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ABSTRACT

A fundamental goal of Information Retrieval (IR) is to satisfy search/-
ers’ information need (IN). Advances in neuroimaging technologies
have allowed for interdisciplinary research to investigate the brain
activity associated with the realisation of IN. While these studies
have been informative, they were not able to capture the cognitive
processes underlying the realisation of IN and the interplay between
them with a high temporal resolution. This paper aims to inves-
tigate this research question by inferring the variability of brain
activity based on the contrast of a state of IN with the two other
(no-IN) scenarios. To do so, we employed Electroencephalography
(EEG) and constructed an Event-Related Potentials (ERP) analysis of
the brain signals captured while participants experiencing a realisa-
tion of IN. In particular, the brain signals of 24 healthy participants
were captured while performing a Question-Answering (Q/A) Task.
Our results show a link between the early stages of processing,
corresponding to awareness and the late activity, meaning mem-
ory control mechanisms. Our findings also show that participants
exhibited early N1-P2 complex indexing awareness processes and
indicate, thus, that the realisation of IN is manifested in the brain
before it reaches the user’s consciousness. This research contributes
novel insights into a better understanding of IN and informs the
design of IR systems to better satisfy it.
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1 INTRODUCTION

The goal of Information Retrieval (IR) is to satisfy searchers’ infor-
mation needs (IN) [1, 2]. Many researchers in the past have tried
to better understand this complex phenomenon [3-7] to satisfy
it. Notable examples of these studies include Taylor’s Question-
Negotiation Process [3], Anomalous State of Knowledge Model
by Belkin et al. [4], Wilson’s Information Seeking Behaviour [5],
Kuhlthau’s Information Search Process [6], Ingwersen’s psycho-
logical and cognitive aspects of IR [8] and Cognitive IR Theory
[7], Cole’s framework of information processing and knowledge
frames [9] and many other conceptual analyses [10-15]. Despite
their invaluable contributions, they all have investigated the IN
phenomenon indirectly, via traditional methods of user behaviour,
i.e. some sort of mediator, such as questionnaires/interviews [16],
reflective diaries [6, 17], user-system interactions and search logs
[18]. Past studies have shown that IN phenomenon is often difficult
for the searchers to understand and describe [19], leaving current
user-base studies limited in capturing and describing how exactly
such a phenomenon appears at its very early stage.
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To tackle this problem, new research has emerged employing
neuroimaging techniques to directly monitor brain activity of sub-
jects experiencing a realisation of IN [20-22]. This research has led
to a discovery of cognitive processes and brain regions associated
with the realisation of IN [22, 23]. However, these studies have
used fMRI technique which has a high spatial, but low temporal
resolution. Thus the question of “how a realisation of IN occur from
a temporal aspect?” has still remained unanswered. This study aims
to investigate the possibility of capturing the realisation of IN in
real time from the brain signals.

We aim to go one step further and investigate the possibility of
capturing the brain activity of searchers experiencing a memory er-
ror (or gap) [24]. This is the situation where searchers are under the
assumption that they know (or have recalled) the information for a
task or a question, but the recalled information is, in fact, incorrect.
In such a scenario, an individual would not experience a realisation
of IN and hence would not engage in an information retrieval and
seeking process, leaving the memory error unresolved. Depending
on the context, this could have negative consequences for the user
(e.g., in an education context) and, in some cases, catastrophic ones
(e.g., in a medical context).

It can be argued that in a situation like this, where an individual
is not aware of an anomaly in their state of knowledge, IR sys-
tems could be helpful. One way could be to make users aware of
their memory error. This could lead to a realisation of IN, an ini-
tiation of a search process and possibly prevention or correction
of a mistake. Another way would be to alleviate the information
overload situation by not flooding users with information when
they have a correct memory retrieval/recall and they do not need
information. This is particularly important in research directions
such as proactive IR [25] and/or personal assistant systems [26-28].
However, this would be possible, if users’ memory errors could be
captured. This work aims to investigates the possibility of detecting
situations where searchers experiencing a memory error in real
time from their brain activity. The question then would be how
different the brain signals of memory error would be from the ones
when a realisation of IN occurs? And, how different they would be
from the ones when a correct information retrieval/recall occurs?
This lead us to the following research questions (RQs):

(1) RQ1: “What are the temporal dynamics of the neural mani-

festation of ‘IN realisation’ scenario?”;

(2) RQ2: “Is there a clear, detectable, neural manifestation of
‘memory error’ and ‘correct recall’ scenarios? and if so, what
are the temporal dynamics of these manifestations?”; and

(3) RQ3: “Do neural manifestations of these three scenarios differ?,
i.e. when searchers realise an IN (Know that Don’t know and
want to know scenario), have a memory error (Don’t know
that Don’t know scenario), and have a correct recall (Know
that Know scenario)?”.

Our study utilises an experimental design involving an inter-

active Question-Answering (Q/A) retrieval task. The information
processing at participants was induced by questions of general
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knowledge while their brain activity was recorded using Electroen-
cephalography (EEG) in real-time. Depending on the answer the
participants provided with each question, we encoded the neural
processing into three pre-defined Scenarios: 1) Correct, meaning
participant selected a correct answer (CorrectRecall), 2) Incorrect,
meaning participant falsely endorsed the incorrect answer choice
as the correct (MemoryError) and at last, 3) Not Know, representing
recognised and acknowledged ASK with an interest to learn the
answer (NeedToSearch, i.e. representing the expression of IN). We
focused on the inspection of the modulation of ERP components.
These represent stimulus-evoked voltage deflections as these are
seen as an indicative of unfolding of cognitive processes. We de-
veloped a data-driven Event Related Potentials (ERP) analytical
framework contrasting the time segments of significant spatial neu-
ral activity associated with each of the three states. Our central
aims are to: (i) evidence on the distinct neural correlates to project
a state of INs (in particular in an early state) with the focus on its
temporal dynamics and (ii) evaluate if the brain activity is signifi-
cantly modulated depending on the distinct states of knowing (in
the context of our three scenarios). Specifically, answering (i) can be
the basis to detect IN in a Q/A task in real-time. This study accounts
for neurophysiological objective inputs to IR systems which might
to lead to improved (even proactive) IN detection.

2 RELEVANT WORK

Complex Nature of IN. IN is a core concept of the IR process
of delivering relevant documents and satisfying user’s IN [29]. Its
subjective and user-dependent nature makes it an complex input
to IR [11]. Multiple studies have attributed IN to an anomaly in
knowledge [4, 30], uncertainty [6], feelings of unease [9], feeling of
dissatisfaction [19] or doubt [3]. Taylor described the complexity
of IN on a hierarchical model of IN in respect to user’s awareness
with their IN. Whilst Taylor pointed out that low levels of IN are
visceral and within-brain attributes, Belkin et al. [4] specified that
the ASK variants are dependent on the levels of user’s knowledge.
Both of these anticipate the inherent complexity in how the user
might perceive their INs. This paradox influences the quality of
main elements in the IR process, most notably the formulated query
as the system-representation of IN. The situation becomes even
more pronounced when IN is ill-defined [14]. The user receives only
vague, uncertain and fuzzy memory retrievals [9]. It makes it all the
more challenging for the user to map their actual (inexpressible)
IN to a (expressive) query [3].

The IN were empirically investigated via self-reported mecha-
nisms or utilisation of search logs [6]. Recently appealing is the
area of contextualisation of the INs, to derive information such as
search intent [31]. For instance, utilising additional search meta-
data, e.g. real-time contextual activity of the mobile queries [32-34]
shows positive results in this area. These scenarios however eval-
uated IN only indirectly which makes it difficult to create a link
between the actual INs [3] and their system formulation. Inter-
disciplinaryNeuraSearch research is an empirical response to the
overcome this issue by evaluation of the user brain responses as an
alternative source of user behavioural patterns [35].

Furthermore, a rapid development of intelligent IR engines, such
as conversational agents [36, 37] proceeds to explore the proactive
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design-thinking of IR [38]. The potentials of proactive zero-query
systems [25] might benefit from the NeuraSearch approach and
address the “IN-query gap" [20]. In a sense, the anticipation of INs
and proactivity of IR is an intervention with the user’s awareness.
Utilising the link between awareness and knowledge anomaly, could
proactive IR system alter the user’s awareness and even rectify
user’s unawareness? The investigation of memory error that has
not been recognised by the user is, thus, a novel attempt to bring a
new perspective the concept of ASK and expand the discussion in
the area of proactive IR systems.

Neuroscience & IR Research. Despite traditional behavioural
studies concerning INs offer beneficial insight into the qualitative
characteristics of IN [39-41], their capabilities are limited in the
area of data acquisition of the internal (within-brain) formation
of INs as well. To operationalise these efforts, a branch of inter-
disciplinary research within IS&R has been established under the
term NeuraSearch [42]. NeuraSearch is an evidence-based research
employing a carefully designed user-studies with a real-time acqui-
sition of neural manifestations (i.e., activity) of user experiences in
IS&R [43, 44]. The employed neuroimaging techniques advance to
evidence on the location of the source of the activity and to create
a fine-grained temporal profile of the activity strengthening the
link with the cognitive theoretical approaches in IS&R [7, 8, 45].

A rise in adoption of neuroimaging techniques across the key
areas of IS&R resulted in numerous NeuraSearch applications with
the most notable being relevance judgment [46, 47], IN realisation
[20], search transitions [23] or query construction [48]. Commonly
used neuroimaging techniques include electroencephalography
(EEG) [46, 48-52], functional magnetic resonance imaging (fMRI)
[20, 22, 49], magnetoencephalography (MEG) [53], functional Near
Infrared Spectroscopy (fNIRS) [54, 55]. The EEG studies manifested
the effectivity of EEG to capture the brain activities of complex
cognitive processes utilising its fine-grained temporal resolution.
EEG technique allows to capture even the smallest variability be-
tween the graded levels of the same phenomenon, e.g. three ERP
components, P300, N400 and P600 were modulated depending on
the grades of relevance judgmens [47]. The current development
and availability of portable EEG devices strengthens its applicability
as the signal input into Brain-Computer Interfaces (BCI) systems
[56].

Conceptually relevant and informative to our research is a series
of fMRI studies investigating IN realisation developed by Moshfeghi
et al. [20, 21]. fMRI technique has the advantage of highly precise
spatial resolution to locate the brain source of significant activity
within mm. The first study [20], thus, identified topological brain
maps of the significant activity found critical hubs orchestrating
activity between IN and nolN states. Second study [21], positively
confirmed the predictive capabilities of fMRI data. The series cul-
minated in the introduction of Neuropsychological model of IN
realisation with three components: Memory Retrieval, Information
Flow, A high level Perception component [22]. Specifically the first
two are supported by discoveries of functional networks involv-
ing factual searches in memory and self-awareness context, as the
sources of cognitive mechanisms involved in the user’s adaptability
on a new stimuli and support the user’s readiness, e.g. whether
there is a need to search or not [9]. In these works, IN was reduced
to a binary concept, represented a state of knowledge in which
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users felt a higher probability of not knowing the answer than
knowing the correct answer. No deeper investigation concerning
and potentially diversifying the user’s state of the knowledge, was
done. However, as the task involved user’s access to knowledge, the
authors anticipated that arise of IN was connected to a feeling of
anomaly, and thus, connected IN to ASK [4]. There is not yet known
to us a study focusing on investigation of temporal signatures of
IN within IR context using EEG. We hypothesise that the mental
formation of the realisation of not-knowing based on measured
brain signals provide a reliable information about the variability of
neurocognitive processes and might lead to a potential detection of
IN on the visceral basis.

3 PRELIMINARIES

Electroencephalography (EEG). Brain generates small electrical
activity, on the order of millionth of a volt. The EEG represent a
procedure how to capture this activity in real-time using EEG’s
main advantage of high temporal resolution [57]. Time frequency
(or sampling rate) is the measure of data sampling (e.g., 500 Hz/s).
A sensor, i.e., electrode, is attached to a specific location of the
skull surface to capture the cortical electrical activity. A common
approach is to use an “EEG cap", made of an elastic light-weight
fabric, as the recording interface on top of which multiple electrodes
attached to in order to get a signal originating different areas on
the brain. The electrode configuration on each cap follows the
standardised “10:20 System of EEG Placement” [58] as depicted in
Figure 2 which allows comparable results of spatial activity between
subjects within a study as well as between the studies. The acquired
data must go through a data pre-processing pipeline (see Section 4.1
to increase the Signal-to-Noise Ratio with the noise imposed by “the
artefacts” originating from inside the body, such as heart activity,
eye blinks, eye movements, facial and other muscle movements
amplifying the signal.

Event Related Potentials (ERP) is a common approach of analysing
EEG data based on averaging EEG response waveforms, time-locked
to stimuli onset (start) and offset (end), across people and trials. ERP
Component then represent a deflection from the baseline of EEG
activity denoting neural activation or deactivation linked to some
form of neural processing. The standard convention for labelling
ERP components is to use: ‘Letter’ which refers to the polarity of
the component: Positive (P) or negative (N) and ‘Number’, which
refers to the time point on the series where this deflection reaches
its local maximum, e.g. component N1 meaning negative deflection
peaking at 100 ms post-stimulus. Data Epoch is the time window
within which the relevant brain responses, i.e. ERP Components, are
expected to emerge. In our experiment, a typical epoch expanded
from 200 ms pre-stimulus onset to 800 ms post-stimulus onset to
cover the stimuli presentation time and baseline activity. Time
Window is a specific selections of the time series, i.e. epoch, that
captures particular ERP components. This allows investigation of
the temporal dynamics of the relevant brain responses. Region of
Interest (ROI) represents a set of neighbouring electrodes that
jointly contribute to a particular ERP component linked to the in-
vestigated function. The topological distribution of ROI (Figure 2)
allows for investigation of the spatial dynamics of relevant brain
responses. ERP Analysis focuses on extraction and analyses of
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the amplitude of an ERP component to contrast between the given
experimental conditions in a study. In general, the amplitude of an
ERP component reflects the voltage elicited by the neural activity
giving rise to the ERP component. The higher the voltage (higher
negativity or positivity) the higher will be the ERP amplitude indi-
cating a greater amount of neural resources (activity) recruited to
support the specific neural operation [59].

4 METHODOLOGY

Design. A “within-subjects” design was used in this study, in
which the participants performed a Q/A task (see Section 4.1.1 to
explain the task). The main aim of the experiment was to evaluate
the modulations in the brain activity posed by the three pre-defined
states of knowledge (Scenarios). These were linked to the partici-
pants responses which were controlled by responding to questions
viewed on the screen. These represented the independent vari-
able (Scenarios) in the study: “Correct” (CorrectRecall), “Incorrect”
(MemoryError) and “I do not know" meaning acknowledged ASK.
The level “I do not know" was further subsetted according to the
participant follow up decision indicating either i) care to know the
answer (NeedToSearch) or ii) no care to know the answer (NoNeed-
ToSearch). By limiting the response space to three levels we had a
control over the categorisation of participants and the information
processing associated with these levels. For each level, we extracted
the relevant ERP activity (refer to EEG Glossary in Section 3). The
dependent variable was the mean amplitude of relevant ERP com-
ponents drawn from the EEG signals synchronised with the Q/A
task.

Participants. Twenty-four healthy university students volun-
teered. Initial insight into data showed that data were unbalanced
across our Scenarios (see Table 1). As the methods of the analytical
framework we devised (see Section 4.2) rely on individual averages,
we need a sufficient samples in each Scenarios. We, thus, filtered
the data where only participants satisfying a threshold of minimum
number of responses in each level will be moved to final sample
and undergo the statistical analysis. The criterium was satisfied by
fourteen participants (see Section 4.2.2), out of which there were
13 females (93%) and 1 male (7%) within an age range between 18
and 39 years and a mean age of 23 years (sd 6.5). The participants
were volunteers recruited by the anonymised university and they
received no monetary payments, but were eligible for academic
credits. Participants completed the task (without the breaks) on
average in 44 min (sd=4.62, med=43.40).

Q/A Dataset. We constructed a dataset of general knowledge
questions taken from the following sources (1) TREC-8 and TREC-
2001! (widely applied in IR and NeuraSearch, such as [20]) and
(2) B-KNorms Database? (used in cognition and learning studies
[60]). Two independent assessors separately evaluated the ques-
tions difficulty (Cohen’s Kappa: 0.61). We then selected a subset
of 120 questions 3 where both annotators agreed upon their diffi-
culties. Data were equally distributed between easy and difficult
(60:60). Its purpose was to create balanced trials for the participants
to experience scenarios of knowledge anomaly corresponding to
!https://trec.nist.gov/data/qamain.html

http://www.mangelslab.org/bknorms
3The data will be available upon request.
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our three Scenarios. We expected easy questions would trigger
more of KNOW (either CorrectRecall or MemoryError) and diffi-
cult questions more of “I do not know", creating thus the premise
of IN realisation. Here are two examples of a) a difficult question
from the dataset: “What is the length of the coastline of the state of
Alaska?" and b) an easy question" “What primary colours do you
mix to make orange?". Questions covered a diverse range of top-
ics: History, Science and Technology, Geography, Culture and Art,
General. The questions were of the open domain and closed-ended
answer. The question length (measured by the number of words
the question consisted of) resulted from 3 words to 13 words. The
question attributes (length, difficulty, category) were not used as an
independent variable in our main analysis as we did not investigate
their effects on cortical activity. Their impact was however tested
using final data distributions, with no significant effects. Due to
space limitations we do not further report on the outcomes.

4.1 Procedures

Ethical permission to carry out this study was obtained from the
anonymised Ethics Committee. The experiment was performed in
a research laboratory setting. All participants fulfilled the inclusion
criteria to take part in the study, i.e. healthy people between 18 -
55 years, fluent in English, without any prior or current psychiatric
or neurological Scenariosthat could influence EEG signal.

Participants were first distributed two questionnaires requesting
their demographics information and inquiring about their habits
with information searching and search engines. They were then
informed about the task (described in Section 4.1.1). To ensure that
all the participants had a good understanding of the task, they
underwent a practice session. The practice session consisted of five
questions not used in the main task. This section was not limited
in time, and participants were allowed to repeat it, if required, until
they felt comfortable to proceed to the main session. In the main
session the question order, as well as the answer options on the
screen, were randomised across participants. The randomisation
allowed to eliminate any order bias and response tendencies. There
was no time limit to provide responses, which were entered by the
participants via a button press using three keys previously allocated
to each option. Two breaks were provided (after completion of 1/3
and 2/3 of questions) to avoid fatigue. Participants were asked
to remain still and minimise any body movements, particularly
blinking, as these represent noise-introducing artefacts to the brain
signal.

Recording Scenarios were kept constant across participants. Af-
ter the main session, there was a debriefing session and participant
were required to fill out a final post-task questionnaire related to
their subjective perception with the task. A prior to data collec-
tion, a pilot study with two volunteers was conducted to ensure
that the experimental procedure ran smoothly. Feedback from the
participants in the pilot study was used to improve the procedure.
Feedback from the participants in the pilot study was used towards
the procedure improvements and data collected in the pilot study
are not used in the present analysis.

4.1.1  Procedure of the Main Experiment Task. Figure 1 illustrates
the Task sequence with an example of a 5-word question stimulus.
Each participant was subjected to 120 trials. Every trial followed
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Show Question Q (one word at a time) Show Answer Choices

Q

Show Fixation (2000 ms)

+ f—{ A) <Incorrect

(800 ms) (800 ms) (800 ms) B) <Correct
C) 1 don't kngw
<

Example: When -> is -> Saint -> Patrick's -> Day?

YES
Show Correct Answer
4.2 4.1
Correct Answer is
O.—NO Questions left? <Correct> le—VE: Need to Search?

March 17th

Is the answer
I don't know ?

t g

& stimuli onset trigger < obtain participant response

Figure 1: Diagram of the task flow.

the same order of steps: Step 1 Showing the Fixation Cross, Step
2 Question Presentation, Step 3 Presentation of Answer Choices and
Step 4.1 Search Decision. The brain activity was captured during
the entire course of the trial, but the core section of data repre-
sent the data captured in Step 2 of Figure 1). Here we captured
the brain activity of participants during the sequential sentence
reading in order to evaluate the brain correlates associated with
the processes of information processing. After a random question
ran, a participant recorded their response and the associated three
Scenarios were added to each word of the question. Each word of
the question then became a part of the same Scenarios. We did not
differentiate between separate words, e.g. due to their qualitative
criteria, or extracted brain activity with particular words in the
question. Our work is similarly as in [47] built on the approach of
knowledge accumulation. As the word sequentially appears on the
screen, the question progresses corresponding to the amount of
received stimuli (input) information.

Trial. The trial started with viewing a fixation cross in the middle
of the screen for a duration of 2000 ms that indicated the location of
the next stimuli on the screen and was a way to minimise eye move-
ments on the screen. Next, the participants viewed a sequential
presentation of a question randomly selected from the dataset. Each
word was displayed for 800 ms. Within this step, the participant
processed the information as it was coming (word-by-word). After
the last word (Wn in Figure 1) of a generated question ran, the
participants moved to Step 3. Here, they were presented with now
fully-displayed question and three on-screen answer choices asso-
ciated with the question. They were requested to select the correct
answer or choose the option “I do not know". Next step depended on
the response outcome in Step 3. In the case participants answered
CorrectRecall or MemoryError, they were presented with the cor-
rect answer (Step 4.2) which they terminated by a button press after
which they were moved on the beginning, Step 1. Alternatively,
if the participants answered “I do not know", they were asked to
make a Search decision (Step 4.1), whether they want to search
(NeedToSearch) for the correct answer or not (NoNeedToSearch).
The ,search’ was simplified here, as no actual search was performed
as part of the study task, with participants being aware of it. Search
interaction would increase the EEG artefacts onto data, such as
introduction of motor-related artefacts. Search represented here
the decision of participants whether they want to learn the correct
answer (move onto Step 4.2) and, thus, satisfy their “I do not know"
Scenarios(NeedToSearch) or not (NoNeedToSearch) and move into
the next trial. The process was repeated for all 120 questions.
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Figure 2: Placement of electrodes on EEG cap and their re-
gional assignment (ROI).

Experimental decisions. Sequential presentation of a stimulus
has been applied in studies examining neurological correlates of
reading [61], as well as in IR-related studies of relevance [47] or
query construction [48]. Its aim is to have control over free-viewing
and to minimise presence of any confounding artefacts (i.e., sac-
cades). As a result, the ERPs were time-locked to the word onset
presentation, i.e. we captured the temporal processing of each stim-
uli ERPs during the preseWords on the screen were presented using
a Fixed Rapid Serial Visual Presentation (fixed-RSVP) of 800 ms
for each word. As previous studies of sentence processing [62, 63]
pointed out, a ratio above 700 ms enables engagement of higher
cognitive abilities. These are important for us as we want to capture
the human information processing and to extract EEG signal asso-
ciated with particular words, i.e. events. The final ratio of 800 ms
was determined by the outcomes pilot study. It was found sufficient
for fluent reading [63] and to avoid the overlapping effect of two
consecutive words on the ERPs [64]. To determine IN expression
we used the information related to participants decision we ob-
tained during the study. We, thus, specified the “I do not know"
level with an added decisions of participant, i.e. the want to search
(i.e., NeedToSearch) and, thus, created the level NeedToSearch. We
translated this level as an expressed form of participants’ INs.
Apparatus. Interactive Q/A system which ran the task (Section
4.1.1) was developed in a behavioural research software e-Prime2
and was synchronised with an EEG system. A 40 electrodes Neu-
roScan Ltd. system with a 10/20 configuration cap was used for data
acquisition. EEG was recorded with a sampling frequency of 500Hz.
Impedances were kept below 10 kQ and signals were filtered online
within the band of 0.1 - 80Hz. EEG recordings were subsequently
pre-processed offline using toolbox EEGLAB version 14.1.2 [65]
executed with Matlab R2018a. Further stage of statistical analyses
was done in RStudio with R 3.6.1.

EEG Data synchronisation and Reduction of artefacts. EEG
signals were time-locked to the word presentation. In order to
associate EEG recordings with behavioural data, we applied syn-
chronous triggers, i.e. unique identifiers for each trial. Triggers
were sent to a separate file at the onset of each word (as depicted by
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a green cross icon in Figure 1) and at the time of the button press
indicating the response (depicted by an orange square in Figure 1).
As was reported, the triggers corresponding to Scenarios encoded
the sequence of EEG signal according to one of those levels. By
design we eliminated any possibility of signal contamination by
neural correlates corresponding to motor responses (i.e. hand move-
ment to make a button click) as response-preparation component
as it generates a separate signal (often called noise) affecting the
underlying brain signal [59]. User read the textual stimuli on the
screen following the order of word in a question. Only after the
entire question was presented, the participant was asked to make
an explicit judgment.

4.2 ERP Analytical Framework

Evaluation of conditional neurocognitive response is our main ob-
jective. Initial insight into ERP waveforms showed a clear manifesta-
tion of ERP components (see Section 3), which resulted in a decision
to apply a combination of exploratory and component-driven ap-
proach, focusing on evaluation of the ERP deflection within specific
time windows where such ERP deflection occurs. Spatio-temporal
investigation of neural activity requires unbiased selection of i) rele-
vant spatial regions where the activity is significant and ii) splitting
of the overall timeline into smaller time windows. We framed a
procedure that allows us to achieve unbiased results. Its details are
provided in Section 4.2.3 and 4.2.4.

4.2.1 Data Pre-processing Pipeline. First, the individual participant
data were pre-processed using the pipeline constructed according
to guidelines for the standardisation of processing steps for large-
scale EEG data [66]. Before passing the data through a high-pass
filter at 0.5Hz and then through a low-pass filter at 30Hz, we re-
moved the power line noise at 50Hz. Next, we down-sampled data
to 250Hz. We then proceeded to reconstruct a low-quality EEG
signal of selected electrode/-s whose recordings were found to be
very noisy or their recording was interrupted. After that, we used
average re-reference.In the next step, we performed Independent
Component Analysis (ICA), a data cleaning technique used to sepa-
rate the noise-introducing artefacts (see Section 3) from the genuine
brain signal, i.e. the sole brain effect to stimuli. Completion of ICA
resulted in an artefact-free signal which was then epoched (see
3), from 200ms pre-stimulus presentation to 800 ms post-stimulus.
All epochs were baseline-corrected using the -200 to 0 ms window
using the baseline activity from prior to the onset of the first word
of each question (represented by Screen 1 within S1 in Figure 1). It
is used to remove DC-offset or in other words to compensate for
signal drifts in electrophysiological recordings [67]. After that, for
every participant we averaged all epochs which belonged to one of
the three Scenarios (CorrectRecall, MemoryError, NeedToSearch).
These average participant data entered the further stages of the
statistical analysis.

4.2.2 Sample Size Pre-processing. As a second step, we explored
the distribution of the responses (see Initial column in Table 1 to
uncover potential issues with the existing data that might prevent
us from the application from the further stages of data analysis.
As our methods rely on within-subject methods and ERP aver-
ages, we need sufficient samples in each Scenario per participant.
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Table 1: Distribution of responses per participant before and
after filtering.

% of All Trials (Responses)
per participant
Scenarios
Initial After filtering
(24 participants) | (14 participants)
CorrectRecall 56 50.50
MemoryError 25 21
NeedToSearch 15 23.50
NoNeedToSearch* 4 5

* Excluded from analysis due to low sample size

NoNeedToSearch was the least frequent response across among the
participants. It was excluded from the further analysis due to very
low sample size across and within participants (only 4% of responses
per participant). Next, on average each participant’s NeedToSearch
responses accounted only up to 15 % of overall responses.

We checked the individual records for each participant, sorted
them in ascending order by the number of records per each Scenar-
ios. The participants with the lowest proportion responses were
selected and subsequently visualised using ERP analysis. The stim-
ulus triggered activity, i.e. ERP, emerged when averaging 12 trials
(representing 10% of all trials participants were subjected to), which
we then set as our threshold. Altogether 14 participants satisfied
this condition for each Scenarios. Table 1 shows the original distri-
bution of full dataset responses (24 participants) across Scenarios
and updated values after the filtering was applied.

The comparison of distributions between NeedToSearch and
NoNeedToSearch responses points out to a strong preference of
participants wanting to resolve their gap in knowledge, manifest-
ing as a high amount of NeedToSearch responses in contrast to
NoNeedToSearch responses. We retrospectively learnt from the exit
questionnaires that the questions mostly evoked curiosity and inter-
est in learning the correct answer. We select few of such responses
that support this conclusion:

“T responded positively in every one because I found it as an oppor-
tunity to learn."

‘T like finding out new information. Having that option was really
good it kept you interested even when you didn’t knew the answer."

“Genuine interest. The information may be useful in future."

4.2.3 ldentifying Regions of Interest (ROI). Literature [59] sug-
gested to deal with both the selection of time windows and ROIs
by separating statistical tests for each time point at each electrode,
combined with correction for multiple comparisons. Following
this approach, we searched for significant differences across Sce-
narios with a combination of the 2-sample paired Monte Carlo
permutation test and non-parametric bootstrapping running 10,000
permutations*. Outcome of each pairwise comparison was a set of
significant (p<0.001) electrodes and their assigned time point where
4A solution for multiple comparison problems and does not depend on multiple com-

parisons correction or Gaussian assumptions about the probability distribution of the
data.

Anon.

the activity significantly differed. We assigned these electrodes into
clusters (ROI) based on their spatio-temporal properties, i.e. local
proximity (according to Figure 2) and significance within the same
time window.

4.24 Time Windows. To ensure the decision of setting the bound-
aries of time frames capturing ERP components is not arbitrary,
we used unbiased data-driven procedure we now describe. We av-
eraged all the epochs corresponding to the three Scenarios across
all ROIs and participants. This reflects the overall brain responses
regardless of task Scenarios and topological distributions with base-
line set y=0. From these grand waveforms, we selected the time
points where the waveforms, i.e. ERP components, abandoned and
returned to baseline. We then calculated the mean signal within
the intervals for each relevant ROIL

4.2.5 Statistical Methods. Our main comparative measure is the
mean signal, calculated as the mean of the ERP activity, precisely the
amplitude that describes the ERP activity, which occurred within
particular time window (see 4.2.4) and significant ROI (see 4.2.3).
We created a mixed linear model for each time window with the
parameters: “Scenarios” as the independent variable, “Participant”
as the random variable, “Mean signal within ROI” as the dependent
variable. In order to test if and how much each participant’s neu-
rocognitive response (amount of potential elicited) varied across the
Scenarios, we applied ANOVA repeated measures test with 3-levels
factorial design for each time window and for each significant ROIL.
Data met the assumptions required by ANOVA.

5 RESULTS

Task Perception. Participants perceived the task mostly as Inter-
esting (58%). In terms of the difficulty, the task was perceived as
relatively Easy (54%), followed by perceptions of some degree of
difficulty (Not so Easy 21%, Slightly Difficult 17%). One participant
(4%) perceived it as Difficult. Those who perceived some degree of
difficulty also found the task to some degree Challenging (21%). In
general, the task was not perceived as Stressful (4%) nor Familiar
(4%). We pick a few of additional participants’ comments which
expand on their perceptions with the Q/A dataset. In general, par-
ticipants agreed that Q/A dataset was an appropriate mix of easier
and more difficult questions of general knowledge:

“Topics varied widely which was very interesting as there was quite
a mix of things I knew and things I did not."

“Some answers I thought I knew and I was wrong and vice versa."
Main Findings. The results show at first, a separation of the ac-
tivity into ERP components: N1, P2, N400 and the late positivity of
P6 across all Scenarios. The main findings of significant pairwise
ERP modulations are presented in the the Table 2. First column
Time Window shows the temporal intervals where ERP components
occurred (ERP). The column ROI specifies the location where the
mean of the corresponding ERP shows statistical significance. The
column F value quantifies the value of the statistical test with (2,26)
degrees of freedom. The column My;f ¢ compares the mean values
of two significantly different Scenarios identified by the pairwise
post-hoc tests. At last, p-value shows the level of statistical signif-
icance. The Figures 3 and 4 complement this table by illustrating
the corresponding ERP waveforms at the significant ROIs. ERP
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Table 2: Significant differences in ERP amplitudes and the pairwise contrasts (p-value adjusted using Bonferroni corrections

<0.05 *, <0.01 **, <0.001 ***)

WI;ZZZW ERP ROr* F value Maifr p-value
90 - 150 ms N1 RF/RFC | F[2,26]=3.50 | x(MemoryError)=-0.02 puV, NeedToSearch)= -0.16uV *
150 - 270 ms P2 LTP F[2,26]=3.97 | x(MemoryError)=-1.93 iV, ¥(NeedToSearch)= -1.70 yV *

Onset RFT F[2,26]=5.93 | x(CorrectRecall)=-0.39 uV, x(MemoryError)= -0.73 uV b
2707430 ms N400 C/CP | F[2,26]=4.83 | x(CorrectRecall)=-0.10 xV, X(MemoryError)= 0.04 uV *
Offset RFT F[2,26]=4.69 | x(MemoryError)=-0.23 uV, x(NeedToSearch)= -0.08 uV *
430570 ms N400 PO/O | F[2,26]=5.19 | x(MemoryError)= 0.29 uV, x(NeedToSearch)= 0.08 yV -
570-800ms | P6 - - - -

* (For spatial reference of ROIs see Figure 2): L - Left, R - Right, F - Frontal, C - Central, T - Temporal, P - Parietal, O - Occipital.)

waveforms of each scenario are encoded by a specific colour and
a marker. The scales are uniform for all corresponding plots. Fol-
lowing the chronological latency of the ERP components, we now
describe the main findings.

N1-P2 component. ERP modulation was found to emerge already
before 100 ms poststimulus exhibiting N1 component. We found
right frontal/front-central distributed activity (RF/RFC) discriminat-
ing between the mean levels of Condition. Post-hoc test specified
that the difference is driven by a significantly greater negativity of
N1 exhibited for NeedToSearch in contrast to MemoryError. Fur-
ther, the amplitude of P2, with the latency between 150 - 270 ms,
over left temporo-parietal (LTP) ROI was found to be significantly
affected by the different processing for Scenarios. Here, a signifi-
cantly greater negativity of P2 emerged for MemoryError level in
contrast to the mean amplitude of NeedToSearch.

N400 component. The long amplitude of N400, with a latency
between 270 - 570 ms, describes: 1) the onset of the window de-
scribing the accumulation of the resources to support a cognitive
operations until their peak 2) followed by a return of the amplitude
to the baseline of values after the cognitive decision was made. We,
therefore, split the time window into two frames: (1) 270 - 430 ms
comprising the onset of the amplitude and (2) the window 430 - 570
ms with the activity offset and, thus, to explore if any differences
are involved in these two time frames. The findings support this
decision. In the (1) window 270 - 430 ms we found two ROIs where
the activity was significantly modulated by the Scenarios: a) right
front-temporal (RFT) ROI and b) central/centro-parietal (C/CP) area.
Post-hoc tests specified that in both ROIs the signal significantly
varied between the pair CorrectRecall and MemoryError. Whereas,
in (a) the negative amplitude of N400 onset was significantly larger
for MemoryError, in (b) a larger negativity was measured at Cor-
rectRecall level. In the (2) window we found statistically significant
contrast over different ROIs. First, the RFT ROL, similarly to findings
from earlier, demonstrates the significant differences across the Sce-
narios. Post-hoc test, however, alters the previous pairwise findings.
Here, the significant difference is driven by a pair of MemoryError
and NeedToSearch levels with the mean amplitude for MemoryEr-
ror having a significantly greater negativity. The same direction was

confirmed for the second RO, parieto-occipital/occipital (PO/O).
Pairwise post-hoc tests revealed a significantly greater amplitude of
MemoryError over NeedToSearch. The distribution of ROISs at the
offset of N400, thus, suggests anterior-posterior pattern with the
amplitude for MemoryError being significantly higher than that of
NeedToSearch.

P6 component. At last, we lacked to find any significance in the
window spanning the P6 component that would evidence on the
significant effects driven by the Scenarios.

Summary. In summary, the data evidence on the identifiable
spatio-temporal patterns for NeedToSearch, as the expression of
IN, addressing RQ1. Specifically it found to elicit 1) significantly
amplified negativity of N1 component in RF/RFC region relative to
MemoryError and 2) relative to MemoryError, significantly lower
amplitude of P2 over LTP and of the offset of N400 over both RFT
and PO/O ROL Furthermore, 3) the onset of N400 is not modulated
by NeedToSearch and 4) the latest activity of P6 is not altered
by NeedToSearch. Furthermore, addressing RQ2 and RQ3, the
evidence indicates a quantitative separation of the MemoryError
level as manifested by the increased 1) amplitude of P2 in LTP RO, 2)
amplitude of the onset of N400 over RFT ROI against CorrectRecall
and 3) amplitude of the offset of N400 over both RFT and PO/O ROI
relative to amplitude of NeedToSearch.

6 DISCUSSION

Before we proceed to address the specific RQs, we present a model
driven by the exhibited ERP components we found and their asso-
ciation with the cognitive processes. Our data suggest support for
two processes: 1) Awareness, produced in early processing demon-
strated by early components of N1, P2 and 2) Memory, pronounced
in evoked component N400 and P6. This process can be charac-
terised by early employment of subconscious processes transformed
to latter conscious processes. Awareness is updated by output from
the initialised memory checks. Here we talk about orchestrated
activity supporting this adaptive behaviour, where the synchronic-
ity between regions, whose resources support different Scenarios,
are needed to inform other parts of the process in order to make a
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Figure 3: Grand ERP waveforms of three Scenarios with a
zoom on time windows 90-150ms, 150-270ms and 270-430ms
over significant ROIs (see Table 2) and the topological maps
of the location of the corresponding ROI. Averaged over 14
participants.

decision in each level. Our results suggest a transition network be-
tween attention and awareness process as an act upon stimuli input
and knowledge retrieval. This proposition is supported by different
latencies of relevant components supporting the notion of over-
lapped cognitive activity. We use this model as a reference and to
link the findings of separate RQs with the cognitive underpinnings
of the Scenarios.

Temporal signatures of IN realisation. To address RQ1 we
aimed to bring evidence that IN phenomenon is happening prior
to the user’s explicit decision to search and can be detected in
real-time based. Topologically, the earliest activity associated with
NeedToSearch depicting the N1 component was concentrated in
F/FC area with the right lateralisation. The evidence of RE/RFC ROI

Anon.
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(c) N400 offset (430-570 ms) over PO/O ROI

Figure 4: Grand ERP waveforms of three Scenarios with a
zoom on time windows 270-430ms and 430-570ms over sig-
nificant ROIs (see Table 2) and the topological maps of the
location of the corresponding ROI Averaged over 14 partici-
pants.

might be seen as an earliest sign associated with NeedToSearch level
(i.e., IN). Next, the shift to left lateralisation of TP ROI was found to
be a significant driver of P2 difference between NeedToSearch and
MemoryError level, with the lowest averages for NeedToSearch. In
summary, these findings of early rapid neural correlates suggest
early engaged awareness processes responsible for realisation of
IN. Following the findings of Paynter et al. [68], N1-P2 complex
signalises that the early activity emerging before the realisation
reaches user’s consciousness. The second phase of the timeline com-
plements the information process from the engagement of memory.
Here, the processing differed at the offset of N400 component. The
reduced amplitudes of NeedToSearch caused significant differences
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with the level MemoryError with the discriminative activity dis-
tributed in two ROI with anterior-posterior locality. In conclusion, it
seems that the signature features of NeedToSearch are concentrated
in the early phase of Awareness process which indicate that IN is
indexed by very early ERP components (N1-P2 component). The
result of reduced activity for NeedToSearch in anterior-posterior
areas at the offset of N400 might suggest an overlapping activity
between N400 and P6 which makes it difficult to separate the effect.
Variability in the cognitive processing. We found a consistency
in the neural manifestations, namely N1-P2, N400 and P6, underly-
ing each of the three Scenarios (RQ2). This finding supports the
data-driven model presented at the beginning of this Section and
describing the temporal dynamics of the cognitive operations. The
modulations of ERP suggest that during information processing, a
variety of cognitive processes are relied upon to different degrees
(RQ3). The early distinction between NeedToSearch and Memory-
Error levels might be indexing process of awareness about one’s
own knowledge, demonstrated by the occurrence of N1 component.
Moreover, the highest neural activity elicited for NeedToSearch
level early in the time indicates not only early availability of knowl-
edge cues but also, that knowledge cues might predicts the absence
of knowledge (and potentially lead to early IN realisation). The low-
ered amplitude of N1 for MemoryError indicates that when people
think they know the answer, less neural resources are recruited
[57] than when they think they don’t (NeedToSearch). The early
emergence of N1 is believed to be triggered regardless of the task
demands [69] and, as such, is used to measure early perceptual
processing [70]. The modulations of N1 are also contributed to
attention [69]. High early activity, demonstrated by P2 component
with differences pronounced in TP region suggests further sup-
port for activated processes of attention awareness and deploying
necessary resources to link attention and memory. P2 component
was found to be associated with early low-level sensory processing,
triggering early input processing, such as registration and input
classification [71]. Significantly higher P2 amplitudes for Memo-
ryError in contrast to NeedToSearch might suggest differences in
the cognitive effort associated with memory recall [72, 73], and
precisely higher memory strength [74]

The N1-P2 effect could represent some kind of early recognition
of the stimulus with an increased attention [75] to an item which
has a certain degree of familiarity, possibly employing the retrieval
from contextual memory [76] and recall of past experiences [74],
which might interpret the amplified amplitude for MemoryError
level. Contextual (source) memory stores the background context
of the person’s past experiences as the core of episodic memory
[77].

The immediate sequence of the offset of P2 and the onset of
N400 seems to be an indication of a link between early and late pro-
cesses [74, 78]. P2 emergence confirms the availability of memory
and, thus, supports the decision by memory search and verifica-
tion, which is amplified as N400. Modulation of N400 component is
considered to correlate with familiarity, however, there is not a con-
sensus what this component indexes. As Diana et al. [74] suggest,
the later ERP effects might index co-occurring memory phenomena
or an initiation of memory search and, thus, not necessarily index
just one process. The emergence of N400 in connection to memory
marks the attempts of deeper memory search [74].
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The late activity depicting the offset of N400 with the signif-

icant anterior-posterior distribution, signalising memory-driven
processes. A sustained activity of P6 might be triggered by final ver-
ification checks maintaining the previously triggered processes of
awareness and memory search and the flow of information between
significant parts of the brain resulting in an conscious response to
stimuli [79].
MemoryError level and Proactive IR support. According to
design of the study, the participants were asked to choose the cor-
rect answer to the question or to acknowledge the state of not
knowing. What is the explanation for a choice of MemoryError,
then? As our data showed, MemoryError was part of several pair-
wise contrasts. Specifically, the amplified frontal signal N400 for
MemoryError level, significantly different in contrast to Correc-
tRecall, might signalise a potential issue with the controlled (later)
processes of memory search. This could imply that the incorrect
knowledge was already encoded in their memory, causing such
difference to exhibit, and the phenomenons such as memory error
[24] of false memory appeared [80].

Could IR intervene and rectify the awareness about this mislead-
ing and unknown-to-user knowledge anomaly? More research is
need to answer this question, but the present indicates that the
neural correlates are sensitive to this phenomenon. As we noted
at the beginning, the anticipation of INs is one of the desired func-
tionalities of proactive systems. The functionality extends over the
potential support for MemoryError level in order to prevent users
from failing and reduce the future INs linked with MemoryError.
More is however needed to investigate to understand the associated
user behaviours. At last, more insight might provide the investi-
gation of the answer choices themselves acting as the alternatives
of the user judgments. Specifically, what is the trade-off between
the choices, e.g. MemoryError and NeedToSearch, and how it can
impact the user’s behaviours in situations which require to assess
their knowledge.

7 CONCLUSIONS

Our study contributes with a novel interdisciplinary NeuraSearch-
based outtake to evaluate the spectrum of states of knowledge. Our
study meets the criteria for objective evaluation of EEG response
based on data-driven analysis. We inferred the variability of brain
activity based on the contrast of IN state with the two other (no-IN)
scenarios. We formally assessed the overall pattern of electrical ac-
tivity split into time windows to project a state of INs. Our findings
differentiated between ERP components elicited for the present Sce-
narios and provided us with the evidence of orchestrated activity
between the cognitive functions. Further insight can advance the
interpretation of the realisation of IN in the brain, e.g. to directly
decode IN from the brain data and validate the robustness of these
patterns outcomes in a study with larger sample of participants
and in different contextual IN scenarios. Furthermore, the question
of how the present knowledge could be exploited in the search
applications, is desirable. The study serves to account for a more
accurate model of an a-priori state of the user determining INs. The
discovered neural mechanisms are the basis for modelling of user
interactions and behaviours and, in turn, open the discussion about
the system (proactive) response.
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