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ABSTRACT

Event-related potentials (ERPs) are indicators of brain
activity related to cognitive processes. They can be de-
tected from EEG signals and thus constitute an attractive
non-invasive option to study cognitive information pro-
cessing. The P300 wave is probably the most celebrated
example of an event-related potential and it is classically
studied in connection to the odd-ball paradigm experi-
mental protocol, able to consistently provoke the brain
wave. We propose the use of P300 detection to extract
the scientific interest in a large set of images and train
a computer with machine learning algorithms using the
subject’s responses to the stimuli as the training data set.
As a first step, we here describe a number of experiments
designed to relate the P300 brain wave to the cognitive
processes related to placing a scientific judgment on a
picture and to study the number of images per seconds
that can be processed by such a system.

Key words: P300; Curiosity Cloning; ERP; image classi-
fication.

1. INTRODUCTION

Space missions are often equipped with several high-
definition sensors, allowing to autonomously collect a
potentially enormous amount of data. The bottleneck in
retrieving these often precious data-sets is the on-board
data storing capability and the communication band-
width, which limit the amount of data that can be sent
back to Earth. This issue is particularly severe for im-
age data, which is usually quite demanding in terms of
dimension (bits) and, since the best possible resolution
and quality is normally required by scientists, also hardly
compressible in size. Hence, despite the fact that explo-
rative robots could take a vast amount of pictures, these
will eventually have to be reduced in number. Separat-
ing the scientifically relevant pictures from the less rel-
evant ones is the crucial task. Consequently, the robot
has to evaluate in real-time the scientific content of a pic-
ture, i.e., to assign a “Scientific Richness Index” to each

picture, and set its priority accordingly. The problem is
shifted to the definition of such an index.

In 2007, the two NASA rovers Spirit and Opportunity re-
ceived an update which made them able to detect dust-
devils in the martian landscape [CFB+08]. This consti-
tuted the first onboard science analysis process on Mars,
and so far the only example of selective data acquisition
by exploratory rovers. The algorithm (still in use) is es-
sentially based on the detection of changes between sub-
sequent pictures and works well whenever the acquisition
campaigns are done in still conditions. The picture inter-
est is thus related to the “amount” of moving objects in
the picture itself.

Classifier systems based on supervised learning could be
used as a more general alternative. These systems could
learn a possible dependence between picture features and
thesubjectivescientific interest of a picture as evaluated
by a given expert. This is an information that is diffi-
cult to extract reliably. The expert (e.g. a geologist with
an expertise in Martian rocks analysis), needs to evalu-
ate hundreds, even thousands of pictures and to rate each
one of them one by one to define their scientific interest.
ADD IJCAI REFERENCE ON TRAINING SETS AC-
QUIRED WITH INTERVIEW METHOD.

Here we propose to extract this information using the
EEG signal recorded while the expert is presented the pic-
tures in a rapid serial visual presentation experiment. Our
set-up is inspired by a related work performed by Ger-
son et al. [GPS06]. Main potential features of the pro-
posed approach are the faster rate at which pictures can
be presented to the scientists with respect to an interview-
approach, and the reliability of the classification that
could potentially be much higher. Looking for interesting
features is looking for the inexplicable, highly unusual, or
odd. In other terms, scientific interest is associated with
pictures’ features which arouse speculation, interest, or
particular attention.

It is well known from neurophysiological studies that
when we look at images which arouse such mental re-
sponses, our parietal cortex is excited in a very charac-
teristic way: a synchronized peak in the global electrical
activity of large groups of neurons in the parietal area
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which arises after approximately 300 ms after the stim-
ulus (image) presentation. This electrical activity can
be recorded with an electro-encephalography (EEG) as
an electric positive potential wave and is commonly re-
ferred to as P300 (see [HM02] for a good introduction to
the P300 wave). The P300 as an event-related potential
(ERP) shows interesting features: its magnitude is asso-
ciated with the level of attention the stimulus is arous-
ing, it cannot be fine controlled, and it is reported to be,
at least partially, independent from consciousness. We
aim at demonstrating that correlating the level of atten-
tion with the corresponding sensorial stimulus, it is possi-
ble to assign a scientific interest level to the stimulus pre-
sented. Moreover, since the P300 shows attention arousal
at its very beginning, it is possible to classify the interest-
level of an image quicker than by directly interviewing
the subject, and removing any bias operated by the sub-
jects conscious filtering. For a large set of images, as it is
required to train a computer with machine learning algo-
rithms, reducing the time dedicated to the analysis of an
image can have drastic effects on the total time required
to the subject to spend “looking at images”.

In our vision, with the data set obtained by evaluating
P300 level associated with each picture, is later used to
train and test a classifier which ideally react to stimuli
showing the same level of scientific attention that had
been monitored from the scientists. In short, scientists’
scientific attention would somehow be replicated - or
“cloned” - into an artificial system.

This paper contains the description and preliminary re-
sults of experiments performed during the first half of
2009 aimed to prove the feasibility to reliably and quickly
extract the scientific interest on images presented to a sci-
entist during a rapid sequential visualisation.

2. EXPERIMENTS

Each experiment described was carried out indepen-
dently by two groups located in different premises.
Care was taken to replicate the experimental environ-
ment as accurately as possible and the ITU-R BT.
500-11 recommendation [BT02] was used as a base-
line. To ensure equal experimental set-ups an image
visualization software named Curiosity Cloning Viewer
(CCViewer)was developed [Ruc08] and used through-
out the project. The software has been released un-
der BSD license and can be downloaded from the inter-
net atsourceforge.net/projects/ccviewer/
The two set-ups differed solely in the EEG recording ap-
paratus used. The first group operated at Dublin Cen-
tral University (DCU) in Ireland and used a two chan-
nel device with sampling rate of 254 samples per second
and a 12-bit sampling resolution. In parallel, a second
group operated at the Swiss Federal Institute of Technol-
ogy (EPFL) in Lausanne, Switzerland and recorded with
36 channels device. The different EEG set-ups were se-
lected to prove both the possibility to perform such ex-
periments with an extremely compact and portable de-
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Figure 1. Examples of an oddball (a) and non-oddball (b)
images used for Phase 1.

vice (2 channels) and to make sure to be able to access all
possible relevant brain activity during the experiment (36
channel set-up). The experiments were carried out in two
successive phases during the first half of 2009.

2.1. Phase 1 - Calibration, Presentation Rate, Sub-
conscious Perception and Learning

The aim of the first phase of the experiments was multi-
fold. The most basic objective was to confirm that the
P300 signal can be reliably detected with the used exper-
imental set-up and with the available tools. The next goal
was to analyse how P300 detection reliability is affected
by the rate of the image presentation (i.e. the number of
images presented per second). Then it was checked if
P300 activity is evoked also in situations when the image
presentation rate rules out concious perception of visual
stimuli. Finally, the impact of the learning effect on the
detection of P300 was assessed.

In order to fulfill these objectives, the classical oddball
paradigm [HM02] has been used throughout the first
phase of experiments. Visual stimuli consisted of a subset
of 3204 images of graystones luminated with a uniform
ambient light. 25 of those images contained in addition
to the stones a sand model of a spacecraft, thus constitut-
ing oddball images. The spacecraft position was different
in each of these images but the object itself was clearly
visible in all cases. Examples of background and oddball
images for this first phase experiments are given on figure
1.

The first phase was divided into 4 experiments each re-
lated to one of the aforementioned scientific goals. Ev-
ery experiment involved the presentation of one or more
image sequences to experiment subjects. The subjects
were instructed to count the images containing the space-
craft model and were made familiar with examples of
an oddball and non-oddball image. After that, the ac-
tual sequence of the images was presented while the EEG
signals being recorded, always preceded by a countdown
screen of duration of 5 seconds that allowed the subjects
to prepare for the experiment, reducing the surprise effect
on the sequence start.



No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of sequences in seq. in seq. (ms)

4 5 40 4 2 500/500 40

Table 1. Parameters of the Calibration experiment

No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of sequences in seq. in seq. (ms)

4 5 40 4 2 500/500 40
4 5 67 7 2 300/300 40
4 5 133 13 2 150/150 40
4 5 200 20 2 100/100 40
4 5 400 40 2 50/50 40

Table 2. Parameters of the Presentation Rate experiment

The parameters of the first experiment, further referred
to as theCalibration experiment, are summarised in ta-
ble 1. The goal here was to verify that the experimental
setup allows for a reliable P300 detection. The exper-
iment involved 4 subjects, and 5 different sequences of
images. Each of these sequences consisted of 40 images,
4 of which were oddball images. Oddballs were placed
randomly in the image sequence. The experiment was re-
peated 2 times (and with the same 5 sequences) for each
subject after an arbitrary rest period. Every image was
presented to the subject for 500 milliseconds (Image Dis-
play Period, IDP), after which a neutral background ap-
peared for another 500 milliseconds (Inter Image Period,
IIP), resulting in one image per second presentation rate.
Thus, the presentation of one complete image sequence
in this experiment took 40 seconds. The relatively low
image presentation rate in this experiment should allow a
very reliable detection of the P300 signal.

The second experiment was aimed at understanding how
fast the images can be presented to the subjects while still
registering a P300 response. The parameters of this ex-
periment, further referred to asPresentation Rateare pre-
sented in table 2. Image sequences of different lengths
were presented to the subjects with increasing image pre-
sentation rate. The number of images was adjusted to the
change in presentation rate, so that the total duration of
one sequence stayed equal to 40 seconds. The number of
oddball images present in the sequence was adjusted ac-
cordingly, so that the ratio of the number of oddball im-
ages to the number non-oddball images was kept on the
same level (10%). The oddballs were placed randomly in
the sequences. As for the first part of the experiment all
parameters are identical to the ones used in the Calibra-
tion experiment, the results of the latter were re-used.

The third issue addressed in this phase of experiments
was to check that brain activity can be detected and re-
lated to oddballs also when the image presentation rate
is too high to allow concious perception. Thus, a much
higher image presentation rate than in the first two ex-
periments has been used, and no inter-image blank was
used (IIP=0). Two timing options have been used, result-
ing in displaying 30 and 60 images per second respec-
tively, which is higher than the commonly agreed thresh-
old of concious perception, being 20 images per second
[HKW+03]. For these two options, 10 different image se-
quences have been used, each of them containing exactly
one oddball image (this fact however was not known to

No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of sequences in seq. in seq. (ms)

4 10 300 1 2 33.3/0 10
4 10 600 1 2 16.7/0 10

Table 3. Parameters of the Subconscious Pereception ex-
periment

No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of sequences in seq. in seq. (ms)

4 5 100 10 5 100/100 20

Table 4. Parameters of the Learning experiment

the subject). The oddball image placement was random,
however it was enforced that it is placed within the first
third of the sequence for 3 out of 10 sequences, within
the middle third for 4 out of 10 sequences and within the
last third for remaining 3 sequences. All parameters of
this experiment further referred to asSubconscious Per-
ceptionare summarised in table 3.

Finally, the issue of learning the image sequence by the
subject in case of a subsequent presentation of the same
image sequence, and its impact on ERP detection was ad-
dressed. In this experiment, further referred to asLearn-
ing, a slightly different protocol than in previous ones was
used. Each of the subjects was shown 5 different image
sequences, but each one of them was repeated 5 times
one time after another. Moreover the subject was made
aware of this fact in advance, being also instructed that
“the same image sequence is going to be repeated for 5
times”. Relatively high image presentation rates has been
used in order to allow the subjects to make mistakes and
thus observe the learning effect, if present. All parame-
ters of this experiment are given in table 4.

2.2. Phase 2 - Scientific Expertise

The second phase of the experiments aimed to answer
questions concerning the relation between ERPs and ex-
pert knowledge or scientific curiosity. In order to meet
these objectives, a special set of visual stimuli has been
used, as well as two types of experimental subjects – a
person who has profound scientific knowledge about the
stimuli and non-experts.

The visual stimuli used in the second phase of the ex-
periments were taken from the European Space Agency’s
database of “multilayer coatings for thermal applica-
tions” (www.esa.int/gsp/ACT/nan/op/bigrunresults.htm).
The database contains images obtained during the pro-
cess of designing a multilayered material exhibiting pre-
defined thermal emissivity profiles (which are calledtar-
gets). Spectral directional properties of a material can
be presented as 2-dimensional contour plots with axes
representing angle and wavelength parameters and with
the colour of the point representing the magnitude of the
target parameter (for example emittance). Different ma-
terials, including the ideal target solution, correspond to
different plots which appear as different 2-dimensional
contours. However, as a material matching exactly the
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Figure 2. Examples of a target (a), obvious oddball (b),
non-obvious oddball (c) and background (d) images used
in the first experiment of the second phase.

desired properties is not obtainable, the best found solu-
tion will only be similar to a certain degree to the ideal
target solution. This “degree of similarity” is related to
a simple pattern matching process (e.g. the image looks
similar to the target image) in non-expert subjects, and to
more complex cognitive processes in the expert (e.g. con-
sideration on the physics of the emissivity profiles, expe-
rience on what can be considered a good match for the
emissivity pattern). The image sets used were taken from
different optimisation experiments for different desired
ideal properties of the material and for solutions of dif-
ferent quality. The contours were plotted in a normalised
range of parameter values and stripped from the axes and
the legend.

In this phase, two experiments were conducted. The first
one, calledExpertisewas designed to find out if there
is a difference in P300 responses between subjects who
possess scientific knowledge about presented stimuli and
non-expert subjects. The experiment used a modification
of the oddball paradigm, with two types of oddballs: ob-
vious and non-obvious. In each session, the non expert
subject was presented an image corresponding to the tar-
get solution and instructed to “look for similar images”.
The subject was also shown an example image consid-
ered an obvious oddball in order to be informed about the
amount of acceptable differences between target solution
and “good” solutions. Then a sequence of images was
presented, which contained plots of materials with prop-
erties different from the ideal target (background images),
very similar to the target (obvious oddballs) and slightly
similar to the target (non-obvious oddballs). Examples of
such images are shown on the figure 2.1.

Parameters of the experiment are presented in table 5.

In total 5 subjects were used, 1 expert (the European

No. No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of targets of sequences in seq. in seq. (ms)

per target
4+1 2 5 50 3+3 2 500/0 25

Table 5. Parameters of the Expertise experiment

No. No. Images Oddballs Repetitions IDP/IIP T (s)
of subjects of sequences in seq. in seq. (ms)

1 5 50 10 2 750/0 37.5

Table 6. Parameters of the Curiosity experiment

Space Agency’s scientist conducting the forementioned
study on multilayered materials) and 4 non-experts. Two
different target images were used, with 5 image se-
quences prepared for each of them. Every sequence con-
tained 3 obvious and 3 non-obvious oddballs. As in previ-
ous experiments, every measurement was conducted two
times. A moderately fast image presentation rate with-
out the Inter-Image Period was used, which resulted in
sequences of 25 seconds in length.

The second experiment of phase 2 to which we will re-
fer to as theCuriosityexperiment, was conducted on the
expert subject only. No target image has been used. Non-
interesting background images were mixed with poten-
tially interesting oddball images selected by researchers
preparing the image sequences, and which represented
material properties that may evoke subject’s curiosity.
The subject was instructed to “look for interesting prop-
erties in the displayed images”. Parameters of the exper-
iment are shown in table 6. Differently from the Exper-
tise experiment, the (expert) subject is no longer asked to
perform pattern matching. Instead, with this experiment
we wish to assess the potentiality of a subject’s scien-
tific curiosity being imprinted on his brain wave activity.
Should we be able to subsequently train an artificial sys-
tem that displays similar curiosity and attention proper-
ties to the ones of the scientist, that machine would be
able to look for scientifically interesting features in im-
ages in the same way the scientist would. A visionary
scenario could thus include a robot on Mars evaluating
images by using the scientific curiosity of certain scien-
tists back in earth which it has learned to imitate.

3. DISCUSSION AND PRELIMINARY RESULTS

During all the experiments, a significant amount of data
was recorded. A full and complete analysis of all the ac-
quired data will require some time and will be presented
in separate works aiming at assessing the possibility of
classifying the signals and using the trained classifiers to
identify, in theCuriosity experiment, those images (i.e.
materials) that the expert thought to have a promising
scientific application. Here we present the preliminary
analysis on the averaged data from thePresentation Rate
and theExpertiseexperiments aimed at proving that the
recordings do contain the signature of the diverse subject
cognitive activity after the presentation of the different
stimuli and that such an activity is different in expert and
non expert subjects when scientific expertise does influ-
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Figure 3. Averaged results for the Presentation Rate ex-
periments of Phase 1 (EPFL)
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Figure 4. Averaged results for the Expertise experiment
of Phase 2 (DCU)

ence the picture judgment significantly.

Consider the average signal after the presentation of the
stimuli during thePresentation Rateexperiment. We also
average the data across the different subjects and in both
repetitions of the experiment. Referring to the results
plotted in Figure 3, which come from the experiments
carried out in Switzerland, we clearly see in all averaged
curves a “positive deflection in voltage at a latency of
roughly 300 ms” that is the event related potential (ERP)
commonly named P300. In this particular experiment the
cognitive function detected is related most probably to
the decision making process the subjects undergo when
deciding whether the picture is an odd-ball or not. It is
interesting to note that the magnitude of the P300 seem
to decay for faster visual stimuli rates. When the im-
age display period and the inter image period get faster
we note the presence (see the averaged non target signal
for IDP=100ms in figure 3c) of a visually evoked poten-
tial having the same frequency as the IDP. To this signal
some information on the cognitive activity is added in the
averaged target signal so that we still see a faint footprint
of the P300 wave in the augmented amplitude of the os-
cillation at around 300 ms. Whether or not this can be
used to extract conclusions on single non averaged signal
remains to be determined in a more detailed analysis.

Consider now the averaged signal after the presentation
of the stimuli during theExpertiseexperiment. Here we
differentiate between expert and non expert subjects, and
we average across the signal following a target stimuli,
a non target stimuli and a non obvious stimuli. We re-
mind the reader that in the latter case a profound scien-
tific expertise can help in discriminating it from the target
stimuli. The results of the averaging process are shown in
figure 4 and come from the experiments that took place
in Ireland. In these plots we clearly see the P300 wave
(remember that IDP is here 500 and IIP is 0) after a target
stimuli (obvious oddball) in both expert and non-expert
subjects.

Interestingly, non-expert subjects seem, on average, not
to discriminate between obvious and non-obvious stim-
uli. That is, both obvious and non-obvious matches evoke
a very similar potential (P300 wave). This observation is
not surprising since, after all, these subjects lack scien-
tific expertise on the content of the presented images, and
are just performing pattern matching. The expert subject,
on the other hand, has a different reaction (after an obvi-
ous and a non-obvious stimuli) recorded distinctly in the
EEG signal around the 300ms region, since the high peak
observed for obvious matches does not appear in the case
of non-obvious matches. This difference which is a result
of experience implies that the expert subject did not clas-
sify the non-obvious oddballs as matches to the initially
presented target. Rather than performing simple pattern
matching in order to place a judgment on the interest of
the stimuli, the expert subject performed a more profound
cognitive analysis of the image’s scientific content.



4. FUTURE WORK AND CONCLUSIONS

In this article, we have introduced an alternative rationale
for autonomous on-board image classification. Instead of
looking for predefined patterns, a rover could be porting
the scientific expertise and curiosity of expert scientists;
in other words, its artificial brain could be trained to imi-
tate the judgement and classification of certain scientists.
Instead of the cumbersome and costly procedure of inter-
viewing them about the content of every image, imposing
them to explicitly and consciously indicate the pictures
bearing interest, we propose to directly access their brain
waves. We have demonstrated that brain activity in the
form of event-related potentials conveys the necessary in-
formation related to image processing and classification.

More in detail, in our experiments the P300 brain wave
is detected in a rapid serial visualization experiment with
image display periods that can be as short as 100ms. The
presentation speed effects the intensity of the P300 and a
careful balance between speed and wave amplitude needs
to be found when analysing large amounts of pictures.
The averaged analysis of the signals recorded during the
experiments described highlights the presence of a cogni-
tive activity related to the picture judgment that, most im-
portant, is deeply influenced by the subject scientific ex-
pertise on the image significance. These results prove that
it makes sense to train classifiers able to extract in real
time scientifically interesting features in images, based
on classifications performed previously by experts. The
training of such classifiers and the assessment of the num-
ber of images per second such a system would be able to
analyse reliably are the subjects of our future efforts.
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