization. We apply min-max normalization by first
determining the mean and standard deviation of the training

dataset, and then applying these parameters to normalize each

set individually (training, validation, and test).978-1-7281-8485-2/21/$31.00 ©2021 IEEE
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Fig. 1. The schematics of proposed framework. Identical fully connected layers are added on top of each architecture that is being transferred (i.e. DenseNet121,
DenseNet201, Xception, VGG-16)

3) Signal replication. The architectures used here for the
deep transfer learning expect larger dimensions of input data

(e.g. 3×224×224). Therefore, we replicate the initial ERP sig-
nal dimension of 1×16×78 repeatedly in all three dimensions
until the desired shape is obtained.

B. Model selection

Let Si denote measurements collected for subject i, i =
I, II..,X; therefore, the full dataset, which is denoted by S,
is obtained as S =

⋃X
i=I Si. First, we use the data collected

for the last subject SX for fine-tuning our models (generally

referred to as validation set). Then, among the remaining nine

subjects, we perform cross-validation holding one subject Si

out at a time for evaluating the model’s performance (generally

referred to as test set). The training of deep transfer learning

models is performed by pooling the data for remaining sub-

jects; that is to say, S − Si − SX .

Let xl,i denotes a single observation, therefore Si =
⋃ni

l=1

is the observation data set within one single subject. Thus,

both validation and test accuracies can be found assuming the

general definition of accuracy for any subject Sj :

accSj =
1

|Sj |
∑

xl,i

I{ye,i=ŷe,i} (1)

where |Sj | is the cardinality of Sj , I is 1 if the true label ye,i
and the predicted label ŷe,i match, otherwise 0.

III. RESULTS

Each model was trained for 50 epochs. Table I summarizes

the test accuracies obtained from the four models for each

subject treated as a test in the process of leave-one-subject-out.

These results are further substantiated by Table II, where one

can see AUC scores by each model. The results show that the

deeper networks (DenseNets and Xception) noticeably exhibit

a lower classification accuracy. Interestingly, it was determined

that VGG-16, although much lighter than other networks, is

the best performing model with an average test accuracy and

AUC of 71.93% and 70.79%, respectively.

IV. CONCLUSION

This study investigated an approach for subject-independent

BCIs, where signal processing techniques are employed along

with deep transfer learning to reach over 70% accuracy for

TABLE I
TEST ACCURACIES OF DEEP TRANSFER LEARNING MODELS (%)

Test Subject DenseNet121 DenseNet201 Xception VGG-16

SI 66.07 54.55 57.48 67.42
SII 70.08 69.07 62.03 54.55
SIII 74.37 74.68 72.47 75.54
SIV 73.90 75.13 70.08 79.10
SV 71.18 78.79 76.55 81.63
SV I 54.55 69.85 62.31 76.93
SV II 59.79 60.67 57.32 75.98
SV III 54.55 45.45 64.08 54.55
SIX 77.34 80.59 67.87 81.66

Average 66.87 67.64 65.58 71.93

TABLE II
AUC SCORES OF DEEP TRANSFER LEARNING MODELS (%)

Test Subject DenseNet121 DenseNet201 Xception VGG-16

SI 66.32 50.00 60.45 68.58
SII 71.26 70.67 64.69 50.00
SIII 73.21 73.98 72.93 74.66
SIV 74.13 74.54 71.82 78.51
SV 72.23 79.26 77.31 80.80
SV I 50.00 70.58 63.91 77.20
SV II 62.50 63.32 60.32 76.00
SV III 50.00 50.00 65.14 50.00
SIX 77.37 80.82 70.02 81.33

Average 66.34 68.13 67.40 70.79

classification of ERP signals. The results suggest that very

deep neural networks such as DenseNets (121 and 201 layers)

and Xception (71 layers) are inferior compared to shallower

networks such as VGGNets (16 layers) for classification of

ERP-based P300 signals.
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