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Abstract

A body of NeuraSearch literature, comprised of interdisciplinary user-based investiga-
tions between Information Retrieval (IR) and Neuroscience, is growing. This research’s
novel perspective is driven by the increasing accessibility and applicability of neuroimag-
ing techniques to objectively capture and understand the neurocognitive manifestations
subserving the user’s information search behaviours. One such is the complex concept
of Information Need (IN). Given its fundamental role as a mental perception of the
user’s information anomaly that the user needs to resolve and the user’s trigger to
engage in search, it is timely to deepen the understanding of the origin of INs. The
NeuraSearch perspective comes into place to explore the cognitive mechanisms behind
the realisation of INs, which would be using the traditional techniques of user-based IR
research not viable.

This thesis, in particular, explores the user’s cognitive context utilising the paradigms
of cognitive mechanisms to indicate different states of knowledge, analyses types of
knowledge anomalies and discusses their implications on user search behaviour and
expectations. Our enquiry is inspired by the theoretical IR concept of various user lev-
els of knowledge supporting different variants of anomalies (i.e., insufficiencies) in the
knowledge. Moreover, the functional framework of knowledge, memory and cognition
synergies the user’s informativeness about their current capabilities and, thus, shows
potential in addressing the variants of INs in the IR context.

In summary, this thesis presents a series of investigations sourcing from a lab-based
study modelled as an interactive textual Question-Answering scenario. The textual
stimuli were controlled to evoke the information processing subserving the user’s cogni-

tive memory search. We acquired two categories of data from twenty-four (24) partici-
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pants: 1) the behavioural data that describe subjects’ interactions with the system and
their responses and 2) the simultaneously acquired cortical activity of the same sub-
jects using the Electroencephalography (EEG) technique associated with the outcomes
of behavioural responses.

We aimed at two factors of neurocognitive memory mechanisms which offer dif-
ferent perspectives on the knowledge capabilities of the user. First, we approached
the metamemory, which refers to the user’s introspective epistemic feelings with the
prospective (future) quality of knowing. Second, we approached the associated con-
cept of memory retrieval to emphasise the user’s ability to retrieve factual knowledge
involving a more in-depth memory search. In addition, we accounted for a modality of
memories in interaction with the variability of the user’s subjective confidence, poten-
tially impacting a further decomposition of memories and indicating an affiliation to
INs. We also constructed a data-driven analytical framework and conducted a quanti-
tative analysis of Event Related Potentials (ERP) components, namely N1, P2, N400,
and P6. These were found to be activated over the timeline of information processing
to obtain significant spatio-temporal differences between the levels of these factors and
their interactivity.

In the light of the current understanding of the user’s cognitive context in IR, this
research aims to increase the informativeness about the variability of the perceived
states of knowledge regarding INs by providing the evidence about their associated
significant neurophysiological signatures and detectability in the brain. In addition, we
used the links of ERP with cognitive operations to construct the qualitative models
subserving the significant differences between particular levels of these factors.

Overall, the contribution of the research presented in the current thesis is twofold.
Firstly, it provides a multidisciplinary view on the metamnemonic and mnemonic
drivers of INs, not addressed to date, by developing a comprehensive framework that
can advance the understanding of the behaviours linked to INs and the associated
neural mechanisms. Secondly, it contributes towards the evaluation of objective user
signals and reflects on their applicability in the domain of IR, for example proactive IR

systems.
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Chapter 1

Introduction

Information is necessary for a person’s educational and personal development. Infor-
mation has transformed us into personalities formed by the knowledge the information
carries. In order to attain a level of functioning in our daily life and fulfilling our higher
aims and desires, we manifest the need for information. In the context of information
sources, this need is recognised as a fundamental factor providing valuable insight into
the user’s behaviour behind the localisation of the sought-out information. The present
thesis will utilise perspectives from Information Science and Information Retrieval (IR),
where the information need (IN) is notably researched as a standalone concept.

When we attempt to describe IN, we intuitively arrive at the idea that information is
needed to commit to its intended purpose. The “need” is a term delineating the human
as the subject who manifests the need. In the context of the information systems and
other providers of information, they are known as users. They subjectively judge the
outcome of the retrieval, whether satisfactory or not.

The user sets out criteria for information that satisfies their IN, following the con-
textual variables of the situation the IN arose in. These define IN dimensions, such as
purpose, span, urgency, and impact, evaluated as user preferences and criteria to solve
the need. Coupled with the notion that INs are subjective and alter with the carrier
of IN, different criteria also cause differences in the final information product. From
the IN perspective, impact and purpose are defined with respect to the information in

question and how the information contributes to a resolution of a purpose. The scale of



the impact alters with the purpose, and the scale of the purpose alters with the impact.
Nonetheless, it is still the perceived IN that sets off the action of information seeking.

In the first place, the role of any information system is to equip the user with the
right information, according to the user’s description of IN, acting as the means to
construct the satisfaction of the problem. Early system-centric developments resulted
in early prototypes of automated systems searching for the information within the
data collections [1]. Their true potential was exploited by incorporating the user as
an added factor in the process. Moreover, it is the user who, in the end, judges the
system’s performance efficacy and interacts with the system. However, meeting users’
ever-growing requirements and needs leads to barriers and issues appearing. As the
computer technology is known to push the boundaries of what could be done at the
time, the demand for sophisticated methods and applications expanding the capabilities
of IR systems grows even more.

With online information at hand, the extensive use of information search and brows-
ing became a pervasive human activity. Also, it remarkably contributed to transforming
the ways of working, with a notable example being e-learning. As an effect of the ubig-
uitous nature of information, the users rely on external information sources just by
knowing that the information is “somewhere online” available. From the perspective of
IR, the fundamental goal did not change but is all the more relevant with the excessive
space of information sources. On the top level of the IR objectives are the mechanisms
of obtaining the relevant information for the user, i.e. getting a perfect information
match to the user’s IN. The advances in technology and the increase in the magnitude
of information sources shifted the focus of IR systems towards the effectiveness of in-
formation delivery. Effectivity is, however, not a one-way product. To enhance this
quality in the search process, IR needs cooperation from the user in terms of defining
their INs. Again, this quality conforms to the vital role of the user.

Either a company executive needs to decide on an important enterprise-wide strat-
egy or a biographical author needs accurate facts about the subject’s childhood, or a
mother in need of a set of ingredients to make a cake for her child’s birthday. Regard-

less of their situational difference, these sample examples demonstrate the diversity of



the purpose behind INs and the scale of the information impact as well. These factors
contribute to the complex and faceted nature of INs. Nevertheless, the overarching in-
tent of INs remains the same for any scenario, and that is to complement and modulate
what we already know by developing a more coherent picture of the world [2]. However,
the most critical element is the users themselves, as the carriers of INs. Mainly query,
a construct to obtain the information from any IR system, is highly dependent upon
the users’ formulation of their IN. According to Belkin et al. [3], the query reflects the
user’s anomalous internal state of knowledge that brought the user to search in the first
place.

This goal rests on the need for the user to figure out what they need to know in
the context of their situation. In order to understand what is needed, the users direct
their attention to what they already know [4] and how a piece of new information
would fit within what they already know [5]. This premise creates the foundations
of our research, which does not concern how to get the information in terms of the
communication channels, but “what information we can get that would determine the
nature of user’s INs”.

Given the contextual nature of research - to capture the circumstances of a phe-
nomenon and to inspect its behaviour under different conditions and contexts - the
variations of IN characterisation exist depending on the perspective [6, 7]. However,
the formula for the IR process is incomplete without the user entity’s inclusion. The
body of cognitively-oriented literature processes the user as the cognisant entity in
respect to the information they receive linked with the aspect of new knowledge gen-
eration [8]. The situation is more challenging when attempts are made to enquire into
the internal events, and components of the realisation of IN, usually prior to an issued
query [2, 3, 9]. A standard premise is that the user is in “a state” that sets off the
IN, which then translates into query [10, 11]. As a cognisant and conscious-aware en-
tity, the internal cognitive processes increase the users’ awareness of the context of INs,
updating thus the users’ state of IN. Under this premise, we do not know we need some-
thing until we are exposed to a situation where IN arises. However, this is not always

the case. For example, during a natural learning process and exposure to information



media, the user’s knowledge deficit might be instantaneously satisfied without the user
even “having time” to realise that IN happened. From the conceptual perspective, this
idea fits the class of Radical INs [12] when the user is unaware of all absent information
that would satisfy their IN. In this sense, information browsing subconsciously affects
the user’s old unresolved, suppressed or not-yet realised needs. Therefore, the question
now arises, “Is the user in a state of IN without its prior realisation?”. From the IR
perspective, if the user does not formulate query input, the search is not triggered, and
consequently, IR would not be able to intervene and support the user. In spite of that,
the use of recommendation services partially transformed this problem by artificially
increasing the user’s awareness and attention to the related items. In summary, the
systems intervene and anticipate beyond the current queries.

The pivotal point is nonetheless the object of the realisation. The realisation of
IN has been subjected to an event of user’s inner discomfort and dissatisfaction [13],
uncertainty [4] or insufficient knowledge [14]. Natural introspective insight of the users
supports our earlier view that says that in order to determine IN, they must know
what they already know [4]. It is often a challenge for the user to properly under-
stand what they know and what they should know. The user places IN into their own
knowledge context. Awareness, cognition and memory interplay supply the user with
input information that determines their state of knowledge and formulate information
missing (IN). Users are guided by introspective insight into their internal knowledge
and cognitive abilities as a mechanism to cognitively process the input and output in-
formation. Even the introspective insight might sometimes bring only fuzzy outcomes,
so explicating the IN becomes more challenging for the users. Similarly challenging
are the ill-defined situations where the user receives only uncertain, vague information
from the environment [8]they need to process.

Memory as internal storage of information helps the user to provide guides towards
an accurate description of their state of knowledge in the context of a problematic
situation and to identify knowledge gaps, potentially leading to the realisation of IN.
As part of this thesis, we created a study that sets the user in a Question/Answering

(Q/A) scenario intending to activate users’ introspective memory mechanisms behind



the knowledge retrieval. We now report on the body of literature that motivated
our research. Next, we outline this thesis’s conceptual framework and formulate our

research objectives.

1.1 Motivation

The foundations of our research can be found in theories of Information Search &
Retrieval (IS&R) concerning the cognitive aspects of IR where the user is being depicted
as a cognisant entity in the IR process impacting the character of IN [8, 9, 11, 15, 16].

In general, the cognitively-oriented theory of IR represents quite a niche, likely due
to a need for an interdisciplinary knowledge approach, offering a more holistic view of
the user’s entity. The associated works and theories mainly dealt with the aspect of
post-retrieval assessment with a focus on retrieved information itself and the role of
IR to impact the user’s knowledge generation [9, 15]. As part of the cognitive-based
works, only a few works attempted to describe the mechanisms of the internal stimuli
processing as part of the IN realisation. The functioning remains hypothesised following
some generally accepted frameworks. For instance, Minsky’s Frame theory [17] adapted
by Cole [8] was used to describe the interplay of user’s memories as a preamble of IN.

A seminal Anomalous State of Knowledge (ASK) Model by Belkin et al. [2, 3]
clarified the nature of IN from the point of why IN happens in the first place. Regarding
the problem the user faces, the user has a specific stance given by the initial assessment
of the problem. The cognitive abilities make the user realise and understand their state
of knowledge with respect to the problem. Holistically, it is known as the cognitive
context of the user [6, 7] that describes the user’s (knowledge) readiness in a given
situation. Suppose the state of the user’s knowledge is determined as insufficient to
provide enough input information to solve the problem. In that case, an “anomaly”
is recognised, and the state is attributed as “anomalous”. The stimuli the humans
encounter at a certain point in time convey a piece of information they need to interpret
and process using their internal abilities of the central nervous system [8, 15]. In
this context, knowledge and cognition represent parts of the user’s internal system of

realisation that connects the users from the initial realisation through comprehension
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and understanding to INs. Cognition operates over the knowledge in order to deduce
what is needed and how the new information would alter the current knowledge [5].
Therefore, knowledge is a hub that connects the cognitive mechanisms that orchestrate
understanding of the present knowledge abilities.

The output of this process, also known as epistemic (knowledge) feelings, supplies
the user with cues to guide their reaction - IS behaviour. A few works speculated
how this exchange between the user’s memory is organised and controlled [15], with a
notable book by Cole [8] defining the key elements and functioning supporting this pro-
cess. Uncertainty and confidence as a feeling- and sense-based manifest with different
intensity throughout the phases of IR search [18].

Knowledge transfer to the user’s consciousness increases the user’s awareness of the
current state of knowledge and reflects their capabilities in terms of internal information
available. From a perspective of the graded nature of knowing [19] and individual
levels of knowledge, variants of the states of knowing have been proposed, including
the variants of ASK [3]. By understanding the integration of external and internal
information processing, we can deduce a pattern of the activity specific to different
states of knowing.

The dynamic aspect of IN specifies the IN from the perspective that contrasts the
user’s understanding of their IN (and ultimately of the information that would satisfy
their IN) in different stages of the information search process. The retrieved information
the user is exposed to during an IR session or session causes their INs to be refined.
For instance, the IR helped the user to shape the focus on relevant information space
and improve the articulation of their actual INs. As a result, the user’s initial IN-state
of knowledge, e.g. ASK, is modified. User’s cognition is active on every stage of the IN
re-evaluation where the user updates their knowledge base [20]. Our research aims to
explore the aspect of the user’s initial state of knowledge as part of the user’s cognitive
context. Similarly, as the variants of ASK [3], we hypothesise over the spectrum of
states of knowledge and their role in the user’s cognitive context in order to model an
effective IR process. We hypothesise that different states are associated with different

INs, as well as different users’ needs and expectations in the context of the overall user



experience and IR support. However, examining the cognitive experience, considering
that we do not want to subject the users to cognitive overload, is challenging using
traditional behavioural research methods. Instead, we need a solution that would
objectively measure the cognitive underpinnings behind these states.

Evolutionary research of IS&R naturally provoked an inclusion of interdisciplinary
knowledge from fields such as psychology, cognitive psychology and neuroscience in
order to reveal a coherent picture of the user. Next, in approaching this objective, we
were inspired by a relatively novel branch of IR research, NeuraSeach [21], presenting a
cross-disciplinary work between neuroscience and IR aiming to capture and analyse the
brain experiences of users in different IR situations. This approach seems promising in
addressing the cognitive perspective behind the IR concepts, such as graded relevance
[22]. A series of works by Moshfeghi et al. [11, 23] evidenced the neurophysiological
pattern of activity evoking the IN realisation. We will specify a conceptual model
following the evidence of the memory component [24] and further explore and evaluate
the underlying functional mechanisms of the user’s mnemonic input.

Once the experimental study is designed, the overall research can be split into a
sequence of interconnected steps: 1) The use of brain data as the source to reveal the
brain activity used to determine a state of knowledge for given stimuli and evaluate
the objective manifestations of the variants in knowledge; 2) Association of the data
features with the states and model the cognitive processes behind each of these; 3)
Applicability of the data and the found significant data features to detect and predict
the state of knowledge and finally, 4) Operationalisation of the outcomes to advance
the IR process with elements of proactivity and anticipations [25, 26]. The current

thesis and the experimental research answer Step 1 and Step 2.

1.2 Thesis Statement

This thesis states that by exploring the objectively measured activity of neurocognitive
operations manifesting for different users’ states of knowledge, we draw an objective
portrayal of the variability on the spectrum of users’ states of knowledge and use it to

expand on the characteristics of the cognitive INs of users.
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Specifically, the insight into how the user is accessing their “personal frame of
reference” [5, 1991, p.361], referring to memory portraying the storage of internal in-
formation, means a vital point to identify the knowledge gaps that the user would likely
need to satisfy, as the purpose of search and the retrieval of information.

Variability of knowledge refers to the variability of internal information available
(as the degree of Belkin et al.’s anomaly [3]), which consequently alters the INs. The
details about the user’s cognitive context delineate the user’s state of knowledge in
a particular situation the user faces. It represents, thus, a vital input to the user
upon which the user makes the decision, e.g. whether there is a need to enquire more
information or not. The process begins with introspective questions referring to existing
knowledge and certainty [4] - “What do we already know?” - as a trigger to determine
the accurate state of knowing and derive the corresponding expression of INs. Recently,
a new IN-state has been introduced, Tip-of-Tongue (TOT). The study calls for improved
support on the system side. For this reason, it is essential to determine the signatures
for distinctive states of knowledge and distinguish between the user search behaviour
variables, such as expectations.

By creating a NeuraSearch-type [21] of study, we commit to dwelling on the com-
plex neurocognitive mechanisms that support the functions behind the user’s awareness
that dictates their state of knowledge. In particular, we approach this objective by in-
vestigating the patterns of users’ brain activity associated with the different states.
We differentiate between two mechanisms operating over the source - memory - which
offer different perspectives on the knowledge capabilities of the user. First is the con-
cept of metamemory, referring to introspective epistemic feelings of the user with the
prospective (future) quality of knowing. Second, the memory retrieval state retrieves
the actual (factual) knowledge and involves a more in-depth memory search. Memory
is, however, an “imperfect archive of our experiences” [27, 2005, p.4] and the strength
of memories is subjectively manifested by the levels of perceived confidence or certainty.
The states of knowledge might be, thus, modified by the confidence which impacts the
further decomposition of memories.

The study format employed Recall-Judgment-Recognition (RJR) and Retrospective
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Confidence Judgments (RCJ) paradigms to apply the sequential investigation of these
phenomenons, which allows us to test these in interaction. Considering the heteroge-
neous nature of user knowledge, we expect to find a variability of the evoked knowledge
states and to confirm the character of knowing as the spectrum. The variability be-
tween these states indicates the markers making each state unique. Considering the
spectrum means having higher accuracy in understanding how these might contribute
to different representations or formations of IN. For IR, this means the beginning of ex-
ploring the core questions - “What lies behind IN?” and “What is the input that drives
the user’s IN?”. Monitoring of the objective measures of the brain activity represents
a potential to improve the expectancy and adaptability and the overall efficacy of the
retrieval and the information concerning their actual INs. As an illustration, it might
help with the development in the areas of integration with BCI and the development

of pro-active and adaptive system features and recommendations.

1.3 Research Objectives

To summarise our objectives, we constructed a single multi-level study addressing these

objectives:

1. Review the current IS&R views on the concept of IN, specifically from the per-

spective of cognitive INs and the user’s cognitive context.

2. Introduce a conceptual framework through which the identified cognitive concepts

underpinning the IN can be analysed in a structural /systematic way.

3. Can the conceptual framework be used as a tool to support the cognitive foun-

dations of Belkin et al.’s ASK Model and specify the ASK variants?

4. Analyse the brain activity on the spectrum of the user’s state of knowledge and

discuss the spectrum’s impact on information search behaviour.

5. Explore the detectability of IN based on brain data. Does IN have a unique

manifestation in the brain, and how does it differ from a nolN scenario?
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6. Investigate the role of confidence concerning the searcher’s memory information

and explore its prospect in the searcher’s cognitive context.

7. Explore the information exchange between the cognitive mechanisms that func-

tion in the context of the user’s state of knowledge.

8. Review the framework’s performance in the current setting and elaborate on
its extension as a framework for new IR scenarios, considering the pragmatic

challenges of its deployment.

Each of the experimental Chapters 4 - 7 contains Research Questions specific to a
particular investigation, and together, they contribute toward answering some of the
overarching objectives. Finally, the Conclusion Chapter 8 summarises our attempts in

relation to how the outcome of the present thesis met its objectives.

1.4 Thesis Outline

The current thesis is organised into the following parts and corresponding chapters.

PART I: Thesis Outline, Background and Methodology

Chapter 1 - Introduction. It provides the outline of the thesis and explains the
motivation behind the thesis objectives. It presents the thesis statement and overviews
the research objectives and contributions.

Chapter 2 - Literature Review. This background chapter contextualises the
subject of the thesis, Information Need, using theoretical and empirical research in IR
with additional insight from HCI, Information Science and IIR. The chapter is divided
into three sections: Section 2.1 brings a historical and evolutionary overview of the
IR research concerning the challenges that lead to the development of user-centred
and cognitive approaches to the current development of IR and IIR. In this context, it
introduces the role of the user’s cognition and cognitive aspects of IN and extends the
notion of the user-IR relationship. Section 2.2 then focuses on a detailed depiction
of the concept of IN. Building on a notion of a multifaced concept, it presents the

challenges of the evaluation of IN. It discusses the cognitive notion in more detail
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with the support of ongoing research in this area. At last, it discusses at length the
selected work of Taylor [13], Belkin et al [3] and Cole [28] as the main motivators of
this thesis. Section 2.3 introduces the NeuraSearch-branch of IR as the motivation
behind the study’s design behind the present thesis. NeuraSearch study integrates an
IR scenario informed by subjective user experiences with the simultaneous capturing
of objective measures of user experiences using neuroimaging techniques. We describe
the most commonly used technique of data acquisition, in particular EEG, and review
the relevant works. In detail, we analyse the works concerning the concept of IN, with
a special emphasis on identifying the outstanding issues left to be investigated. We
conclude the section by discussing the present challenges of this branch of research. At
last, Section 2.4 outlines the Research Goals informed by the prior literature review.

Chapter 3 - Methodology. It explains the methodological part of the user-based
study. In particular, it describes 1) the general experimental setup of the study, in-
cluding the used methodological paradigms and their relation to the thesis’s research
objectives; 2) the characteristics of the task the participants performed; 3) the derived
metrics and factors, independent and dependent variables; 4) the constraints and chal-
lenges of EEG data and defines EEG data framework covering the i) pre-processing
pipeline, ii) data-driven methods of EEG data analysis, and iii) interpretability of the
outcomes; 5) the analytical framework used to quantitatively evaluate the investigated

phenomenons in the chapters constituting Part II.

PART II: Investigations

Chapter 4 - Analysis of Behavioural Data. In this chapter, we first showed the
manifestation of the metamemory-evoked states of knowing and evaluated their accu-
racy using the recognition test applying the factual memory retrieval with judgments of
confidence. We also analysed behavioural data acquired during the study in the format
of quantitative (participant performance metrics, i.e. response distribution, response
times) and qualitative metrics (e.g., insights from the participant questionnaires). The
outcomes are discussed in the context of implications for IR research. Identification of

significant data trends and data issues (e.g., unbalanced data) increased our awareness
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and helped us to prepare the customised analyses of associated EEG data (Chapters 5
- 7).

Chapter 5 - EEG Study of Metamemory Informing Users’ Information
Needs. The first of the EEG investigations addresses whether there is a significant
signature underlying different metamemory states to determine the prospective IN.
(1) First, we start by justifying the metamemory inclusion in the concept of IN. In
particular, we focus on its introspective function to supply the user with an initial
input representing their state of knowing. Then, acknowledging the graded nature of
epistemic feelings of knowing [19], we propose a definition of the spectrum of metam-
nemonic states of knowledge and derive cognitive representations of INs. In particular,
we discuss the state of Feeling of Knowing (FOK), the cognitive state of temporary
unavailability of knowing. (2) Second, we investigated the underlying EEG activity
associated with the spectrum of three metamnemonic levels. Its outcomes inform our
prior hypotheses related to the graded nature of INs.

Chapter 6 - EEG Study of Memory Retrieval and Confidence Judgments
Further Informing Users’ Information Needs. The second EEG investigation
is based on the contrast of neural markers for three levels informed by the outcome
of the recognition task. The chapter further presents the authentication of the MR
levels as the IN and looks for markers that might be discriminative of the activity
evoking IN. The analysis continues with the investigation of confidence concerning
the MR outcomes. The chapter concludes with the presentation of the data-driven
model explaining the differences in cognitive functions behind MR. Also, we open up
a discussion in the context of the significant findings and make recommendations for
further research in IR.

Chapter 7 - EEG Study of the Interaction Between Metamemory and
Memory Retrieval. We conclude Part II of this thesis with the last EEG investiga-
tion combining the information from the two mechanisms, metamemory and memory
retrieval. The chapter explores the spatio-temporal features informative of the signifi-
cant interactivity between these mechanisms. In addition, we complement the outcomes

with the clusters of interconnected electrodes and Regions of Interest (ROIs) based on a
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similarity matrix using the Derivative Dynamic Time Warping Algorithm (dADTW). The
results contribute to the notion of the accuracy of the prior metamnemonic predictions
concerning the post-MR outcomes as evidenced by the neurophysiological manifesta-

tions alone.

PART III: Conclusions
Chapter 8 - Conclusions. It concludes the research presented in this PhD thesis,
draws the conclusions from the experiments in Part II, acknowledges its limitations and
makes recommendations for future work. Finally, the thesis contains three appendices
with complementary information for the study featured in this thesis: participant in-
formation sheets and consent forms (Appendix A), questionnaires (Appendix B), Q/A

dataset (Appendix C), sample metadata file structure (Appendix D).

1.5 Publications

Research that resulted from this PhD has been published at or submitted to the fol-
lowing peer-reviewed venues, using only the parts of these papers that are directly
attributable to the author. For each paper, we refer to the corresponding chapter

where the content of the paper is included.

1. Dominika Michalkova, Mario Parra Rodriguez, and Yashar Moshfeghi. 2022.
Drivers of Information Needs: A Behavioural Study — Exploring Searcher’s Feeling-
of-Knowing. In Proceedings of the 2022 ACM SIGIR International Conference on
Theory of Information Retrieval (ICTIR ’22). Association for Computing Ma-
chinery, New York, NY, USA, 171-181. https://doi.org/10.1145/3539813.
3545125.

The content of this paper is discussed in Chapter 4.

2. Dominika Michalkova, Mario Parra-Rodriguez, and Yashar Moshfeghi. 2022. In-
formation Need Awareness: An EEG Study. In Proceedings of the 45th Inter-

national ACM SIGIR Conference on Research and Development in Information
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Retrieval (SIGIR ’22). Association for Computing Machinery, New York, NY,
USA, 610-621. https://doi.org/10.1145/3477495.3531999.

The content of this paper is discussed in Chapter 6.
3. Dominika Michalkova, Mario Parra-Rodriguez, and Yashar Moshfeghi. 2022.
Confidence perceptions as Part of Searcher’s Cognitive Context. Paper presented

at Advanced Online & Onsite Course & Symposium on Artificial Intelligence €
Neuroscience, Tuscany, Italy, 18/09/22 - 22/09/22.!

The content of this paper is discussed in Chapter 6.
4. Dominika Michalkova, Mario Parra-Rodriguez, and Yashar Moshfeghi. 2022. Un-

derstanding Feeling-of-Knowing in Information Search: An EEG Study. In ACM

Transactions on Information Systems (TOIS). [Under Revision)]

The content of this paper is discussed in Chapter 5.

'The paper will be published in a volume of the Lecture Notes in Computer Science.
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Chapter 2

Literature Review

The concept of Information Need (IN) spans several areas, with the main sources of
knowledge found in the fields of Information Retrieval (IR), Information Seeking and
Search (IS) and Human Information Behaviour (HIB), combining the perspectives of
psychology, sociology, cognitive science and neuroscience. This chapter introduces the
key terminology and background information related to IN in the context of IR and
Interactive Information Retrieval (ITIR). These serve as the prerequisites to understand
the ongoing development of a novel branch of IR research, NeuraSearch [21], used as the
operational framework behind the presented behavioural-led research featured in this
thesis. First, Section 2.1 provides a brief theoretical and historical overview of IR and
ITR research. Next, Section 2.2 brings a detailed overview of the concept of IN, outlining
the theoretical constructs and mechanics of IN assessment; it further contextualises IN
from the searchers’ perspective and discusses three user models depicting the cognitive
aspects of searchers’ IN realisation. In Section 2.3, we introduce the interdisciplinary
NeuraSearch research which inspired the experimental framework of the investigations
featured in this thesis. Then, we illustrate the techniques used in this type of research,
review the outputs of the relevant investigations and, finally, discuss the ongoing chal-
lenges of NeuraSearch. As a result of the theoretical and empirical literature review,
we construct a conceptual framework to investigate the underlying processes behind
the realisation of IN and define the research goals of this thesis in Section 2.4. Finally,

Section 2.5 briefly summarises the outcomes of the present chapter.
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Establishing the Key Terminology In order to present the background informa-
tion introducing our research topic, we have to establish the vital terminology and set
our study in the context of existing research areas. Overall, the relationship between
humans, information and information sources is the primary concern of HIB. It studies
a range of human behaviours, usually represented as a part of user models and frame-
works, involving physical actions, cognition and affective feelings employed during the
user interaction with accessing, searching, and using the information and information
sources [29]. Information is not limited to a textual format, but it takes other forms
of media, images, videos or web links. Human Information Behaviour serves as an
umbrella category for other derived research fields.

For our study, relevant subcategories of HIB are the seeking for (i.e., Information
Seeking) and the retrieval of information (i.e., IR). Savolainen [30] differentiated be-
tween the content of these terms. Information Seeking encompasses a range of users’
implicit and explicit behaviours and strategies in discovering the information. This
behaviour can be either i) purposive or referred to as an active reception of information
where the information contributes to a certain purpose [31], or ii) non-purposive, also
known as a passive reception of information, often incidental without a prior purpose
[31]. The distinguished and well-researched category of Information Seeking is Infor-
mation Search which refers to human-human and human-system interactions involved
in the information search process.

Contrastingly, IR is, at foremost, aimed at retrieving the relevant documents to
a given query at the highest ranking positions in the list of retrieved documents, e.g.
Search Engine Result Page (SERP). Information Retrieval operates with the given
input, usually in the form of an issued query. On the contrary, Information Search
takes into consideration the possible “uncertainty over whether the information being
sought exists and whether the searcher, working in synergy with the system, will be
able to find it.” [30, 2017, p.4]. Although IR was principally developed with the system
design and development in mind, it has been largely influenced and extended by the
introduction of the user-oriented theories [29]. This conceptual approach integrates the

user as part of an IR system, which promoted the rise of the IIR research [32].

18



Since many of the concepts, ideas and models, which will be presented in the fol-
lowing sections, co-exist in multiple fields of HIB research, a precise categorisation is
challenging. Therefore, we will use Information Seeking and Search (IS) as a joint cat-
egory and also use the acronym “IS&R” to refer to shared theoretical concepts of IS
and IR. Additionally, we will use the terms “searcher” and “user” interchangeably, as

every user of an IR system and its provided information sources is originally a searcher.

2.1 Information Search and Information Retrieval

2.1.1 Introduction

Information Search is a fundamental human activity where the information is sought
with an information purpose [33]. After a person evaluates their present circumstances
and recognises that information is needed to solve their situation, they are in a state of
IN. Then, they are likely going to become the information searchers [29]. Concerning
IR, the searchers are the users of the information sources retrieved by an IR system.
The retrieved information and its perceived value [34] contribute to the satisfaction of
users’ IN and solving their information goals. The search goals can be described as
a cascade of internal or external motivators [35] of the searchers and the situational
context, each of which affect, to some extent, their information search activity. Here
are a few examples: (1) The goal to facilitate learning might be motivated by a given
school assignment (external) along with an urge to obtain the desired grade (internal).
(2) Selecting a vacation resort might be driven by an internal need for holiday time and
relaxation. (3) An immediate urge to quickly learn the postcode of the City of Glasgow
might be posed by an external motivator (e.g. correspondence).

The contextual information about the aim of the search helps to predict the nature
of the search task. The example above (1) is an instance of an exploratory search [36],
which might likely i) demand to scan multiple information sources, ii) span across sev-
eral search sessions, and iii) require the searcher’s higher cognitive effort such as critical
thinking and comprehensions. The example (2) is a mix of fact-finding and exploratory

search as it likely involves some decision-making processes, such as consideration of the
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cost, travel time, and health regulations before booking. At last, the example (3) is
a typical example of an ad-hoc fact-finding search, known as a known-item retrieval
[37], typically described by a shorter search completion time. Each of these present
(and somehow problematic) scenarios [38] have a common component of IN as the

representation of the searcher’s problem in this situation, i.e. lack of information.

Information Need and Query

Information Retrieval sees IN as a request or a clue provided by the user which indicates
the nature of their INs [39] and is then translated by a retrieval mechanism to obtain
the information that matches the request [10]. This request is termed as “query” [40].
The query is commonly associated with accessing data stored in relational databases
using the syntax of SQL (Structured Query Language) commands [41]. In the area
of natural language user interfaces, a standard for commonly available online search
engines, the query input is often unstructured or semi-structured [42]. It takes the form
of keywords, and natural language structures, such as complete sentences and questions
predominantly in a textual, and more recently, a voice format [43, 44]. IN resides not
only at the beginning of the search as the searcher’s input to an IR system, but this
role expands as the search progresses. In particular, during the phase of document
judgment where the searcher evaluates whether the piece of information satisfies IN,

i.e. is relevant to their IN [40, 45].

Foundations of IR modelling

Foundations of IR are built on the Look-Up model [46] with a query-document matching
function. Basic prototypical Look-Up IR (known as ad-hoc search model [36]) contains
the following components. First, on the system side is the document collection and
its indexed representation termed as document surrogates with metadata (e.g. URLs,
snippets). Second, on the user side is the IN and its textual representation, i.e. query.
The IR system then calculates query-document relevance scores as the output returned
by the matching function, which implements some document-query similarity measure,

such as cosine similarity [47]. The user is then returned a ranked list of document
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surrogates that system-match their input query.

Working under the best-match principle [48], the model assumes i) the information
(that would satisfy the searcher’s IN) exists in the collection and ii) the searcher uses
an appropriate query. Here, the query is static and treated as “a one-time conception
of the searcher’s IN” [35, 2016, p.25]. The user is treated as a static role in the process
and their INs, which are not expected to change [12].

The limited attention to the user is paradoxical, as the user is the one who sets the
expectation criteria of the relevant documents and judges the retrieval performance.
The Look-Up model was further criticised as it did not resemble the dynamism of the
search itself [2, 3, 46]. For example, the model did not account for the variability of the
search context or the existence of ill-defined INs that, for the user, are ambiguous and
hard to express [8]. As a result, explicit and implicit relevance judgments were embed-
ded into the system design [12]. This transformed thinking led to the development of
a new user-centred paradigm [29] internalising the user as an essential partner to the
IR system. Instrumental for developing the user-centred paradigm shift in IR was the
knowledge from psychology, sociology [49] and cognitive science [16]. These helped to
shape the emerging subdisciplines such as Interactive Information Retrieval (IIR) [9]
or Human-Computer Interaction (HCI) [50].

User-centred branch of research has long-standing support in IR research and has
been shaped by numerous new perspectives and models [3, 20, 38, 51, 52]. A few to
mention, 1) Belkin et al.’s Anomalous State of Knowledge (ASK) Model (see Section
2.2.3) utilised the searcher’s lack of knowledge in the IR process, 2) Wilson’s Information
Seeking Behaviour Model [49] set out the context of the search task, 3) Kuhlthau
founded her Information Search Process Model [5, 52] based on searcher’s affective
feelings occurring during their search experience, 4) Ingwersen’s Psychological Aspects
of IR [15] and Cognitive IR Theory [16] brought an elaborate interdisciplinary outlook
on user’s role in IR. Most of these models are discussed in Section 2.2 in relation to

how they approached the concept of IN.
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2.1.2 Interactive Information Retrieval

The cornerstone of IR research is the evaluation of performance and the efficacy of
IR processes, i.e. retrieving relevant documents to a given query [53]. Traditionally
it lacked an understanding of searchers’ information behaviours and their interactions
with the systems, as mentioned in the previous section. Interactive Information Re-
trieval (ITR) was driven by the emergence of the user-centred paradigm that integrates
the elements of user behaviours, experiences and interactions within the IR model.
Kelly summed up the overarching objective of IIR in a question: “Can people use this
system to retrieve relevant documents?” [54, 2009, p.3]. The essential method for IIR
research is the exploration of user-system interactions and user’s information behaviours
[55] evaluated in regard to the retrieval efficacy and the overall user experience, e.g.
usability and retrieval satisfaction [56].

The theoretical foundation of the ITR process started as early as the late 1960s. “An
interactive system requires a sequence of steps in which man and machine alternately
take action” [57, 1971, p.313]. IIR promotes a system that goes beyond its reactive role
and creates a “significant intellectual partnership in assisting the user in thinking about
his problem... and assist him in modifying his solution space” [58, 1971, p. 361]. Early
research of IIR presented the works by 1) Salton [59], who recognised the importance
of user perceptions and attitudes in information tasks, 2) Cleverdon et al. [60], who
accounted for the user effort as a complementary measure to IR-metrics of precision
and recall, 3) Williams [57] who emphasised the role of the searcher’s feedback to
enhance the effectiveness of IR system and presented one of the first online IIR systems
called BROWSER, whilst 4) Thompson [58] proposed a modified system built with
hierarchical document structure resembling a structure of human cognitive thought.

As Williams [57] noted, IIR’s effectiveness should operationalise the best qualities
on both sides of the IIR process spectrum, i.e. human and machine. “Searching is
the human decision-making process of finding or discovering something through careful
examination, whereas retrieval is the mechanical process of bringing back identified
information.” [57, 1971, p.314]. He imagined that this potential would give rise to an

IIR system that would diversify the system support based on i) user categorisation, ii)
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recognition of query types, such as broad (exploratory search) and narrow query (fact-
findings search), iii) navigational strategies, iv) dynamic ranking based on detection of
user’s changes and relevance judgments as well as v) user’s direct interference with the
ranking, e.g. to override the ranking list.

Although more than fifty years have passed since these original TR ideas were pre-
sented, they remain valid and still in demand. The early literature set out a framework
that still inspires the current research. In particular, considering that “Interaction
is the major component in all practical realisation of IR to such an extend that IR
without interaction is hardly conceivable” [20, 1997, p.313]. Information systems have
become widely available and accessible due to the spread of online technologies and
their interactive user interfaces (UI), which promote ease of use and quick access to
data to transform them into information and knowledge. Sophisticated mechanisms of
IR and emerging technologies in HCI expanded the information services and improved
the user search experience. For example, the online search engine Google practically
established itself as a synonym for search by leveraging intelligent assistance, such as
query auto-completion, query correction, data filtering, media queries, modalities of
input-output, multi-language support, semantic assistance and data collections such as
research catalogue Google Scholar'. Relevance feedback allows the searchers to provide
implicit or explicit feedback about relevant information and uses these judgments to
enhance subsequent searches [35]. Methods of gathering user activity, such as search or
query logs [61, 62], are now broadly used in the evaluation of IIR systems [63]. Clicks
and other mouse cursor movements [64, 65], dwell time [66, (7] are some of the most
common behavioural signals and were used to predict user’s implicit relevance judg-
ments [68, 69]. They are, thus, an integral source of understanding of different search
behaviours [70]. Consequently, they are utilised to model enhanced representations of
the search process and, potentially, make the process of IN satisfaction more effective
and refined. Next, the potential to improve the retrieval of relevant information and in-
formation recommendations means the underlying user historical data and information

objects such as metadata. For example, e-commerce platforms have widely harnessed

"https://scholar.google.com/
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them to promote the purchases of related products. Recommendations are driven by
users’ past online behaviours and search activity with implementors such as Goodreads,
an online search database of books, quotes and user reviews or Spotify, a mainstream
music platform. The intelligent IIR systems and the quick adoption by their users

allowed for their ubiquitous influence and user’s subconscious system-dependency [71].

Users and their context as the context of IR and IIR

The spectrum of user-native interactions with the IR/IIR system components comprises
three categories [5, 54]: physical actions taken (e.g., web search, use of voice assistants),
cognitive thoughts (e.g., document reading to determine its relevance, critical thinking)
and affective features (e.g., motivation or uncertainty).

Ingwersen and Jérvelin [7] introduced a comprehensive view of the importance
of user context for effective IR and the need for a transformation of the dominative
context-free manner. In light of the ubiquitous nature of smart technologies and search
services at hand, recognising the task context is becoming more important [26]. Equally,
current IR and IIR research reflect the embracement of “multi-media, multi-lingual, and
multi-modal environments” [6, 2005, p.31] where the search is conducted.

Utilising the search context is not a novel proposition, but the research has struggled
to operationalise it. Wissbrock [12] came up with a prototype of a multi-context-
dependent interface for IR systems. However, this model does not provide the means
to determine the context, which remains a challenge to move forward [72]. It might
be a precarious situation when we know how to utilise the data, but the problem lies
in how to objectively capture them. In addition, collecting the data should not pose
any unnecessary burden on users, such as cognitive [73, 74] or information overload
[75, 76]. Therefore, the only way is to make these functions native, depending on
implicit interaction and ambient environment. In the ubiquitous mobile environments
of search and communication, Benetka et al. [77], or Hinze et al. [78] utilised real-time
data streams and their metadata (e.g., geographical locations) to derive the search
context of INs of their users. Such contextual data can be used effectively to constrain

the IR only to contextually-relevant IR, thereby reducing the complexity of the retrieval
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process. The underlying hypothesis is that by taking into account the context, the
next generation of context-retrieval models will deliver performance exceeding that
of context-free engines [6, 79]. A study [80] confirmed the context-dependency and
prototyped the context-aware mechanism reaching an increase in performance by 20%.

As we will present in Section 2.2, search context is one of the facets of IN and also
offers a large capacity for study. Contextual data surrounding the user and the situation
in which the user needs to obtain information influences their INs and, in consequence,
the information behaviour itself. Referring back to the work by Ingwersen and Jarvelin
[6], main contextual user variables concern 1) Motivations (further containing elements
of internal and external motivators, task, goal, immediacy), 2) Knowledge (domain or
subject-matter expertise), 3) History (search behaviour, judgments, strategies, queries)
and 4) Individual differences (demographics, cognitive styles). These elements synergise
the quality and effect of contextual information to improve the representation of the
user in the user-centred IR model and help the system to adapt (e.g., in terms of
resources, UL, underlying retrieval model) to improve the support of its users and their
INs. Our thesis will, particularly, aim to address the variable of the searchers’

knowledge and its position in the realisation and modality of INs.

Modelling Human Information Behaviour in IIR

Attention to the user’s role in the IR process meant adopting HIB’s thinking to IR
[31]. As a result, conceptual theories were formed on the basis of a holistic outlook
on users and their information behaviour, which even more deepened the relationship
between HIB and IR [29]. Interactive IR modelling drew the knowledge from HCI
theory to expand the view about IR as “an exchange of information” that is happen-
ing via an interface with interactions altering states of both parties of this exchange
(i.e., users and system) [81]. Interactions can be seen as a sequence of processes [20]
creating a pattern of exchange. Altering states on both sides are built on the notion
of the connectivity between the participants of the IIR process that improves mutual
understanding. It is reflected, for instance, in the methods of query refinement or

query suggestions employed with the essential aim improve the retrieved results. Sev-
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eral pioneering frameworks emphasised the interaction aspects of IIR [9, 16, 54, 81, 82],
among these notable works by Saracevic [20, 32] elaborating psychological, epistemic
(knowledge-related) and physical characteristics of interactivity [29]. Saracevic’s frame-
works combined the attention to interactive elements of the IIR process intending to
drive the symbiosis of the interplay between users and systems [20]. In his significant
work “Stratified model of Information Retrieval interaction”, Saracevic emphasised the
user-system interaction to concentrate efforts in order to “make these systems more
user responsive” [20, 1997, p.313]. Interactions can be interpreted as part of a di-
alogue between the user and a computer through an interface. In this sense, they
depict early Taylor’s question-negotiation process between searchers and librarians [13]
(more in later Section 2.2.2), which makes it applicable in the current self-service IR
systems. According to Saracevic [20], the levels (or strata) on both the user and the
computer side govern the interactions and selection of search aspects. The user object is
constituted by cognitive (interpretation of texts governed by cognitive processes), affec-
tive (feelings, motivations), and situational (problem-at-hand) levels, analogous to the
user’s contextual information [6]. The system side encompasses the available technol-
ogy that supports the interactive retrieval process via levels of engineering (operational
and design attributes), processing (software implementation, algorithms) and content
(information objects, metadata, resources). According to Saracevic, “the interactive
discourse follows a changing, shifting path.” [20, 1997, p.10]. The shifts are the man-
ifestations and events that occur as the interaction between the user and the system
proceeds. For instance, a shift might signalise the user refocus manifested by narrowing
down the query terms. The shift signifies the user’s adaptive ability [8] to change the
user’s strata. Assessment of the strata in interaction is, thus, a key to understanding
this adaptive process of a searcher. Much of the IR/IIR research has been developed to
approach the variety of user strata in the IS process, e.g. cognitive perspectives [8, 9],
affective feelings [18, 36] or situational information [6, 7]. In the further text, we will
dedicate most of the attention to the strata - cognition and cognitive context - and

their role in guiding the user’s search behaviour.
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Human Cognition Among the key elements emphasised in the IR/IIR process is
the user’s cognition [15]. It is triggered most notably at two phases of the IR. First,
as a trigger to information seeking as part of “what the user brings with” [5], such as
prior knowledge and the user’s cognitive perception and understanding of the situation
based on received information from the stimuli. The level of the user’s overall under-
standing of the information problem changes the character of the IN [8]. The literature
often differentiates between 1) ill-defined IN, characterised by a lack of clarity about
the problem and the information that is required to satisfy it [8], and 2) well-defined
IN where the user knows what to look for [83]. The second trigger for the employment
of cognition is at the intersection of the seeking and information usage required to
cognitively (and effectively) process the information resources and interpret the output
information [20]. Engagement of deeper cognitive levels, such as analysis and com-
prehension of information [8, 16] is an unnecessary aspect of user’s information search
behaviour and user-system interaction [32]. Particularly enlightening would be a
deeper understanding of the involved cognitive operations linked with the
knowledge processing and the definition of the user’s state of knowledge, as

one of the inputs of user’s contextual search information [6].

Cognitive Information Needs The critical input to perform an effective IR is
still the user’s expression of their IN. Moreover, the interactive character of the IR
process well represents the dynamicity and the shifting nature of INs of their users.
As interaction is a series of events during a single session or multiple single sessions,
likely depending on multiple factors (e.g. difficult tasks take longer time to resolve
[84, 85]), the expressions of INs shift during the course of these events as the user gets
a more focused view. However, if not working through intermediaries, e.g. librarians,
the user has to rely on their interpretation of INs to express them as queries. Here
lies the key point that drives the success of the searcher’s information searching. If
we take Saracevic’s model [32] as a prototype of level-dependent interactivity, we can
further formulate the premise for cognitive INs. Users communicate with the system

via the interface, which enhances the dynamic nature of INs and helps users express
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their INs. Information Needs coextensive over several user levels during the interaction
session compared to the initial state of expression, i.e. before the search was triggered.
The critical factor on the user side is the cognitive, affective and situational levels
that altogether work as dimensions of INs or Saracevic’s strata [20]. The INs are,
therefore, likely to be determined by the current state of users’ understanding of i)
themselves, ii) the magnitude of affective feelings, and iii) the problem or situation.
How well the user understands their INs is determined by the cognitive
mechanisms (e.g., the realisation of the state of knowledge [10]), which
further specify them as cognitive INs. From the system point of view, it is
vital to realise the system’s interference with the user’s cognition, for instance, during
document (cognitive) relevance assessment. Interactivity was created as a vital part
to assist the user with the search and document assessments causing the user’s INs to
evolve across the three dimensions mentioned above.

So, one might ask about what in this process truly evolves. Is it IN itself or expres-
sions of INs (e.g., queries)? A simple answer is both, as they are inclusive. Independent
of the search context (e.g. task-based search or fact-finding), queries as system input
representations of INs facilitate the search and retrieval process. INs can only evolve
if the shift in IIR happens. The shift in queries means the user has developed a more
specific view and, essentially, knows how to proceed in order to solve their INs. This
view implies that both evolve. Interaction with the retrieved documents causes the
cognition to be turned on to assess new documents. In a series of related queries, the
last query would likely mean the last piece of information to contribute to the user’s
cohesive and complete picture of the problem, in contrast to the initial phase of search
[13]. The final query is, however, not the result. Such as the Berrypicking approach
[46] suggests, it is the journey of search and information interaction causing INs to be
satisfied. Accordingly, the role of the iterative process of interactions and assessments
is highly significant in keeping INs in motion.

Cognitive approach with the primary focus on the user’s cognition and
the knowledge aspect behind the rise of IN constitutes a vital source of

information behind the topic of this thesis and its featured empirical inves-
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tigations (Chapters 5 - 7).

2.1.3 Modelling IR

As we presented earlier, TR system design was historically approached from four de-
sign perspectives [29]: 1) system centred, 2) user-centred (also found as user-centered
or user-centric), 3) interactive, and 4) cognitive. Each represents an extension of the
previous one, aspiring to better model the user as an active participant in the IR pro-
cess. We explained that interactive design concerns the symbiosis between the user
and the system by bringing users’ behaviours, experiences (physical, cognitive and af-
fective), and the interactions [54] as an integral part of IR modelling. The cognitive
design stands out as a self-contained approach. In contrast to more focal aspects of
IR, such as relevant document retrieval and document ranking [8], the cognitive design
depicts traditionally marginal aspects of the IR process, namely information use, infor-
mation gain, knowledge generation or knowledge regeneration. The cognitive approach
is mainly described from the user point of view, but it addresses the system side as
well. We can analogise human cognition to the system’s functioning. After all, any IR
system is underneath a complex configurable system with computable logic and proce-
dures. Its counterpart is human cognition representing the user’s logic and processes
employed before and during the information search. User input - the query - under-
goes a series of algorithmic processes, and the system returns the output. This output
represents for the user an input to their complex cognitive system that orchestrates the
processing of this input (known as stimulus). Even if the user operates under intuition,
they are at least partially guided by some cognitive operations of thinking, reasoning
and risk evaluations [86]. The advances in the fields of machine learning and Artificial
Intelligence (AI) [87] are currently significantly helping “to build the intelligence” of
IR systems. In this regard, the systems aim to emulate the human-like ability to adapt
and offer pro-active support for the user [25] to mitigate the user’s errors and biases

and improve the searcher’s behaviours and finally, the overall outcomes [88].
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Relevance and Satisfaction

Relevance is probably the most common measure of the quality of the retrieved output
[89]. Relevance is an approximation of the user’s criteria for a document satisfying
their INs. Research [29] showed that users often use multi-criteria decisions to judge
the document relevance to synergies the complex structures behind the user’s context,
such as personal knowledge, topicality, quality, novelty, recency or preferences. For
instance, airline ticket booking is a typical instance of the problem where multiple
criteria exist [90]. Having a set of criteria, relevance is not an impulsive judgment.

According to Saracevic [20], relevance can be broken down into these subcategories:

e System/algorithmic relevance depends on the internal representation and organi-
sation of information objects (e.g., texts) and algorithmic procedures that match

the query to a retrieved document. Effectivity is the criteria to infer the relevance.

e Topical or subject relevance assumes that both queries and texts have a matching

topic or subject.

e Cognitive relevance uses the relation between cognitive INs, state of knowledge

and the information provided in the retrieved documents.

e Situational relevance is inferred by the relation between the situation or problem
at hand and the retrieval outcome. The user likely judges how useful the infor-

mation is (informativeness, novelty, information quality) in solving the problem.

e Motivational or affective relevance (satisfaction, success) of the retrieved out-

comes is inferred in response to the user’s intents, goals and motivations.

The presented categories of relevance reflect the contextual and personal preferences
of the searcher and impact the final satisfaction of the searcher with the IR process and
its outcomes. The function of relevance judgment is interconnected with the searcher’s
IN and the searcher’s satisfaction as a subjective measure of the IR success as well
[91]. All of these categories require a cognitive assessment to infer the final relevance
and overall satisfaction with the retrieval outcomes and the IR process in general.

The satisfaction goes beyond a single document assessment as it applies the user’s

30



subjective criteria to assess the IR’s outcomes with respect to the user’s initial state
of knowing. For instance, the context of the user satisfaction criteria can deal with
uncertainty reduction (Does the user still perceive uncertainty?). Next, the user can
contrast expectations vs reality (Does the outcome match the user’s expectations?).
The IR output interferes with the user’s cognition (see earlier Section 2.1.2). The
cognitive abilities are pervasive in the IR assessment; however difficult to capture and
evaluate due to their involuntary and subconscious nature. For example, uncertainty
and intuition that are often the triggers of the information search [3, 18] contribute to
the cognitive bias of the searchers [88], where the patterns of deviations in thinking
causing the searcher’s judgements to be susceptible to these errors [86]. The present
thesis will not review this branch of research in detail. Nevertheless, we remain aware
of this phenomenon and consider its influence in the later chapters that formally inves-

tigate the user’s cognitive mechanisms.

Cognitive outlooks on IS&R Ingwersen’s work “Psychological Aspects of Infor-
mation Retrieval” [15] from 1982 presented four parallel stages of IR and became one
of the leading figures in theorising a new cognitive paradigm of IR research. First,
the monadic approach handles the information entities independently, with a single
descriptor, and IR works under the best-match principle [48]. Second, the structural
approach adds complexity by acknowledging entities in relation and where one entity
can have several descriptors. Third, the contextual approach considers entities affili-
ated with the context. Context remains a very current research topic and has been
an established subject of numerous studies, with recent expansion in the research area
of recommender systems [92]. The last one is the cognitive approach, which meant an
experimental new route for future IR systems at the time of publishing. It stressed
epistemology and its co-effect with human cognition in IS&R. It was largely based on
De Mey’s cognitive view [93] where he accounted for the role of internal models as the
representations of the user’s information processing which contributed to shaping the
scientific perception about the user’s cognition in IR.

Nevertheless, the cognitive prediction was correct. The rise of expert systems, such
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as ASK [3], which was built on knowledge anomalies (for details, see Section 2.2.3),
meant the embodiment of the principles of cognitive user modelling as part of the
overall design configuration [94]. As Brooks stated: “The influence of expert systems
has shifted IR research from a paradigm concerned largely with retrieval algorithms to
one in which users, retrieval heuristics, knowledge and human-computer interaction are
key themes.” [1, 1987, p.379]. Besides the fact that these ideas were indexed several
decades ago, their aim is still current and impactful, evidenced by the recent approach
to acknowledge a broader spectrum of INs requests [95].

Furthermore, according to Ingwersen [15], the IR process would likely prosper if
people shared common knowledge structures. However, reality prevented such homo-
geneity. As a result, it causes variety in individual expectations, which adds another
level of complexity to the user context modelling [6]. Ingwersen took the inspiration of
knowledge structures from Popper’s Three Worlds [96], which are interlinked models of
a physical world (World 1) perceived and interpreted by the user’s dynamic subjective
knowledge (World 2) to use and access the resources of objective knowledge (World 3).
User’s subjective knowledge is a central part of coordinating the access to, the inter-
action with and the use of the objective resources (objective knowledge) embedded in
the Internet, books, databases, and information systems, including their internal sys-
tem structures, e.g. query language. He further stressed the knowledge-based systems
with auto-generated knowledge structures to represent both subjective and objective
knowledge. In the current environment of fast-paced retrieval, these emerge as highly
relevant to allow for a transition towards more cognitive and user-centred retrieval.
In the next section, we provide an expansive overview of the theoretical and research
perspectives that formed the current understanding of the concept of IN, emphasising

user-centred research and cognitively-oriented perceptions.
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2.2 Information Need within the context of Information

Search and Information Retrieval

Information Need (IN) is an essential concept in IR theory and research. Coupled with
Savolainen’s definition of IN as “the trigger and driver of information seeking” [30,
2017, p.2], the IN stands at the forefront of the IR process and keeps the searcher in
the loop. After all, IR is an iterative process in which the user evaluates how well
the IR performed, which means the sequential steps depend upon the theIN. IN has a
long-standing presence in theoretical and empirical research. One of the earliest refer-
ences provides the works by Taylor [13, 97], dating back to the 1960s, which motivated
many studies in the following decades [3, 5] and still keep their impact on the current
studies [28, 98]. Throughout this timelapse, IN has been referred to under alterna-
tive terms, such as question [13] or information want [99] requirement [100]. Others
reflect the belief of their authors about what is the origin of IN, such as Anomalous
State of Knowledge (ASK) [10], the gap in knowledge [51] or feeling of uncertainty
[5]. This perception might increase the conceptual ambiguity for the external audi-
ence, but it also, in a positive way, captures a wholesome picture of a complex and
dynamic phenomenon. According to Derr [99], an important characteristic of IN re-
mains its information purpose, which affects the whole information-seeking behaviour.
As the information purpose exists, the information in question should contribute to the
achievement of meeting that information purpose.

Information Need (IN) is most commonly satisfied on the Internet. For instance, we
split the term IN into separate word entities, “information” and *“need”. Both terms
connotate the Internet, firstly, as a source of information and satisfaction for practically
any need as well. The compound term IN only strengthens the position of IN and the
IR mechanisms in the Internet age. Embracing the Internet as the largest source of
data and knowledge made us comfortable and dependent upon its collection of external
knowledge [71] to satisfy our INs. Queries, as the input to a search engine, posted as
questions or a set of keywords, made the search experience informal and intuitive and

generalised our perception of what the IN is.
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However, in the light of these perceptions, issues with the unified definition of IN
might arise, which makes IN somewhat of an intriguing concept. We often encounter
literature introducing the IN concept with attributes as vague and inaccurate reflecting
its theoretical definition [11, 12, 30, 38, 101, 102]. They source from a natural and
intuitive perception of IN and the general understanding of IN as “what we do not
know”. Often, the user has a problem formulating what is “the what”. Therefore, the
question is user-dependent, bringing the uncertainty level into IN. Next, what about the
situational context of enquiry? Does IN arise due to and should be, then, defined based
on uncertainty, the searcher’s individuality or the situation? More and more questions
can be derived from further analysis; thus, the lack of theoretical clarity about IN,
as we mentioned earlier, is only a reflection of its faceted nature. The investigations
into IN therefore differ as they approach different facets of the IN, such as contextual
factors [6, 38, 103], or uncertainty [5]. In the next Section 2.2.1, we mention some of the
historical models and approaches to tackle the different facets of INs. For instance, in
Section 2.2.2 - 2.2.4, we closely look at three interconnected theories, which are relevant
to our study, as they aimed to objectify the searcher’s cognitive perceptions and, thus,

inform the origin of the realisation of IN.

2.2.1 Modelling Information Need

The history of IR models concerning IN assessment describes the progression of IN
category in IR whilst reflecting the underlying motivation of the user-centred approach
(see earlier Section 2.1.1). A transfer from being viewed as a standalone static input to
IR to embracing its inter-relationships with other concepts within IR, most prominently
the relevance, marks the irreplaceable position of IN as a factor and a measure for an
effective IR process. To illustrate, the query approach, a typical representative of
the system-oriented design developed in the late 1950s, considered IN as a static and
well-defined input into IR. Later, a new component of relevance, as a first stage of
developing user-centred design, was introduced. Obviously, user involvement became
increasingly needed to judge the documents, i.e. provide explicit relevance feedback, as

the system was unable to make the judgment itself as the system was not the carrier
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of the need part behind IN. In the expert systems [1], the user was recognised as
part of the system process that triggers INs whilst their feedback is needed to take
care of the IN assessment. The feedback allowed the evaluation of the documents,
and the system accordingly adjusted the retrieved documents. Next, the dialogue
approach proposed by Oddy [104] meant another step on the evolutionary journey,
which embedded the user role in the IR process even more. In a sense, this can represent
a prototype of Taylor’s theoretical Question-Negotiation for librarians [13] (see Section
2.2.2). Dialogue acknowledges that the user is evolving in a search process through
the gained knowledge and narrower focus which causes the shift in INs. The dialogue
approach was further referenced in Belkin et al.’s ASK Model [2, 3]. Similarly, back in
1989, Bates [46] proposed an approach called Berrypicking, which promoted the search
as a journey during which the user collects retrieved relevant documents and during
which IN evolves. This proposition is most apparent during complex problems that
often require and rely on multiple search sessions and stages, where the initial IN and

query are enriched through the information flow.

Modelling Human Information Behaviour

Divergent views on IN concept exist. For example, Savolainen [30] conducted a con-
ceptual analysis of past approaches towards the characterisation of IN. The resulting
summary specified that IN could be conceptualised according to two characteristics,
i.e. as a trigger and a driver for information seeking. To specify, IN as a trigger is
seen to initiate the information search process to identify and access the information
resources. Additionally, IN is determined and driven by the context in which it arose.
Also, the context can specify the (contextual) category of IN, such as task-generated
INs.

Another outlook on INs can be derived from the perspective of online search be-
haviours concerning the search intent [105]. As we mentioned earlier, INs are commonly
satisfied online. For this reason, Broder [106] analysed users’ online search behaviour
and concluded three types of web-specific INs: i) navigational, ii) informational, and

iii) transactional. Out of these, only informational INs mirror “the information” in its
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true sense as a product aim of the search, whereas navigational and transactional ones

focus on the interactions with and access to information sources.

Informattion Need as the trigger of Information Search In general, an expres-
sion of IN is a statement of what the user does not know and needs to know. That is,
IN is a subjective entity sourcing from recognising the users’ (insufficient) knowledge
[10]. The strength of these factors, such as awareness, topical knowledge level and
associations, causes IN variants in terms of their specificity and formulation. The be-
ginning of this interpretation dates back to 1962 and 1968, respectively, when Taylor’s
pioneering works conceptualised the IN [13]. The study is detailed in Section 2.2.2. In
summary, Taylor approached the concept of IN as the continuum with differing levels
of internal (user’s awareness, recognition, understanding and interpretation of their IN)
and external (features of IN, such as specificity, articulation and interpretation) mani-
festations. Taylor’s approach, originally developed for librarians that operated library
information systems (LIS), saw IN as a primary trigger for information search to locate
the information resources. Without a primary intention, he also marginally touched on
the idea of what is currently regarded as a “user’s profile”, i.e. a collection of metadata
and information about the user.

Next, Atkin [107] and Krikelas [108] approached the concept of IN as a derivative
category of uncertainty. They defined IN as a recognised uncertainty that the user
achieves to reduce. The uncertainty is defined here as a function of the discrepancy
between the user’s current state of (possessed) knowledge, which implies a certain level
of certainty, and the state they aim to achieve. Differing levels of uncertainty could be
attributed to the variation of INs, which is supported by Rubin’s [4] characterisation
of the certainty-uncertainty spectrum as a continuum.

Confirmation need, defined by Cole [8], is a good representative of this uncertainty
dimension. Here, the users already possess the information in question, but they need
some form of reassurance to confirm their validity. Consequently, the search process
would likely be shorter to obtain a quick match to the user’s request. This approach

is, therefore, built around the user’s moderate or higher levels of subjective uncertainty
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and, presumably, low confidence [52]. Due to the problem of defining the feeling of
certainty in linguistic terms, Yoon and Nilan [109] shifted the emphasis from uncertainty
to the user’s certainty. They noted that the users, paradoxically, specify a particular
situation that causes their INs, i.e. uncertainty, largely in terms of what they already
know, i.e. certainty. Taking Rubin’s approach [4], certainty is just a level from the
spectrum that can be broken down, and even small differences in certainty levels might
trigger differences in INs. Establishing certainty as a variable of INs levels (which will
be explained in further text) can, thus, help to address the question “What is the
information (including a portion of information) that causes the user’s uncertainty?”.

The idea that IN does not fit a single description presents Wissbrock’s [12] proposal
of IN. He defined IN as an absence of information necessary for a user to achieve their
goals and is a compound consisting of two parts, namely 1) Rational IN as the part
of IN the user is aware of and 2) Radical IN as the part of the IN the user is not
aware of. In a general model of information seeking [11], the occurrence of IN precedes
the interaction with an IR system. In this case, we talk about purposive behaviour,
where the information satisfies an information purpose [99]. However, IN realisation
is omitted during a non-purposive or incidental behaviour, for example, when the user
is browsing the information space without any specific target in mind. Illustrating
the Radical INs, the user is aware of their IN, but lacks to define the full scope of
IN prior to the beginning of the search. The user relies on IIR to fill these gaps
[71, 110]. The engagement with IR and IIR subconsciously affects the user. If the user-
system interaction is efficient and productive, it manifests through the user’s increased
awareness or narrowed focus on the problem. The initial knowledge level, both topical
knowledge and knowledge about their INs, is shaped in the context of search [8]. In this
case, we can conclude that the aim of search and IN assessment is to increase the degree
(expressiveness and specificity) of Rational IN whilst decreasing the degree (from “not

aware” to “be aware”) of Radical IN.

Context of IN as the trigger and driver for Information Search “The con-

cept is taken as given” [38, 2012, p.2]. Working under this condition and the general
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acceptance of IN prompted the researchers to take on a new approach to studying the
specificities of IN. As we mentioned earlier, IN is faceted and is, therefore, subject to
interpretation. Although this perception adds to IN’s complexity as a concept, it also
provides opportunities for diversified research. A synthesised view of IN merged from
different directions allows us, thus, to capture different facets of the same concept.

One such facet is the involvement of context to provide a discussion of the context-
sensitive nature of IN [6]. One of the earliest attempts at the contextualism approach
represents the Information Seeking Behaviour Model by Wilson [49]. Here, IN bene-
fits from the model’s holistic approach integrating broader environmental factors that
affect the user’s information-seeking behaviour. The author drew attention to IN as
a derivative need category triggered to satisfy other underlying and interrelated basic
needs, such as physiological, affective or cognitive, with a variable dominancy in certain
situations. For instance, in the context of the work environment and the user’s work
role, less to the extent of satisfying physiological needs, IN is likely to be triggered by
cognitive needs (e.g., enhance professional skills, demonstrate problem-solving, as well
as affective needs (e.g., promotion).

Savolainen, similarly, hypothesised that IN concept changes depending on the con-
text in which it appears [38]. He identified three major contexts for IN: 1) situation
of action, 2) task performance and 3) dialogue and provided an analysis of contextual
factors of IN. In the first context, IN is described as temporally and spatially sensitive
depending on the characteristics that describe the event that triggers IN awareness, e.g.
long-term preparation for an exam might cause a time delay to act upon recognition of
IN and produce, thus, deferred needs [108]. On the contrary, in a situation that calls
for urgent information, e.g. accident, IN is manifested immediately [108].

In the second context, IN depends on related task attributes, such as complex-
ity, expectancy, outcome determination and importance. IN reflects the subjective
interpretation of task requirements using prior knowledge, which can determine the
IN. Problem-solving situations with a higher task difficulty [84] often require intensive
searching. Here, IN is seen as evolving as the work task is redefined or the problem

becomes clearer and alternative ways of action emerge. Task difficulty [84] is a common
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context-linked factor that produces the differences in the types of information search be-
haviours - from simple fact-findings or known-item retrieval [37] to exploratory searches
or information foraging [35, 111].

Several researchers argue that the task is the primary generator for IN, which, in
turn, is seen as a way to determine how to handle the information requirements and
task complexity posed by the task. The emerging corpus includes the works by Bystrom
and colleagues [14, 103, 112] or the Information Journey model proposed by Du [113].
IN is redefined here as a dynamic category evolving as the user progresses through the
information seeking. In this case, IN emerges as the driver that keeps the user in the
loop of information seeking. It leads to an evolution in the understanding of IN and
sense-making until the task is completed.

The third, dialogue approach, is mainly derived from the seminal paper by Taylor
[13] (see Section 2.2.2). IN is viewed as a continuum on the question specificity (termi-
nology, articulation) formed and changed as the conversation progresses. This context
is highly linked to the previous two contexts as the reason to engage in the conversation
is often to better understand the situational and task context. In summary, having IN
connected to its context, even more, highlights its information purpose [99]. For in-
stance, the existence of the task as an externally imposed factor, IN arises from, makes
the search behaviour purposive [30], i.e. directed towards solving the task. In contrast
to an incidental search that is fairly driven by spontaneity.

A similar opinion was brought up by Nicholas [114], who extended the range of con-
textual factors behind IN, including demographic factors, such as information aware-
ness, time availability, and information overload. They created a framework for assess-
ing IN and was used in developing a portrait of INs of a specific group - folk music
library enthusiasts [115]. This brings us to another facet of IN related to its subjective
nature. As it is not feasible to study INs on an individual basis, extensive research has
been performed into understanding INs of users sharing a common interest or being of
a particular occupation as they tend to have similar preferences and INs. These groups
include students [5, 116], users of domain-specific libraries [115, 117, 118], patients

[119, 120], nurses [121], musicians [122, 123], young mothers and fathers [124, 125],
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e-commerce customers [126] and many more. We learnt about micro-worlds of dif-
ferent socio-cultural and economic groups or cliques, often sourcing from interviews
and in-field investigations. They inform about the within-group information-seeking
behaviours and increase awareness about the information search barriers these groups
face (e.g., social, personal, and information inequalities). Moreover, the variety of envi-
ronments the INs have been investigated in, made the IN a transdisciplinary component
studied as a part of pre-requisites for the design of information systems, such as health

care IR [127, 128] or patient portals [129].

Cognition behind the realisation of Information Need

The previous studies classified IN as 1) the initiator of information seeking and search
triggered by the user’s realisation of the lack of information [99] or 2) a derivative term
of contextual motivators [6, 31, 38, 49] with the interpretation of INs depending on the
context of a specific research category.

In the context of internal manifestations of the realisation of IN, a few studies at-
tributed IN to a gap in knowledge [10], uncertainty [5], feelings of unease [8] and feeling
of dissatisfaction [97]. These abstract terms describe IN origins as very subjective
manifestations, making it all the more challenging to conduct measurements on a large
scale. Ome such was the investigation of user behaviours and experiences [52] which
later developed into the Information Search Process (ISP) Model, which modelled the
cognitive and affective behaviours throughout the phases of ISP [5]. ISP Model drew
attention to the search as the process of sense-making for users who actively search for
new information to fit into what they already know on a particular topic.

Therefore, topical knowledge, which Kuhlthau calls “ a personal frame of reference”
[5, 1991, p.361], plays a vital part in the constructive process of understanding and re-
solving the problem. Additionally, the evidence showed that natural for ISP are feelings
of uncertainty and confusion, even feelings of anxiety, particularly intensive at the be-
ginning of the ISP. These can be perceived as early signs of affective pre-manifestations
of INs, possibly from the lack of knowledge, as Kuhlthau further suggests. IN can occur
first as a feeling of a disagreement with the user’s beliefs [3, 8, 13] that prompts the
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user to enquire more information. The cognitive formulation of the problem can be
seen as a turning point in the evolution process, where incoming information increases
confidence and enhances the user’s ability to specify the problem. Concerning the
variability of affective and cognitive manifestations, representing the user’s underlying
state of knowing and derived INs, is an important and still current challenge of search
system design and user support [28]. Motivated by this study, an empirical study by
Moshfeghi et al. [69] directly measured users’ affective and physiological signals (e.g.,
facial expressions, heart rate and skin temperature) whilst the users performed image
relevance judgments. The signals were used as a complementary input to behavioural
data (dwell time). The outcomes showed that a significant improvement in relevance
judgement prediction was achieved for the combination of affective signals with the
dwell time.

The cognitive elements of IN appeared already in the early IR and information
science research. The study by Taylor [13] (see Section 2.2.2) delivered one of the most
respectful and highly influential outlook on IN concept. It described the development
of IN, often initiated as a vague feeling of dissatisfaction, as a journey from the query
back to the core of the actual need, so-called within-brain IN, existing in the user’s
mind. In this study, we first encounter the idea of the brain, which indirectly brings us
to cognition and awareness mechanisms. Furthermore, the ASK Model by Belkin et al.
[3] (see Section 2.2.3) hypothesised that variations of ASK and the associated anomaly
exist depending on the level of an individual’s knowledge.

As per Taylor’s model [13], INs in their earlier stages are difficult to formulate as
a query to a system. The searchers perceive their INs only as a gap in understanding.
The understanding is attributed to the functioning and control of human cognitive and
perceptual systems. Belkin et al.’s [3] modelled the user’s conceptual state of knowledge
consisting of concepts and beliefs accessible via the functions of the person’s cognitive
system. According to Cole [8], research must go beyond the investigation of single
concepts and focus on how we naturally think through problems and how we make
(un)reasonable decisions. Employing a broader picture of information seeking that

goes beyond the input-output information model is a key to driving the memorable IR
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[76] built on knowledge generation. The effectiveness of the processes to address the
issue of the effective resolution of IN is even more pronounced in the current state of
the computerised and automated environment.

Previous studies [52, 94] emphasised two areas, providing a guide towards a cognitive
variety of IN in the context of cognitive-oriented IR research. The first area is the
user’s inner feeling of disagreement caused by the user’s realisation that their current
knowledge is insufficient to cover the current situation, which raises the opportunity
for an IN to arise. Yet, states of knowledge as the source of users’ INs have not been
investigated in-depth and even less on the empirical basis. Second is the focus on
reasoning as part of the human cognitive functions con