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Abstract. The operationalization of learning metrics in real search environ-
ments remains an open challenge in the Searching as Learning (SalL) paradigm.
While behavioral proxies offer scalability, they capture conceptual change only
indirectly; structured assessments provide more direct evidence but often com-
promise ecological validity. The Degree of Knowledge Gain (DKG) metric
addresses this tension by combining Shannon entropy with semantic similar-
ity between queries and clicked documents to model the progressive reduction
of uncertainty during search. This paper reports on two technological arti-
facts developed to embed DKG computation into real-world search workflows,
within the scope of the CNPq project 3C-BPA: Comportamento de busca, Com-
plexidade da informacdo e pensamento Critico na Busca como um Processo de
Aprendizagem. A standalone search engine prototype established the feasibil-
ity of real-time DKG computation but exposed limitations in ecological validity
and operational sustainability. These were addressed by a Chrome browser ex-
tension that estimates the metric unobtrusively while users interact with their
preferred search engines. To assess the extension’s applicability, an experiment
was conducted combining pre- and post-tests with the Concurrent Think-Aloud
(CTA) protocol and automated interaction logging. Preliminary results indicate
that DKG is sensitive to variation in search strategy use as participants who en-
gaged in systematic query reformulation and multi-source evaluation achieved
stronger knowledge gains, while those exhibiting disorientation and limited cog-
nitive regulation showed more modest outcomes. Beyond its empirical contribu-
tions, the study illustrates how undergraduate research participation can play a
substantive role in advancing the development and application of formal learn-
ing metrics in information science.

1. Introduction

Web search has increasingly been understood not merely as an act of information re-
trieval, but as a knowledge construction process, consistent with the Searching as Learn-
ing (SalL) perspective [Marchionini 2006, Vakkari 2016, Tibau et al. 2022]. A persis-
tent challenge in this domain concerns how to assess what users actually learn dur-
ing a search session. Behavioral indicators such as clicks and query reformulations
are scalable and easy to capture, yet they offer only indirect evidence of conceptual



change [Xu et al. 2020, Gritz et al. 2021, Tibau et al. 2019]. Structured assessments, in
turn, can provide more direct evidence of learning, though often at the cost of eco-
logical validity [Schmuckler 2001]. The Degree of Knowledge Gain (DKG) metric
was proposed to address this tension by modeling learning as a reduction of uncer-
tainty grounded in Shannon entropy, while also incorporating semantic similarity be-
tween queries and clicked documents [Tibau 2024]. Although prior work has demon-
strated the metric’s interpretability and alignment with learning indicators, an impor-
tant next step is to examine how it can be operationalized in real search environments
[Tibau 2024, Tibau et al. 2022, Tibau et al. 2023].

This paper reports on that effort within the scope of the CNPq project 3C-BPA:
Comportamento de busca, Complexidade da informagdo e pensamento Critico na Busca
como um Processo de Aprendizagem. Specifically, it focuses on the development of tech-
nological artifacts designed to embed DKG computation into actual search workflows.
The work was carried out primarily through an undergraduate research project, in which
the student implemented and tested two complementary artifacts, a prototype search en-
gine with built-in DKG computation and a browser plug-in capable of estimating the
metric in real time as users interact with their preferred search engines. Together, these
developments advanced the practical viability of the metric and created an opportunity for
formative research training at the undergraduate level.

To investigate the plug-in’s applicability, the authors designed an experi-
ment combining pre- and post-tests with the Concurrent Think-Aloud (CTA) protocol
[Kelley et al. 2015]. Participants completed tasks of varying complexity, spanning intro-
ductory science topics to more applied themes such as prosthetics. This setup enabled
examination of both the behavior of DKG as an automated measure and the search strate-
gies participants employed throughout the sessions.

Beyond its technical contribution, this work is positioned within the field of Infor-
mation Systems by addressing the interplay between people, processes, and technology in
search-based learning environments. From the perspective of people, the study examines
how users employ different search strategies, regulate their behavior, and construct knowl-
edge while interacting with search systems. From the perspective of processes, it inves-
tigates how knowledge acquisition unfolds during search sessions, including query refor-
mulation, source evaluation, and decision-making during learning-oriented tasks. From
the perspective of technology, it advances artifacts capable of capturing these dynamics
automatically in real search environments.

From a broader research perspective, this work also aligns with the Brazilian
Grand Challenges in Information Systems (GranDSI-BR 2016-2026), particularly with
respect to the sociotechnical, complexity, and open-world dimensions of IS. It contributes
to a sociotechnical vision by integrating behavioral, cognitive, and technological perspec-
tives; addresses the complexity of Information Systems through a formal and operational-
izable metric that combines probabilistic modeling, interaction data, and semantic rela-
tionships; and situates itself in the open-world context by investigating learning processes
in real web search environments characterized by heterogeneous information sources and
evolving interaction patterns.

The remainder of this paper is organized as follows. Section 2 reviews related



work on Searching as Learning and existing approaches to measuring knowledge gain.
Section 3 presents the principles of the DKG metric and the artifacts developed for its
operationalization. Section 4 describes the experimental design, including the role of the
undergraduate researcher in the study’s setup, execution, and analysis. Section 5 reports
the preliminary findings and their implications. Finally, Section 6 reflects on the metric’s
potential, its limitations, and directions for future work, highlighting both methodological
contributions and the formative role of undergraduate participation.

2. Related Work

Research in Sal. has consistently held that search is not merely a means of locating in-
formation, but an active process of knowledge construction [Urgo and Arguello 2022]. A
central challenge within this perspective is determining the extent to which learning ac-
tually takes place during a search session. Approaches to this problem fall broadly into
two categories: those that rely on direct measures of user knowledge, such as pre/post-
tests, open-ended responses, and self-reports, and those that infer learning indirectly from
interaction data, such as behavioral logs and query traces [Tibau 2024].

A substantial body of work has explored indirect approaches, often treating be-
havioral signals as assumed proxies for learning. Early studies [Chi et al. 2016] and
subsequent research [Xu et al. 2020, Otto et al. 2021, Yu et al. 2021, Gritz et al. 2021,
Otto et al. 2022, El Zein and da Costa Pereira 2022] examined signals such as query re-
formulations, document sequences, and interaction patterns as indicators of evolving
knowledge states. More recent contributions have extended this line of inquiry through
knowledge-graph models designed to approximate conceptual growth during exploratory
tasks [El Zein and Da Costa Pereira 2023, Liu et al. 2023], as well as multimodal meth-
ods, including eye-tracking, to analyze reading behavior and its relationship with knowl-
edge acquisition [Gritz et al. 2024]. Other studies have drawn attention to the role of
task-related and contextual factors, such as query refinement behavior and motivational
attributes, in shaping how users learn through search [Camara 2024, Liu et al. 2025].

Overall, these findings reinforce the view that search systems can do more than
retrieve information: they can also support, stimulate, and measure learning. Even so,
existing behavioral proxies carry important limitations. They tend to treat learning as
an emergent consequence of interaction rather than modeling its underlying cognitive
structure, and while they offer scalability, they often capture knowledge acquisition in
coarse terms that may not adequately reflect qualitative differences across tasks of varying
complexity.

The DKG metric was proposed to address these limitations by combining Shannon
entropy with semantic similarity between queries and clicked documents to formalize the
progressive refinement of knowledge during search [Tibau 2024]. Unlike conventional
behavioral proxies, DKG models learning as a reduction of uncertainty grounded in ob-
servable interaction patterns, making it a promising candidate for operationalization in
environments designed to retrieve information, and to evaluate or stimulate learning. The
present work advances this agenda by exploring how DKG can be embedded into real-
world search settings through practical technological artifacts and experimental use within
an educational research context.



3. The DKG Metric and the Development of Artifacts

The DKG metric provides a formal model for quantifying learning during search. It is
grounded in Shannon’s Entropy (/{), which represents uncertainty as a probability dis-
tribution over possible outcomes [Prieto-Guerrero and Espinosa-Paredes 2019]. In the
context of search, this uncertainty corresponds to the user’s knowledge state before en-
countering new information; as learning takes place, entropy is expected to decrease. To
capture this process more meaningfully, DKG also incorporates semantic similarity be-
tween queries and clicked documents, so that knowledge gain reflects both novelty and
conceptual refinement.

The qualitative basis of DKG draws on the formulation of additive information
gain [Milne 2012], according to which each new information element /3 contributes in-
crementally to what is already known from a:

ilaNB, ) =i(a,T) +i(B,TU«) (1)

where [' denotes the evolving knowledge base. This iterative view of knowledge acquisi-
tion informed the design of artifacts capable of estimating DKG in real time.

The formal expression of DKG is given in [Tibau 2024] as:

degyg = (1 . ipi log Z‘—) % 0.01 )

=1
where:

* p; is the probability of detecting a clicked document at position ¢, estimated from
empirical click-through data Dupret-Piwowarski-2008;

¢ m; is the observation factor, which combines the click indicator (¢;) with the Jac-
card similarity between successive queries.

Thus, m,; captures the joint influence of user behavior, such as clicks and query
reformulations, and system behavior, such as ranking position, while p; models the likeli-
hood that these interactions occur. The scaling factor preserves the interpretability of the
metric.

Compared with simpler proxies such as click counts or dwell time, DKG combines
rank-weighted detectability (p;) and inter-query similarity (through m;), yielding a single
interpretable estimate of knowledge refinement throughout a search session.

3.1. First Artifact: Search Engine Prototype

The first implementation effort consisted of a software prototype that simulated a con-
ventional search engine while embedding DKG computation into its internal logic. Its
purpose was to automate the calculation of the metric during live search sessions, thereby
enabling the immediate tracking of users’ knowledge gain. Developed over approximately
two months, the prototype was employed in preliminary experiments and played an im-
portant role in demonstrating the feasibility of the approach. However, important limi-
tations became evident since the retrieved results did not always align with participants’
search intentions, which negatively affected both user experience and the validity of the
collected data. In addition, the external API used to provide search results generated high



token costs per session, making broader experimentation impractical. Although the pro-
totype fulfilled its role as a proof of concept, these constraints made clear the need for a
more sustainable and ecologically valid solution.

To address the limitations of the prototype, a second artifact was developed in
the form of a Google Chrome plug-in. Unlike the standalone search engine, the exten-
sion operated within users’ natural search environment, allowing DKG to be computed
unobtrusively in the background while users continued to rely on their preferred search
engines. This design improved ecological validity and reduced the intrusiveness of the
data collection process.

From a technical perspective, the extension stored session data in Supabase, which
provided structured persistence through an adequate free-tier infrastructure. This elimi-
nated the prohibitive costs associated with API-based retrieval and enabled the consistent
recording of query, click, ranking, and semantic similarity data. Methodologically, the ex-
tension also made it possible to conduct experiments under more naturalistic conditions,
improving reliability and user experience.

Implementation at a glance:

» Stack: Chrome MV3 extension, background logger, and Supabase storage.

 Signals logged: queries, clicks, ranks, inter-query Jaccard similarity, and times-
tamps (used in the computation of m; and p;).

* Privacy: local pseudonyms were adopted, and no page content was stored, only
interaction metadata.

Experiments with five participants provided initial evidence of the plug-in’s via-
bility. The decision to work with five users is consistent with a long-standing tradition in
usability research, according to which small samples are often sufficient to identify core
interaction issues and reach observational saturation [Lu 2025]. In comparison with the
first artifact, the extension produced more relevant results, required no maintenance costs,
and supported a more scalable approach to experimentation.

3.2. Comparison and Contribution

The transition from the standalone search engine to the Chrome extension represents an
important step in the operationalization of the DKG metric. Although the first artifact
was limited in practical terms, it established the feasibility of computing DKG in real
time. The second artifact advanced this effort by offering a more sustainable and method-
ologically robust solution, better suited to real search environments. Developed within the
context of an undergraduate research project, these artifacts show how a theoretical model
such as DKG can be translated into tools for use in naturalistic search settings. By allow-
ing more scalable and ecologically valid experimentation, they constitute both a technical
contribution and a methodological bridge between the formalization of knowledge gain
and practical applications of Searching as Learning.!

4. Methodology

The study was designed to evaluate the DKG metric in real search scenarios through
a combination of automatic logging and qualitative inquiry. Five university volun-
teers, recruited through convenience sampling and with self-reported prior familiarity

I'The artifacts are available at https://doi.org/10.5281/zenodo.17203699



with web search, completed three tasks of increasing complexity under controlled con-
ditions. Ethical approval was obtained from the institutional review board (CAAE
82881624.0.0000.5285), and all participants provided informed consent. The sessions
were anonymized, recorded, and subsequently transcribed. An important aspect of the
study was the involvement of the undergraduate student supported by the project Compor-
tamento de busca, Complexidade da informacdo e pensamento Critico na Busca como um
Processo de Aprendizagem (3C-BPA). His contribution was central across multiple stages
of the experiment. First, he prepared the experimental environment by configuring the
logging plug-in, setting up the online platform for the pre- and post-tests, and ensuring
the integration of these components. During the sessions, he also assisted participants by
clarifying task instructions and helping ensure that the Concurrent Think-Aloud (CTA)
protocol [Kelley et al. 2015] was followed consistently.

Beyond data collection, the student also contributed to the analytical process by
preparing transcripts that support the preliminary qualitative findings and by advancing
the ongoing content analysis. This stage involves coding participant interactions using the
Online Information Searching Strategies (OISS) framework [Reisoglu et al. 2019] and the
ESKiP Taxonomy of Query State [Tibau et al. 2019], both of which enable a systematic
mapping of search strategies and query transitions.

On the quantitative side, the study combined pre- and post-test scores with au-
tomatically computed DKG values derived from query and click logs. These different
sources of evidence were then integrated through mixed-methods triangulation, linking
external learning outcomes with DKG measurements and coded strategies®. This combi-
nation illustrates both the methodological strength of the study and the formative role of
undergraduate research in advancing the development and application of the DKG metric.

5. Findings

The preliminary analysis of the transcripts revealed a range of search behaviors shaped
both by participants’ prior familiarity with search engines and by their ability to regulate
the search process in real time. Procedural strategies associated with Trial-and-Error were
especially frequent. Participants often reformulated queries, tested alternative keywords,
and explored different websites when their initial attempts were unsuccessful. User 4
exemplified this pattern by persistently refining queries after receiving unhelpful results,
demonstrating both determination and iterative problem-solving.

Metacognitive strategies were more evident among participants who achieved
higher post-test gains. Purposeful Thinking, for instance, appeared in behaviors such
as narrowing the scope of a query or conducting targeted searches within specific web-
sites. User 3, for example, consistently evaluated and cross-checked multiple sources,
weighing their credibility and synthesizing information across sites. At the same time,
indicators of disorientation were also observed. User 2, for instance, showed frustration
when initial searches failed, at times abandoning attempts quickly or reacting negatively
to unsuccessful outcomes. These patterns suggest that limited cognitive regulation may
hinder effective learning through search.

>The anonymized transcripts are available at https://doi.org/10.5281/zenodo.17195699
and the dataset is available at https://doi.org/10.5281/zenodo.17202855.



From the perspective of the ESKiP taxonomy, participants relied most heavily
on Specialization (SC) and Word Substitution (WS). These reformulation moves enabled
them to narrow broad queries or adjust vocabulary to better match the language expected
in relevant documents. User 5 illustrates this pattern, beginning with more general queries
and progressively adding detail to obtain more precise results. By contrast, Generalization
(GE) moves were rare, suggesting that participants more often reduced than expanded the
scope of their queries when facing obstacles. Across sessions, higher DKG values tended
to co-occur with more frequent purposeful reformulations and cross-source evaluation,
whereas moments marked by disorientation were associated with flatter DKG trajectories.
Although still preliminary, this pattern was observed consistently across all sessions.

Considered jointly, these findings suggest that the DKG metric is sensitive to vari-
ations in strategy use. While the automated measures indicate that learning takes place,
the transcript analysis helps explain why outcomes differ across participants. Persistent
reformulation and structured source evaluation, as seen in Users 4 and 3, were associated
with stronger gains, whereas frustration and less systematic behavior, as observed in User
2, corresponded to more modest improvements.

Beyond their descriptive value, these findings also have implications for the design
of Information Systems intended to support learning through search. The observed asso-
ciation between purposeful query reformulation, source evaluation, and higher knowledge
gain suggests that search systems and learning platforms could incorporate mechanisms
to detect and encourage such behaviors in real time. For instance, adaptive interfaces
might offer prompts for query refinement, highlight diverse or higher-quality sources, or
signal patterns associated with disorientation. In this sense, the DKG metric may function
as an evaluative measure as well as a foundation for feedback-driven systems that actively
support knowledge acquisition during search.

6. Conclusion

This study contributes to the ongoing effort to operationalize the Degree of Knowledge
Gain (DKG) metric in real search environments through the development and testing of
two artifacts: a prototype search engine and a browser extension. Together, these artifacts
demonstrate how a theoretical model of knowledge gain can be embedded into practical
tools for use in authentic search settings. The transition from the standalone prototype to
the Chrome extension represented an important methodological advance, as it increased
ecological validity, reduced operational costs, and enabled experimentation under more
naturalistic conditions. The mixed-methods experiment provided preliminary evidence
that DKG is sensitive to differences in search strategy use. Participants who engaged more
systematically in query reformulation and source evaluation tended to achieve higher lev-
els of knowledge gain, as reflected in both pre/post-test comparisons and DKG scores,
whereas disorientation and limited cognitive regulation were associated with more mod-
est gains. Taken together, these results reinforce the potential of DKG as both a diagnostic
and an evaluative tool in Searching as Learning.

Another important aspect of this work was the formative role of undergraduate
research. The student supported by the 3C-BPA project contributed substantially to the
design, implementation, and execution of the study, including the development and re-
finement of the artifacts, the preparation of the experimental environment, support dur-



ing data collection, and the ongoing content analysis. His involvement strengthened the
practical viability of the DKG metric and illustrates how undergraduate research can si-
multaneously stimulate innovation and provide meaningful training in empirical methods.
Although the findings remain preliminary, they point to the promise of DKG as a scalable
and interpretable measure of knowledge acquisition during search.

Beyond their methodological and empirical contributions, the results also point to
broader implications for Information Systems. The proposed artifacts may support a range
of institutions that rely on search-intensive knowledge work, from educational settings
and digital learning platforms to organizational environments in which professionals must
acquire, verify, and apply information during task execution. In such contexts, estimating
knowledge gain from interaction traces may help improve learning workflows, inform the
design of adaptive support mechanisms, and provide decision makers with evidence about
how users engage with search systems.

These possibilities open concrete avenues for the integration of DKG across In-
formation Systems contexts. In educational environments, the metric may support intel-
ligent tutoring systems and digital learning platforms by providing continuous estimates
of knowledge acquisition during search-based activities. In search engines and informa-
tion access systems more broadly, DKG could inform the personalization of results or
interface elements based on inferred learning progress.

Nevertheless, the findings reported in this study should be interpreted as ex-
ploratory, reflecting an initial proof-of-concept for the operationalization of the DKG
metric in real search environments. The experimental scope remains limited, particularly
due to the small sample size (n = 5) and the controlled nature of the study, which con-
strain the generalizability of the results. While this design is consistent with established
practices in early-stage usability and exploratory research, further validation is required
to assess the robustness and scalability of the metric across broader contexts.

In future work, the authors intend to report a full, artifact-centered study with
an expanded participant pool, greater task variety, and more comprehensive reliability
analyses, including detailed examinations of DKG components. Future investigations will
also explore longitudinal designs to better capture knowledge acquisition over time and its
relation to sustained search behaviors. In addition, the authors intend to triangulate CTA
with complementary protocols (e.g., concurrent/retrospective hybrids and design-thinking
probes [Kelley et al. 2015] to strengthen process validity.
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