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Abstract: Texture plays an important role in computer vision in expressing the characteristics of a surface. Texture complexity evaluation is important for relying not only on the mathematical properties
of the digital image, but also on human perception. Human subjective perception verbally expressed
is relative in time, since it can be influenced by a variety of internal or external factors, such as: Mood,
tiredness, stress, noise surroundings, and so on, while closely capturing the thought processes would
be more straightforward to human reasoning and perception. With the long-term goal of designing
more reliable measures of perception which relate to the internal human neural processes taking
place when an image is perceived, we firstly performed an electroencephalography experiment with
eight healthy participants during color textural perception of natural and fractal images followed by
reasoning on their complexity degree, against single color reference images. Aiming at more practical
applications for easy use, we tested this entire setting with a WiFi 6 channels electroencephalography
(EEG) system. The EEG responses are investigated in the temporal, spectral and spatial domains
in order to assess human texture complexity perception, in comparison with both textural types.
As an objective reference, the properties of the color textural images are expressed by two common
image complexity metrics: Color entropy and color fractal dimension. We observed in the temporal
domain, higher Event Related Potentials (ERPs) for fractal image perception, followed by the natural
and one color images perception. We report good discriminations between perceptions in the parietal
area over time and differences in the temporal area regarding the frequency domain, having good
classification performance.
Keywords: color texture complexity; color fractal images; visual perception; visuo-cognitive interpretation; reasoning; entropy; fractal dimension; event-related potentials; electroencephalography

Received: 2 November 2020
Accepted: 21 December 2020
Published: 26 December 2020
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Copyright: © 2020 by the authors. Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
Visual perception is a complex process, enveloping various sub-processes. The visual
information crosses through the optical system and along with light excites the retina’s
photoreceptors. The resulting electrical information is transferred to the visual cortex,
communicating with other areas of the brain in order to process the perceived information.
At this step, the internal thought processes interpret the perceived information. However,
the action of processing the external information perceived by the nervous system is not
completely understood [1].
Texture analysis is of particular interest in various domains like computer vision,
biomedical sciences, medical imaging, geographic information systems and many more [2],
while fractal models are very popular for generating synthetic color textures. When referring to color image complexity, the notion is investigated in various domains which include
surface analysis, artificial vision and human perception. The quest would be to express image complexity as accurately as possible, by taking into account different aspects, such as:
The nature of the texture—being either natural or synthetic; the novelty—being familiar or
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novel to a human observer; its organization—recognizable structures or purely stochastic.
In this matter, would be interesting to determine if differences would arise between natural
and synthetic textures: Would they be differently perceived by humans? Would novelty
and structural organization influence complexity perception? So far, the complexity of
fractal color images is mathematically expressed by various measures [3–5], with the most
common being the fractal dimension and entropy [3,6–8] or by metrics based on image
segmentation [9]. An interesting approach for evaluating visual complexity, suitable for
creative works such as paintings, uses an objective metric derived from neuroscience
termed Artistic Complexity which looks into the average mutual information of different
sub-parts of the images [10,11]. Other approaches for estimating image complexity rely
on image compressing mechanisms which operate by removing as much information as
possible [12–14], which however does not relate well to human perception since small
visual elements are highly valuable to the human eye being discriminative between subtle
degrees of complexity. Therefore, image complexity estimation seems insufficient without
considering the human perception and interpretation, which can differ [15–17]. Image
complexity perception, investigated so far, more in terms of human subjective descriptions [15,18], is viewed as being related to the objective characteristics of a texture which
relate strongly with the subjective knowledge of the interviewees in study [19]. Though,
human subjective assessment lacks generalization due to the increased variation in reporting between different individuals, being additionally influenced by internal factors
determined by individuals’ mood or fatigue [20]. Therefore, the definition of color image
complexity requires objective compensatory measures, such as the underlying processes of
the neural activity itself.
In this sense, one technology that proved to be suitable for recording and interpreting
the neural activity is electroencephalography (EEG), technique widely used in visual
perception research which records the cortical electrical activity [21–25]. When studying
perception, one may rely strictly on the analysis of the key features of the visual system,
like studying the visual pathway, from the photoreceptors cell responses of visual objects
towards the representation in the visual cortex, which does not express how the information
is interpreted in the brain. The human perception process includes an internal threshold
of detection at the cognitive level which helps in interpretation, reasoning and decision
making on the degree of image complexity, which cannot be determined strictly within
the visual processing stages. Studying other brain areas where the activity is transferred is
more likely to provide sufficient relevant information on complexity perception. Whereas
techniques such as PET and fMRI would better capture the functional interactions between
different brain areas, they can not easily be used in practice. Targeting future practical
applications, a simpler system, like one based on EEG would be beneficial, taking into
account the compactness and the possibility to remotely scan the scalp and acquire neural
signals [26]. Similarly to the analysis of visual perception as researched so far [25], or with
the analysis of neural perception on complexity tasks, the neural responses on perception
of complexity of images can be investigated with EEG. The brain responses elicited by an
external stimulus, in an Oddball paradigm, where external stimuli are presented in form of
a Target/Non-Target scenario, are reflected by the Event-Related Potentials (ERPs) which
appear after the onset of a significant external stimulus [27]. Shortly, ERPs are comprised
by a series of positive and negative voltage deflections, such as the P200 potential peak
representing visual processes appearing about 200–300 ms after the stimuli [28], followed by
the P300 appearing 300 ms or later after the stimuli, representing more cognitive processes,
arising in the centro-parietal cortex [29]. The ERP responses provide information about
the visual and cognitive processes [30] and along with investigations on the oscillations
in different frequencies will shade a light into the human interpretation of the complexity
of fractal and natural textures, as this research will further demonstrate. We evaluate the
brain responses to two distinct groups of images, natural and fractal synthetic textures,
with similar complexity ranges according to Color Fractal Dimension [31], in comparison
with reference images of no complexity. For that, we use specific instruments for image
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analysis, and instruments of brain signal processing (EEG analysis). The study proposes the
investigation of first visual perception triggered by subconscious processes and cognitive
human interpretation over the complexity of color images (conscious), both synthetic
fractal and natural texture images, in an experimental study with healthy participants.
We perform preparatory experiments to get insights into human perception regarding
the texture and its naturalness and form the ground basis for a more in-depth study.
We start by quantifying complexity in simple textural structures from the surrounding
environment (no complex scenes) and complement with synthetic fractal images which
do not have a well-defined content and interpretation at the brain level, supported by
the fact that complex systems are neither completely regular nor completely random [32].
Further we are interested in the connections between perception and complexity which can
be further useful not only for image quality assessment applications [33] (e.g., for Virtual
Reality and Augmented Reality systems, where the naturalness of the computer-generated
environment plays a vital role for the complete immersion of the human in the virtual
environment [34]). The experimental concept used to investigate brain responses relates
to the Oddball paradigm, where the visualization and perception of the stimuli, in our
case visual stimuli, will generate the Event-Related Potential (ERP), complemented by
the ERD/ERS phenomena expected to appear in the alpha band or higher as response to
cognitive sub-processes and reasoning. While the majority of scientific research focuses
on more informative EEG setups with 16 channels or more, with robust systems and in
controlled environments, the practical applications would benefit more from flexible and
compact systems [26,35–37]. Therefore, in this study we start by investigating human brain
perception, by accessing less information from the EEG (6 channels), using a trade-off
between a controlled environment and a WiFi EEG system.
In the following, the experiment will be described in Section 2. In Section 3, an overview
of the methods used to analyze the brain signals: cleaning and filtering, investigation methods in the temporal, spectral and tempo-spectral domains and classification. The analysis
and classification results are comprised in Section 4, while Section 5 presents conclusions
and opens the directions to future work.
2. Experiment
In this section we present the rationale, the hardware and software setup of the
experimental study, followed by a description of the stimuli and the complexity measure
we used, details on the experimental procedure, material and equipment used and short
overview of the participants group who took part in the experiment.
2.1. Rationale
Complex cognitive activities [38] and stronger attentional demands are known to
modify the amplitude and latency of the ERPs in relation to task difficulty [39], increasing
the amplitude and causing delays in latency [29]. Moreover, the cognitive phenomena,
e.g., given by complex reasoning [40], decision making [41], perception [42] is known to
produce modulations in amplitude in different frequency bands, viewed as an increase,
called Event-Related Synchronization (ERS) followed by a prolonged decrease, termed
desynchronization (ERD) arising in the α band after the P300 potential [43]. Oscillations
desynchronize in the centro-parietal area concurrently with cognitive difficulty [44], while
intense cognitive activities influence even the β and γ bands oscillations [45]. In our setup,
the primary perception is followed by reasoning and cognitive decision on the level of
complexity for each image. Even though the process, namely the decision degree over
complexity, should be similar for both types of images, natural and synthetic (fractal),
it varies in comparison as we will see in this article, since the structure and elements
contained in the images are different, influenced also by a higher variability in the natural
textures. In literature, some other attempts investigated the neurophysiological responses
to viewing synthetic fractal structures, as [24], for example, who observed high alpha
representative oscillations in the frontal lobes and high beta oscillations in the parietal
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area, suggesting intricate brain processes when viewing fractal patterns. Others, e.g., [21],
observed strong low alpha rhythms (6–10 Hz) in frontal, parietal, and occipital areas during
stimulation, with decreased power in the high alpha rhythms (10–12 Hz) in parietal and
occipital areas after the stimulation, when investigating differences between conscious
and unconscious visuospatial processes. Further, even gamma amplitudes were observed,
coupled to theta phase in human EEG during visual perception correlated with short-term
memorization of the stimulus [22]. Other researchers observed even oscillatory phase
correlation once with visual perception detection in theta and alpha frequency bands [23].
2.2. Setup
The brain signals were recorded during an experiment where participants, wearing the
EEG headset, stayed seated and relaxed in front of an LCD screen (Figure 1), and visualized
the presentation of images and mentally decide about the complexity level of each image
presented, from low to medium and high complexity. They were requested to focus in
the center of the screen as much as possible and avoid unnecessary eye movements or
blinks during stimulation. At the end of the experiment, participants were told to provide a
general overview of their perception and their overall mood. After a longer break following
the EEG experiments, participants performed a subjective evaluation experiment aimed at
providing details on their thought process and criteria used to assess texture complexity
which made them decide on the level of complexity. However, this subjective experiment,
along with the correlations between participants subjective responses and brain responses,
will be treated in detail, in a separate paper [46].

Figure 1. Experimental setup: Screen, participant with electroencephalography (EEG) headset, EEG
hardware acquisition system and PC. The electrodes positioning schema is presented on top.

2.3. Stimuli
Three types of images were used as visual stimulation, namely: Single color (Uni), natural color textures (Nat) and synthetic color fractal (Frac) images (Figure 2). The synthetic
fractal images were generated with an algorithm which mimics the Brownian movement
having as parameter the Hurst coefficient which controls the complexity [31], natural
images as a comparison with known textures taken from the online Vistex database
https://vismod.media.mit.edu/vismod/imagery/VisionTexture/vistex.html and single
color based images, acting as a reference, generated as one uniform color based on the
mean RGB color values of each Nat and Frac image, such as each R, G, B channel of the
new Uni image was formed considering the mean of its representative R, G, B channel of a
Nat or Frac image, plus adding small random variations for each RGB channel (±1.96%),
for variety, generating more Uni images. For example, the Uni image
(brown) corresponds to the mean RGB values of Figure 2a image, and
(grey) to Figure 2f image.
In Figure 2, the complexity increases from left to right, relating to higher color content,
important variation, randomness and irregularity [3,47]. The images were presented with
a resolution of 512 × 512 pixels.
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(a) CE = 11.88, CFD = 3

(b) CE = 12.75, CFD = 3.2 (c) CE = 15.47, CFD = 3.98

(d) CE = 16.9, CFD = 2.08 (e) CE = 17.63, CFD = 2.94 (f) CE = 17.79, CFD = 3.94
Figure 2. Stimuli images examples: Top natural textures (Nat) and synthetic fractal textures
(Frac) bottom.

2.4. Color Image Complexity Measures
As mathematical measures for characterizing complexity, we use Color Entropy
(CE) [3,48] and Color Fractal Dimension (CFD) [31]. The color space used was RGB,
consistent with both natural and synthetic fractal texture images used in our experiments.
2.4.1. The Color Entropy
The Color Entropy measures the disorder in signals [3,48], relating to the variation of
signal values, while for images, to the variation in texture image colors, with no information
on pixels spatial arrangement. The same definition is considered in this paper, with an
extension to the multidimensional color case, as described in [3].
N

H = − ∑ pi · log2 ( pi )

(1)

i =1

where pi is the probability of appearance of pixel value i in the image, and N the amount of
possible pixel values.
Based on the color entropy measure, the natural images selected for the experiment
are comprised between 7.33–16.37 and fractal images between 16.45–17.84. Frac images
exhibit higher complexity in colors compared to Nat images, as shown in the color entropy
distribution in Figure 3a, meaning that the synthetic fractal images have higher variability
in the color space.
2.4.2. Color Fractal Dimension
The most representative quantitative measure for expressing fractal geometry of color
texture images is fractal dimension [3,49]. It expresses the variations and irregularities of a
texture [50,51], as a relation to the self-similar regions observed across different size scales.
The fractal dimension (Hausdorff dimension [52,53]) is estimated based on the probabilistic
box-counting approach of [54], extended for the assessment of complexity of color fractal
images with independent color components, as described in [7]. The spatial arrangement
of the image (where the image is defined as a set of points S, (x,y,r,g,b)) is characterized by
the probability matrix P(m, L), the probability of having points included into a hyper-cube
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of size L (also called a box), centered in an arbitrary point of S. The scaling factor D
(fractal dimension) is related to total number of boxes needed to cover the image:
N ( L) =

N

∑ (1/m) P(m, L) ∝ L−D

(2)

m =1

where N is the number of pixels included in a box of size L, and m the amount of points
contained in the box L. The extension of the Voss approach to color images [7] counts
the number of pixels that fall inside a 3-D RGB cube of size L, using the Minkowski
infinity norm distance, centered in the current pixel. The estimation of the regression
line slope for the evolution of N ( L) (log-log curve) is modified with a weighting function
ω ( L) = 1/e2 ( L). The color fractal dimension D is then estimated using the robust fit
approach with its 9 methods: ‘ols’ (least squares method), ‘andrews’, ‘bisquare’, ‘cauchy’,
‘fair’, ‘huber’, ‘logistic’, ‘talwar’, ‘welsch’, and the average over all estimations is considered
as the CFD value. For more details, see [7,31].
From the point of view of entropy, the synthetic color fractal images exhibit a larger
complexity as compared to color natural images, however, considering color fractal dimension, their complexity is similar, between 1.89–3.98 for natural images and between
2.03–4.12 for fractal images. As observed in Figure 3b, their complexity distributions
intersect for the majority of the images (91.84%).

(a) CE histogram

(b) CFD histogram

Figure 3. Color entropy (CE) and Color Fractal Dimension (CFD) histogram for Nat (in light red) and Frac images (light
orange), computed with: (a) Five bins (for Nat) and 31 bins (for Frac), (b) computed with 10 bins.

2.5. Experimental Session
The experimental session consisted in a 30 min session of visual stimulation which was
split in 3 blocks with 5 min breaks in between and consisted in 560 trials (visual stimulation
sequences) with the 3 types of images being randomly presented, on a grey background,
with a ratio of 65:17:18% for Uni/Nat/Frac images. Each trial consisted in 3 parts:
(i) attention (500 ms) where a white attentional cross is presented on grey background
and acts as a preparatory and attention period for the actual stimulation/trial, attracting
the sight in the center of the screen; (ii) trial (stimulus image) lasting for 1000 ms for block 1,
750 ms for block 2 and 500 ms for block 3, where the participant visualizes the image and
has to think about its complexity and decide on its degree on a scale 1 to 3, from low to
medium and high complexity by mentally pronouncing 1, 2 or 3, accordingly, and disregard
the Uni images; and lastly, (iii) relaxation of 700 ms duration, where the participant relaxes
the mind (Figure 4). First reaction on complexity was targeted, therefore the images were
visualized for the first time during the stimulus presentation. Without any prior training
or information provided on complexity definition and assessment, the decision and rules
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on complexity were left open to participants, which were requested not to change their
reasoning process during the experiment.

Figure 4. Experimental paradigm and timing: fixation period of 500 ms, trial of 1000/750/500 ms for
blocks, and relaxation period of 700 ms.

2.6. Material and Equipment
Signal acquisition: Biopac BioNomadix EEG wireless system (https://www.biopac.com/
product/bionomadix-2ch-wireless-eeg-amplifier/) with 3 modules and 6 electrodes: P3, T3,
Gnd, P4, T4, Fz, positioned according to the 10–20 international system and referenced to the
ear lobes (see Figure 1). Stimuli presentation: SuperLab software and 20" LCD screen with 16:9
aspect ratio and 60 Hz refresh rate. Data acquisition: Acqknowledge software. Signal processing: Matlab along with the BBCI Matlab Toolbox (https://github.com/bbci/bbci_public) [55]
and EEGLab (www.sccn.ucsd.edu/eeglab/) [56].
2.7. Participants
Eight voluntary participants took part in the study, 3 females and 5 males, BSc students and graduates in electronics engineering, ranging between 20–30 years old, with no
experience in BCI experiments and little to no experience in imaging, photography or
art. Participants received a priori information on the experiment and they expressed their
consent to take part in the non-invasive experiment, and their permission for brain signals
recording. The data was completely anonymized.
3. EEG Analysis
In this section, the processing steps are described which helps cleaning the signals
from additional perturbations in order to enhance the SNR and give us information over the
neurophysiological effects of perception, interpretation and cognition. For a complementary
overview of the neural activity [57], we investigate not only the temporal responses (ERPs),
but also the oscillations in the spectral domain (Power spectral density, PSD), as well
the neural modulations given by (De)Synchronization (ERD/ERS) in order to observe
how the frequency oscillations vary in time, which are investigated in more detail with
Event-Related Spectral Perturbation (ERSP) which can capture all together the modulations
within the entire frequency spectrum over time.
1.

2.

3.

Bad channels rejection (Participant-specific bad channels rejection and low quality
channels rejection)—Firstly, bad quality data was removed from further analysis,
such as bad signal quality due to poor conductance, e.g., signal amplitude > 300 µV.
Further, channels were checked for variance dropping to zero and removed if positive
(criterion: variance < 0.5 in more than 10% of trials [58,59].
Filtering—we applied low-pass and high-pass filtering. For lowpass filtering, used
for anti-aliasing, we applied the Chebyshev type II filter of order 10 with 42 Hz passband edge frequency and 3 dB ripple, and a 49 Hz stopband with 50 dB attenuation.
The high-pass filter, used to reduce drifts, was applied with a 1 Hz FIR filter of
order 300, using least-squares error minimization and reverse digital filtering with
zero-phase effect, such as not to induce phase delays.
Artifact rejection—For the purpose of rejecting non-EEG origin components (ocular,
muscular, cardiovascular, etc.), Independent Component Analysis (ICA) with Multiple
Artifact Rejection Algorithm (MARA) based on feature selection [60] were used.
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4.
5.

6.

7.

Segmentation—Data was segmented in epochs, where one epoch corresponds to one
stimulation sequence.
Epochs rejection—Noisy trials were removed based on a variance criterion, such as
the ones greater or equal then a trial threshold per channels (where in 20% of the
channels have excessive variance). Further, artifactual trials were rejected based on
max-min criterion, such as the difference between the maximum and minimum peak
should not exceed a threshold, e.g., 150 µV.
Baseline correction—For each epoch, the mean of the last hundreds of ms from
the attentional period is subtracted from the epoch, either in the time or frequency
domains, aiming at diminishing the background neural noise activity [61].
Grand Average (GA)—All trials have been averaged over all participants for neurophysiological interpretation, and investigated in the temporal and frequency domains.
Scalp maps distributions of the brain signals will also be presented, where a shading method based on linear interpolation between neighbor channels is used to get
smooth plots (available via BBCI Toolbox, [55]).
(a)

Event-Related Potential, ERP analysis—For ERP analysis, the temporal signals
are investigated and averaged on all signals over all participants. For baseline
correction, the last 100 ms are used from the attentional period.
(b) Signed and squared point biserial correlation coefficient measure (signed r2 )—
For details on the association strength between the brain responses for different
perceptions, the signed and squared point biserial correlation coefficient (signed
r2 ) [62] is computed separately for each pair of channel and time point (x),
over all epochs, as in [63], being proposed by [64] (see Equation (3)).

√
r(x) =

n1 · n2 µi,1 − µi,2
,
n1 + n2
σx,i

(3)

where n1 and n2 —the numbers of samples in class 1 and class 2, respectively,
µi,1 and µi,2 the class means and σxi the standard deviation, while the signed r2
values are sgn-r2 (x) = sign(x) · r(x2 ). It is a measure of how much variance of the
joint distribution can be explained by class membership.
(c) Event-Related (De)Synchronization, ERD/ERS analysis—The neural modulations in different frequency bands, such as the (de)synchronization (ERD/ERS)
effects [43], are outlined by the modulation of the amplitudes in the temporal
domain, such as the signals envelopes within specific chosen bands. We used
the upper envelope computed based on the Hilbert Transform [65] and then
smoothed with a moving average filter based on the Root Mean Square (RMS)
with a 200 ms sliding window. The envelope is baseline corrected using an
interval of 200 ms from the fixation period.
(d) Power spectral density (PSD) analysis—The power spectrum from 3 to 40 Hz, is
computed on the trial interval (0–1350 ms), based on the Fourier transform with
Kaiser window (Smith, 1997) and the logarithmic spectral power is presented as
10 · log10 ( power ).
(e) Event-Related Spectral Perturbation (ERSP) analysis—In addition to the narrowbands ERD curves, the Event-Related Spectral Perturbations (ERSPs) method
allows the simultaneous investigation of the full spectrum [57,66–68]. Computed
here (with EEGLab) based Short-Time Fourier analysis using Morlet wavelet
transform with three cycles wide windows at each 0.5 frequency, within 0–50 Hz,
on the interval −550 ms to 1350 ms, relative to the baseline period (−200, 0 ms).
(f) Inter-Trial Coherence, ITC—In contrast to ERSP, Inter-Trial Coherence (ITC)
offer additional information over the local phase coherence across consecutive
trials [69], since the ERD/ERS phenomena are time locked to a stimulus, not
phase locked to an event [57,70].
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8.

Classification—We are interested to investigate if the brain responses can be discriminated in accordance to the image perceived, namely the synthetic fractal texture, Frac,
the natural texture Nat, or the reference image, Uni. The estimation is performed
using single-trial classification, by Regularized Linear Discriminant Analysis [71],
in multi-class form. The three class labels are given by the stimuli images: Uni, Nat
or Frac. Spatio-temporal features (channels and time, extracted as in [30,64]) are
considered from intervals with highest discriminations between classes based on
the signed r2 . Namely, the signed r2 discriminability is computed between Nat–Uni
and Frac–Nat classes on the temporal signals (0–1200 ms) for all channels, and three
short intervals of up to 150 ms are heuristically selected for each discrimination
pair (Nat–Uni and Frac–Nat) where the discriminability is highest across all channels (see Section 4). The short temporal intervals detected are comprised within the
200–400 ms and 480–1200 ms ranges. The averaged value of the temporal signals
within these short intervals considering each channel and each discrimination pair is
further selected for each trial, giving a concatenated vector as spatio-temporal features
of 6 × 5 dimension: 3 averaged values for Nat–Uni pair, 3 for Frac–Nat pair, for all
5 channels and all trials. Separately, also multi-modal classification is investigated considering frequency features along with the temporal features (spatio-tempo-spectral
features). Similarly, the spectral features are detected as averaged values of the power
spectrum (0–30 Hz) within three frequency intervals with maximum signed r2 discriminability over the power spectrum (3–40 Hz) for Nat–Uni and Frac–Nat pairs.
The frequency range intervals selected vary around 8–14 Hz and 17–39 Hz, consistent
with the highest spectrum differences as observed in spectrum analysis in Section 4.
The multi-modal features consider temporal features from the parietal area (P3, P4)
and spectral features from the temporal area (T3, T4), giving a concatenated feature
vector of 6 × 4 dimension: 3 temporal averaged values for Nat–Uni, 3 temporal for
Frac–Nat, 3 spectral averaged values for Nat–Uni, 3 spectral for Frac–Nat, considering
4 channels (T3, T4, P3, P4). For validation, 3-folds cross-validation is used, where
the data set is split in 3 parts, one used for training and 2 for testing, and the classification is repeated until each part has been used as training [72]. The classifications
are evaluated with normalized loss (Equation (4)), which helps with weighting for
unbalanced classes. The normalized loss is a ratio out of 1, therefore the performance
(the accuracy, Acc) is given by: Acc = 1 – loss. The final classification performance is
computed as the average accuracy over all folds.
loss =

1
n

n

∑

i =1

Nerr,i
ni

(4)

where n is the number of classes such as n = 3, Nerr,i is the number of wrongly
estimated samples in class i, and ni the number of samples in class i.
4. Experimental Results
In this section, we present the results of time and frequency analysis which bring
complementary information over the neural oscillations measured by EEG.
In terms of participant’s mood, the experiment scenario did not produce influences
and it remained approximately the same during and after the experiment, stated by each
participant at the end of the experiment. Half of the participants stated higher complexity
for Nat images as compared to Frac images, one participant categorized Frac images as
more complex, and the rest considered equal complexity. As for the difficulty of decision,
5 participants rated Nat images as more difficult to evaluate, one Frac images and 2 as
equal difficulty. Moreover, participants stated that in some cases they were unintentionally
still thinking over the images complexity, even after the stimulus interval, even though they
were requested to only relax in the relaxation period. A quarter of participants associated
the natural images content with known objects, even though we have done our best to
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avoid this fact when we selected the natural images, such as to restrict thinking to the
structural form and not to trigger memory.
Considering signals investigation, it is important to note that the stimulus software
and the wireless hardware introduced a constant delay of approximately 150 ms in the
signal due to communication between sensors and acquisition system, after the start of
the trial (time: 0 ms). Therefore, this delay has to be considered when interpreting the
observed responses.
After the channels and artifacts rejection steps, no channels were rejected and 21 epochs
on average were removed with a ratio of 0.65:0.11:0.24 from the Uni, Nat and Frac classes.
No artifactual components were detected and removed after ICA, mainly because of
less spatial information available due to the small number of channels and also missing pre-frontal and EOG electrodes, which could’ve captured better the eye movements,
for example.
4.1. Event-Related Potentials (ERPs)
The neural fluctuation over the perception of images is shown in Figure 5, which show
the averaged brain signals in the time domain, across all epochs, for channel P3. For an
overview of all channels, see Figure A11 in Appendix F. Even though, the experiment was
performed with 3 different blocks of visual stimulation, each having a different stimulation
duration (block 1:1000 ms; block 2:750 ms; block 3:500 ms), the grand average responses
are similar, see Figure A10 in Appendix F. Hence, the ERPs are visually investigated
considering all blocks together. In more detail, Figure 5, shows the temporal evolution of
the grand average ERP responses, complemented with their spatial evolution. The grey
horizontal line marks the start of the trial period (0 ms) which lasts for 500 ms minimum,
followed by the relaxation period (750 ms). When looking at the brain responses over time,
we can easily observe 2 distinct groups of strong peaks, one at 300–600 ms, representing
the well-known P200 and P300 components and another group later around 800–1200 ms,
as an effect to the visual response over the non-informal grey image within the relaxation
period, indicating prolonged cognition, with both groups of peaks being more prominent
for the parietal area at P3 and P4 channels, which is responsible for cognitive reasoning.
We observe the same latency and duration of the averaged ERP peaks for all 3 types of
images perception, with differences in amplitude, such as:
(i)

a slight decreased N200 peak for Uni images (at 250 ms), relating to visual perception [73];
(ii) a gradually increased amplitude already from the P200 (350 ms), as response to an
increase in image complexity perception from Uni to Nat and Frac images perceptions,
observed also spatially (see scalp plots in Figure 5) with increased activity in the
parietal area (P3, P4 channels), highest for fractal images perception (3 µV);
(iii) even higher amplitude for the P300 (at 450 ms) towards 4 µV in the parietal area,
as compared to P200.
(iv) the second group of peaks around 800–1100 ms, with similar amplitude and spatial
distribution for P200 in the parietal area (at 850 ms, appearing 350 ms after the grey
image presentation), followed by another peak (950 ms, 450 ms after the grey image
presentation) with gradually increased amplitude for Uni, Nat and Frac images of up
to (2–3 µV), focused in the right parietal area. This relates to an extended reasoning
process, since participants stated that they were unintentionally still thinking over the
image complexity, even after the stimulus interval, even though they were requested
to only relax in the relaxation period.
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Figure 5. Grand Average (GA) Event Related Potential (ERP) and scalp topographies over all blocks
for channel P3. The scalp topographies relate to the temporal intervals shaded in grey.
Figure 5. GA ERP and scalp topographies over all blocks for channel P3. The scalp topographies relate
Moreover,
the shaded
ERPs discriminations
are highlighted by the signed r2 measure, as shown
to the temporal
intervals
in grey.

in Figure 6 for channel P3, and class groups (Nat–Uni, Frac–Nat) where a value of zero of
the signed r2 indicates no correlation between the classes and a positive value indicates
that the amplitude was larger for the first class in the group than for the second class and
vice versa for negative values. We observe higher correlation over trials in time in the
parietal area for Nat–Uni discriminability (Figure 6a) of up to 4 × 10−3 within 300–400 ms,
800–900 ms, and 1150–1250 ms intervals, while for 500–600 ms the distribution is viewed
across the entire brain (see scalp plots in Figure 6a). Similarly, the Frac–Nat discriminability in Figure 6b show higher parietal differences for the 300–400 ms, 500–600 ms,
and 1150–1250 ms intervals. The signed r2 differences are higher between Nat and Uni,
compared to Frac and Nat images perceptions.

(a) Nat–Uni

(b) Frac–Nat

Figure
6. GA
signed
r2 over
all all
blocks
for:for:
a) (a)
Nat-Uni
andand
b) Frac-Nat
discriminations
at P3atchannel.
Figure
6. GA
signed
r2 over
blocks
Nat–Uni
(b) Frac–Nat
discriminations
P3 channel.

4.2. Event-Related (De)Synchronizations, ERDs/ERSs
When analyzing the amplitude envelopes evolution over time for different frequency
intervals within 3–40 Hz, we notice the highest differences between classes (0.5–1 µV)
within the α (8–14 Hz) and β (20–28 Hz) frequency bands, shown in Figure 7. The envelopes
are similar until the 300 ms time point, corresponding to the same type of processing the
external information (visual perception). First a synchronization event (ERS) > 0 µV starts
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at 200 ms, more pronounced for the parietal sites (P3 and P4) within 8–14 Hz (Figure 7a),
followed by desynchronization, deeper at 500 ms, expressed by decreased amplitudes
(<0 µV), which corresponds to a preparation of a higher complexity task (evaluating
images complexity in case of Nat and Frac classes). Further, an amplitude increase follows
from 600 ms, producing synchronization at 1000 ms within the β band. More pronounced
desynchronization is modulated by more complex cognitive processing, for Nat and Frac
perceptions, compared to Uni image perceptions where no cognition is involved, highest
for the parietal sites. While between Nat and Frac image perceptions, the envelopes
evolutions tend to be similar before 600 ms, and differ in synchronization, higher for Frac
perception (see P4 within α band at 1000 ms and P4, T4, T3 within β band, even from 400 ms
onwards). The variations in amplitude at 500 ms and 1000 ms time points correspond to
the ERP peaks.

(a) α band (8–14 Hz)

(b) β band (20–28 Hz)

Figure 7. GA ERDs over all blocks, for the 3 types of images: Uni (blue), Nat (red), Frac (orange), considering all channels
and the: (a) α (8–14 Hz) and (b) β (20–28 Hz) frequency bands. The shaded grey area marks the considered baseline period
(−200,0) ms.

Details on the spatial activity of the neural modulations in the α (8–14 Hz) and β
(20–28 Hz) bands can be seen in Figure A3 in Appendix F.
4.3. Power Spectrum
Looking at the strength of the GA power spectrum on the 3–40 Hz frequency interval
(Figure 8a), we notice higher power for Uni perception for the α band (8–12 Hz) for all
channels (Figure 8b) and lower for the perception in the β and γ bands, between 20 Hz and
35 Hz for the temporal channels (Figure 8c). The effect is in line with the literature stating
that more complex processes decrease in frequency. The fact that the parietal sites do not
show visible differences in higher bands for Nat and Frac perceptions might relate to the
fact that the thought process of evaluating images complexity is comparable. The visible
differences in frequency for the temporal sites might indicate, access to memory, since
it’s natural for the human mind to correlate forms and structures with already known
objects [74,75]; process which is easier for Nat images since they represent natural textures
and they are recognizable to some extent (as stated by subjects). While for Frac images
perception, the correlation is far to be straightforward and if one would imagine a recog-
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nizable form, the thought process will be more difficult (therefore the decrease in power
in the temporal sites, more pronounced for Frac images, in Figure 8c). For example, one
subject specified that for Frac images he was thinking at sand grains; but of course, for a
conclusion to be made, this fact need to be analyzed separately in a study on each subject,
relating to its exact thought process.

(a) 3–40 Hz

(b) 5–12 Hz

(c) 15–35 Hz

Figure 8. GA Power Spectrum over all blocks, for Uni (blue), Nat (red) and Frac images (orange), for all channels, on:
(a) 3–40 Hz, (b) 5–12 Hz, (c) 15–35 Hz.

For more details on the neural modulations modulations within different frequencies
over time, as related to perception and decision-making, see the Event-Related Spectral
Perturbations (ERSP) investigation in Figures A4–A6 in Appendix F.
4.4. Classification
In Figure 9, the distribution of the classifier performance is presented for all participants and data folds, in form of box plots (where top and bottom box plot edges represent
the 75 and 25 percentiles, whiskers show the min and max values, the median is indicated
by the horizontal red line and the mean by the black asterisk). The statistical significance
is represented above each box plot, where ‘**’ marks significance at 0.01 and ‘*’ at 0.05.
The chance level of 33%, such as for 3 classes, is highlighted by the horizontal dotted line.
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Considering multi-class classification on the temporal features, the average classification performance is 49%, significantly over chance level (given by t-test at α = 0.0001),
with the lowest mean accuracies for participants P3 and P4: Acc(P3) = 39.3% and
Acc(P4) = 43.3% (as seen in Figure 9). For the remaining participants the performances
exceed 50%, statistically significant with t-test at 5% significance level, and even at 1%
significance level for P7 and P8 with highest performances over all folds.

Figure 9. Multi-class classification performance (Uni, Nat, Frac) for each participant, considering the
three folds. The box-plots consider the 25% and 75% percentiles, the the black asterisk represents the
mean values and the red horizontal line is the median.

When analyzing the performance within classes, very good performances are likewise
obtained in each case, with a mean 52.81% accuracy for multi-class classification. The confusion matrix of last classification fold is presented in Table 1, where the rows relate to the
target class, and the columns to the classifier output). The diagonal shows the percentage
of correct classified epochs in each class (55.3% for Uni, 53.5% for Nat and 49.6% for Frac),
statistically significant over the chance level of 33.33%. The miss-classified trials for Nat
and Frac classes (25.1–26.9%) tend to be higher then for Uni class (21.5–23.5%), which
might relate to the higher amplitude difference within trials between Nat or Frac classes,
as compared to Uni, and smaller between Nat and Frac classes; even though, the percentage
difference between miss-classifications is not significant to support this conclusion.
Table 1. Normalized mean confusion matrix (in %) for multi-class classification on the last fold.

Target

Uni
Nat
Frac

Uni

Output
Nat

Frac

55.3
21.5
23.5

21.7
53.5
26.9

23
25.1
49.6

In addition, since the differences obtained in the spectral domain bring additional
information (as shown in [30,76]), we have performed also multi-modal classification
integrating also spectral features in addition to temporal features, in a complementary
scenario, considering temporal features (from P3, P4) and spectral features (from T3, T4).
However, the classification performance did not improve significantly: 52.46% for Uni,
54.21% for Nat, 53.24% for Frac (ns. with t-test at α = 0.05, p = 0.5324, p = 0.8817, p = 0.2872).
The effect of no considerable improved performance might be due to the fact that compared
to the temporal case, smaller differentations are observed between classes in the spectral
domain (<1 dB) which does not improve much the classification.
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5. Discussion, Conclusions and Future Work
We performed the presented preparatory experiments to get insights into the human
brain perception of synthetic color fractal and natural textures and the freely reasoning
over the images complexity, all by using a less informative EEG setup, in order to form
the ground basis for a more in-depth study and investigate if a less channels EEG system
is able to provide any reliable information on visual perception and reasoning of image
complexity. We quested to find and quantify any differences between the preliminary
perception of synthetic color fractal and natural textures with EEG in short intervals up
to 1 s.
Firstly, the analysis showed that the fractal images may constitute stimuli for more
throughout studies, while due to their capturing properties we could investigate their capacity to induce brain oscillations, and even further they presented interest for the participants.
In more detail, the observed neurophysiological facts in the ERPs suggests that the
primary visual processing of the stimuli (P200) is differentiated for the three types of images
(Uni, Nat, Frac), while the perception, interpretation and reasoning over the complexity
of textures (P300), shows higher discriminability involving different thought processes.
The gradual increased amplitude ERP responses currently observed tend to be related to
more complex processes and stronger attentional demand, as reported in the scientific
literature [29].
Even though the texture complexity does not vary according to the CFD measure
between Nat and Frac images, but only the amount of colors as indicated by color entropy
(CE), perceiving the complexity of fractal images by the human brain seem to require
more thought processes. These could relate to the higher number of colors for fractal
images, or the irregular synthetic structure unrelated to any known forms, which probably
makes it harder for the brain to create rules for complexity differentiation. Increased brain
parietal ERP activity suggests increased difficulty as with higher information load [77],
which differ depending on the content and structure of the textural image. This effect is
further highlighted by the decreased ERDs at parietal sites (more complex processing) and
slightly higher at temporal sites (due to the recognizable distinction between Nat and Frac),
which gradually decreases as with increased image complexity perception from Uni to
Nat and Frac. The natural images generate desynchronizations even in higher frequencies
such as γ band, which tends to imply, a more intense process, as compared to fractal
images. This may be to the fact that natural images contain more detailed structures which
generates a profound thought process for establishing logical connections and criteria
for complexity levels differentiation, while for the synthetic abstract fractal structures,
the differentiation is either done automatically by subconscious processes or is ambiguous.
This is supported by participants opinion, where 5 participants stated a more complex
decision for natural images. After an overview of the neural responses, it seems that,
generally, the thought process of evaluating natural images complexity is more complex
than in the case of fractal images, requiring more processes, while the fractal images
complexity perception probably induces a more intense reasoning process, causing more
neurons to fire, adding up to the ERP potential, by probably accessing a deeper reasoning
with respect to a detection of imaginatory forms for differentiation. While on natural
textures, the complexity decision might easily relate to known structure and form types,
for synthetic fractal textures it is harder to relate to known structures, even though the
complexity evaluation has been shown in the experiment to be easier. In more detail,
from the observers’ point of view, half of the participants considered the structure of the
natural images as more complex compared to the fractal ones, which might indicate more
entangled structures for the natural images case. More, since the complexity decision was
freely-open to participants, the thought processes and criteria used play an important
role in reasoning, which may activate different parts of the brain, therefore grouping
participants further based on reasoning will be a good choice.
The findings are enforced by the fact that even there is no difference between the
number of occurrences of the presented natural and fractal images, and similar range
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in complexity degree according to CFD, a noticeable difference is still observed in the
brain signal representations. Regardless of the cause that triggered the neural responses
differentiation, good classification discrimination between Nat, Frac and the reference Uni
are obtained. Despite the fact that the combined temporal-spectral classification did not
provide higher performances, the complementary information can be taken into account by
adapting the classifier on each participant, to the most discriminative features either in time
or frequency, to take advantage of the physio-anotomical differences between individuals
and different thought processes which produce distinct neural effects.
Further, we plan to investigate in more depth the perception over the complexity
degrees, to see whether different complexity levels within images can induce distinct brain
responses. This should be investigated not only on grand average, but also within each
participant, since each individual has its own perception over complexity, as noticed in
this study.
For a more in-depth view over perception, the future studies should consider more
participants for an expansive overview (at least 15, as proved statistically [78]) and more
channels to better capture the spatial activity in detail. Considering hardware, a system with active electrodes will be advantageous to better filter the noise and have better
signal conductance, while targeting practical applications the WiFi property have to be
kept and dry electrodes would be better suited [79]. Considering timing, maybe a longer
Inter-Stimuli Interval (ISI) should be considered for the future studies to capture all reasoning processes steps, while extended thought processes over complexity prolonged
also in the relaxation period, as seen in this study. Further the neural fluctuations in an
overt scenario [80], where participants can freely scan an image, will be interesting to
be investigated.
For pointing out the fractal complexity itself, in a natural-synthetic textural scenario,
integrating also fractal natural images and similar synthetic generated textures, will be
a good comparison, to have similar complexity ranges, fractal structures and textural
variations. Here, we considered natural non-fractal images for the moment, due to the
limited availability of a standardized diverse data base of natural fractal images with same
image captured conditions (e.g., light, angle, distance to object). For the future, we consider
creating our own dataset. The higher activity in the later interval even after the end of the
presented image, suggests a complex and a prolonged continuous background process
which may also indicate a delay in decision making. This aspect should be captured in
the trial-by-trial variability and separately between subjects by looking over the latency
and duration of the potentials. If this is the case, ERPs should elicit late positivity with
high amplitude [81] and ongoing negative ERP over the prefrontal cortex suggesting
indecisiveness [82]. Since natural images represent recognizable structures and objects,
as compared to unidentified forms for the synthetic fractal images, it might infer different
reasoning mechanisms. In neuroscience, it is suggested that the sensory cortex may have
adapted to statistical regularities and therefore automatically relax, reducing attention [83].
At higher levels of abstraction, non repetitive and novel stimulus would trigger more
attentional processes [84]. In our stimulus setup, the synthetic fractal images were more
consistent having similar structure, while the natural textures were more various. Further,
it has been shown that the ratings of complexity are influenced significantly with judgments
of familiarity [85]; recognizable forms that are easily categorized reduce the complexity of
the texture and brain’s interpretation becomes easier. Such as, with an increased familiarity,
observers will overcome any complexity effects, resulting in shorter latencies. On the
other hand when something is less likely, it will require more pieces of information to
determine its meaning, hence longer latencies. Even though we tried to eliminate as
possible recognizable textures from the natural image set, the familiarity effect still has
an influence. These possible discrepancies given by distinctive regularities structures and
familiarity influences should be eliminated in the next in-depth study.
Characterizing texture plays an important role in computer vision in expressing the
characteristics of a surface, while better understanding perception can be of great use for
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multimedia quality assessment by relating to the internal mechanisms of the human visual
system, while for out of the lab applications, practicality is important. Therefore, in these
prior experiments we investigated if a shallower information system (less channels) can
capture aspects of complexity perception and reasoning, targeting real life applications
where a bulky system will obstruct an easy use. We observed that even with 5 neural
channels some information can still be captured and the complexity perception of synthetic
color fractal and natural textures can be discriminated via LDA classification.
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Appendix F
Appendix F.1. Additional Graphs
Appendix F.1.1. GA ERPs
Figure A10 show the temporal evolution of the ERPs as comparison between the three
blocks. No important difference is observed in the latency of the ERP peaks between blocks.
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(a) block 1

(b) block 2

(c) block 3

Figure A10. GA ERP over blocks for channel P3.

The GA ERPs for all 5 recorded neural channels: Fz, T3, T4, P3, P4 is shown in
Figure A11.

Figure A11. GA ERP responses over all blocks, for the 3 types of images: Uni (blue); Nat (red); Frac
(orange), considering all channels. (Please note that temporal sites channels (T3 and T4) will appear
nosier in the graphics, while their conductivity was lower compared to the other channels, since they
were a bit loose during experiments due to their placement on the EEG cap lateral sides.)

Appendix A.1.2. Event-Related (De)Synchronization, ERD/ERS
The scalp plots in Figure A3 show decreased ERDs at parietal sites and slightly higher
at temporal sites, which gradually decreases as with increased image complexity and
perception from Uni to Nat and Frac. The activity in the the β band (Figure A3b) tends
to become synchronized in the frontal area for Nat and Frac perceptions referring to
the thought process itself of evaluating images complexity. Comparing between bands,
stronger ERDs/ERSs down to −3 µV are noticed in the α band Figure A3a, and weaker
between −0.2 µV and 0.1 µV in the β band Figure A3b.
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(a) α band (8–14 Hz)

(b) β band (20–28 Hz)

Figure A3. GA ERDs over all blocks, for Uni (blue), Nat (red) and Frac images (orange), within the:
(a) α (8–14 Hz) and (b) β (20–28 Hz) frequency bands, considering the P4 channel.

Appendix A.1.3. Event-Related Spectral Perturbations, ERSP
In Figures A4–A6, the spectral perturbations are presented highlighted by bootstrapping at α = 0.01 level, where no significant points are presented in green. For the top plots,
the right color bar shows the scale of the power spectral density (−2.2 dB); the lateral left
panel shows the baseline mean power spectrum; the lower panel show the ERSP envelopes
(low and high mean dB values, relative to baseline, at each time in the epoch, across all
frequencies). Bottom plots show the Inter-Trial Coherence (ITC), where the right color bar
shows the coherence strength scale (ITC values); the left panel shows the ITC frequency
mean (blue trace) and ITC significance limits at each frequency (green trace); and the panel
underneath shows the mean ERP trace.
Uni perception (Figure A4): The ERSP in the left parietal side (P3) show desynchronizations in the early interval (0–200 ms), and also later after 600 ms for up to 22 Hz and
weaker beyond 22 Hz. The ITC measure ranges from zero to one for a specific time-point,
explicitly from no synchronization between the EEG epochs to strong synchronization.
For a given frequency range, it provides the magnitude and phase of the spectral estimation.
It shows here that trials are phase-locked at 850 ms for up to 20 Hz, corresponding to the
second group of P200–P300 peaks, a time-locked response relating effectively to visual
processing for the grey image presentation event.
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(a) P3 channel

(b) T4 channel

Figure A4. ERSP over all blocks for Uni perception at P3 and T4, bootstrap significance level α = 0.01.

Nat perception (Figure A5): The desynchronizations are stronger and extended in
frequency and time, more pronounced in the γ frequency (over 30 Hz) for the T4 channel
as compared to Uni image perception. For parietal site, lower ERDs are observed after
600 ms including also γ band. Considering ITC, no phase synchronization between trials
is observed for the first group of P200–P300 peaks, since it includes the thought process of
perception which is different between image to image.

(a) P3 channel

(b) T4 channel

Figure A5. ERSP over all blocks for Nat perception at P3 and T4, bootstrap significance level α = 0.01.

Frac perception (Figure A6): For fractal perception, the strong desynchronizations
continue until 30 Hz for P3, after 600 ms, and until 20 Hz for T4 after 600 ms. Synchronization is also observed for T4 at 250–450 ms in the β band (20–30 Hz), effect significant as
detected by bootstrap statistics at 0.01 confidence level.
Comparing between Uni, Nat and Frac images perceptions, the effects tend to suggest
a more complex cognitive process for Nat perception, with extended ERDs in higher
bands and not significant for Frac perception in the parietal sites. While significant and
extended ERDs in β and γ observed for Nat perception in the temporal area, with only in
γ (>30 Hz) for Frac perception, tend to indicate higher memory recall activity for Nat and
intensive for Frac images. The representative perturbations in the α frequency band relate
to attention and an easier processing, while in addition, the significant beta and gamma
modulations represent more complex mental activity [87]. The strong synchronization
within the baseline period (−400, −200) ms relates to a time-locked visual response to the
attentional image, process identical in all three cases.
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(a) P3 channel

(b) T4 channel

Figure A6. ERSP over all blocks for Frac perception at P3 and T4, bootstrapping α = 0.01.
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