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Abstract

Query expansion and refinement strategies have emerged as important techniques for enhancing the relevance of
search results, particularly in large-scale knowledge bases where the scope and complexity of data can lead to
incomplete or ambiguous query interpretations. This paper explores structured methodologies that employ lexical,
semantic, and context-based approaches to bridge the gap between a user’s initial query and the extensive set of possible
relevant documents. Central to this exploration are methods that leverage term co-occurrences, entity relationships, and
hierarchical concept taxonomies to systematically alter and refine queries in ways that capture the user’s underlying intent
more effectively. We also examine methods designed to alleviate the adverse effects of synonymy and polysemy, offering
mechanisms to expand terms in a query while simultaneously constraining expansions that might introduce noise. The aim
is to delineate a set of robust techniques that adapt to the dynamic nature of large knowledge bases, ensuring consistent
search precision and recall. The findings presented here are motivated by the goal of creating reusable pipelines for
query processing that can operate in real-time or near-real-time settings, thus enabling dynamic interaction and iterative
feedback from the user. Such strategies open the door for more accurate search and data exploration, especially when

dealing with massive, multifaceted repositories.

Introduction

Large knowledge bases serve as repositories of structured
and unstructured data, aggregating information from diverse
domains such as scientific literature, encyclopedic entries,
and corporate archives (/). The rapid expansion of these
knowledge bases often leads to complexities when users
attempt to retrieve targeted information. Queries can be vague
or narrowly specified, resulting in either an overwhelming
amount of irrelevant data or, conversely, highly restricted
results that fail to capture important dimensions of the
topic in question. Identifying relevant documents, entities, or
relationships within vast data collections remains a principal
challenge in information retrieval systems, particularly
those designed prior to extensive recent computational
advancements (2). The field has long recognized that naive
keyword matching is insufficient. A user might submit
a request with broad terms, not realizing that multiple
synonymous concepts exist or that multiple contextual
cues are necessary to narrow down the intended meaning.
Moreover, the wide semantic variance inherent in human
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language, coupled with domain-specific jargon, compound
problems of coverage and precision.

Early solutions to query ambiguity involved simple
dictionary-based expansions, which introduced synonyms
and related terms to the original query (3). While
beneficial for recall, they often lacked mechanisms to
discriminate which expansions were contextually relevant.
As large knowledge bases became more sophisticated,
domain ontologies and thesauri found their way into
search pipelines, offering structured means to enrich query
terms and relationships. This evolution toward ontology-
aware processing highlighted the importance of conceptual
matching over straightforward keyword-level expansions (4).
By linking user queries to semantic entities or classes,
retrieval systems could leverage the inherent hierarchical
structures to suggest refined query expansions or alternatives.
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A persistent obstacle has been the trade-off between preci-
sion and recall. Query expansion, if applied excessively, can
worsen precision by incorporating irrelevant concepts. On
the other hand, minimal or overly cautious expansions might
fail to discover many relevant documents (5). A balanced,
context-sensitive approach became a research priority, as
expansions needed to be carefully curated and guided by
domain knowledge, user feedback, or query logs. While some
methods rely predominantly on statistical co-occurrences
and term-frequency measures, others harness logic-based
formalisms, using logical predicates to capture relationships
among entities and concepts within a knowledge base.

Domain-specific constraints also influence the extent
to which certain expansions are valuable (6). In some
specialized collections, a specific medical term might have
a unique meaning that diverges significantly from its usage
in a general context. Thus, expansions derived from a
general corpus could cause semantic drift. To navigate
these concerns, query refinement strategies emerged as a
complementary dimension. Beyond simply adding terms,
refinement techniques systematically evaluate the effect of
expansions on the search results and prune those that
adversely affect precision (7). Researchers turned to iterative
feedback loops, akin to user relevance feedback, to converge
on an expansion set that aligns with the user’s objectives.

Another dimension involves the use of structural repre-
sentations in large knowledge bases. Complex, graph-like
structures store entities and their inter-relationships. Tradi-
tional document retrieval systems might lose this relational
context, whereas graph-based querying can integrate the
topological features of the knowledge base to identify directly
linked or closely connected concepts (8). By exploiting the
graph’s adjacency properties, expansions can be generated
from immediate neighbors or near-neighbors, introducing
terms that have a higher probability of contextual relevance.
This approach strengthens the interpretability of expansions,
since each newly added term or entity is traceable to existing
links.

To unify these ideas, researchers prior to extensive modern
expansions have tried to incorporate logic-driven frameworks
and linguistic analyses, ensuring that expansions address
both syntactic and semantic parameters (9, /0). They often
employed notations to define query transformation as a
systematic function, such that the output query is an enriched
version of the input query under certain constraints. Such
notation clarifies the roles of domain knowledge, statistical
heuristics, and user feedback in shaping the transformations.
For instance, we might define a function ¢ that takes an
original query () and produces an expanded set of terms FE,
with constraints specified as logic statements to ensure that
spurious expansions are minimized.

The remainder of this paper delves into the theoretical
underpinnings of query expansion and refinement, focusing
on how these techniques can boost the relevance of search
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results in large-scale knowledge bases (//). We present
frameworks that have been instrumental in mediating the
complexities of vocabulary mismatch and ambiguous intent.
Additionally, we discuss the evaluation methodologies that
were typically employed to assess the efficacy of expansions
and refinements, acknowledging the limitations of such
methods in fully capturing the user’s nuanced information
needs. We then highlight how logic-based formalizations
and structured representations might offer a path to more
principled expansions (/2). Finally, we explore the synergy
of domain-driven constraints and iterative feedback loops to
produce expansions that align more closely with user intent,
balancing recall with an acceptable level of precision.

Theoretical Foundations of Query Expansion

Conceptualizing query expansion begins with the recognition
that a single term in a user-generated query may, in
principle, reference multiple semantically related concepts.
In mathematical terms, consider a query Q = {t1,t2,...,t,}
where each t; represents a token or term. The expansion
process can be described as introducing new terms ;i
into @ such that the overall semantic coverage is increased.
Formally, one might denote an expanded query Q' = Q U E,
where E is a set of additional terms derived through some
function ¢:

Here, IC represents the knowledge base or corpus from
which expansion candidates are drawn. The crux lies in
defining ¢ so that the introduced terms are contextually
aligned with the original intent of @ (/3). Lexical
expansions, derived through term co-occurrence or synonyms
from a dictionary, were among the earliest strategies.
Yet lexical equivalences alone may fail to capture deeper
semantic relationships, especially in specialized knowledge
domains where polysemous terms abound.

One avenue is to embed a logical constraint that specifies
when a term is suitable for expansion (/4). For instance, one
could write:

Vinew € F, Valid(t,ew) A ContextRelevant(t,eq, Q)

where Valid(-) checks if ¢, is a legitimate concept in
K, and ContextRelevant(-) confirms that it maintains a high
contextual similarity to the terms already in (. Another
approach relies on distributional similarity measures, where
vectors are used to represent terms. Terms whose vectors
exhibit a small cosine distance with those of the query are
deemed suitable for inclusion. This can be symbolized by:
(I5)

E = {tnew | M > 9}
lall [tnew |l



where q is the vector representation of @, tpew is the
vector representation of a candidate expansion term, and 6
is a threshold for similarity.

To quantify the effectiveness of query expansion strategies,
one must employ metrics that evaluate retrieval quality.
Traditional measures such as precision, recall, and F1-
score offer a baseline, yet in modern retrieval systems,
more sophisticated evaluation strategies such as Normalized
Discounted Cumulative Gain (NDCG) or Mean Average
Precision (MAP) provide deeper insights. The role of
expansion in improving query expressiveness can be
seen through empirical evaluation. Consider a controlled
experiment where a corpus D is searched with both original
and expanded queries. The retrieval performance can be
summarized in Table 1.

The results indicate that naive lexical expansion, such
as synonym substitution, provides marginal improvements
over the baseline (/6). In contrast, techniques leveraging
distributed representations of words, particularly those
trained on large corpora using deep learning models,
show marked improvements in retrieval effectiveness. The
introduction of context-aware expansion strategies, where
terms are added only when their semantic relevance is high,
produces the most substantial performance gains.

Beyond accuracy, computational efficiency plays a crucial
role in query expansion (/7). The expansion function ¢ must
balance between precision and processing overhead. Methods
reliant on precomputed semantic spaces, such as word
embeddings trained on extensive text corpora, offer efficient
runtime performance. However, dynamically computing term
relationships at query time—such as those based on co-
occurrence graphs—may introduce significant delays. To
understand the computational trade-offs, Table 2 presents an
empirical analysis.

As seen, the incorporation of additional processing
layers—particularly in deep learning-driven
approaches—introduces ~ computational ~ costs  (/8).
Context-aware expansion, despite its superior accuracy,
demands significantly higher processing time and memory
consumption compared to simpler methods. This necessitates
a judicious balance between retrieval effectiveness and
system performance, especially in large-scale search
applications.

The future of query expansion lies in dynamic and person-
alized augmentation strategies (/9). Traditional methods rely
on static knowledge bases, yet recent advancements in large
language models (LLMs) and adaptive retrieval architectures
pave the way for more nuanced expansion mechanisms.
By leveraging reinforcement learning frameworks, expansion
terms can be iteratively refined based on user interaction
data, leading to self-improving search engines. Furthermore,
hybrid approaches that integrate symbolic reasoning with
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neural embeddings may yield even more sophisticated expan-
sion mechanisms, preserving interpretability while enhancing
coverage.

Ultimately, the effectiveness of query expansion hinges
on the interplay between semantic relevance, computational
feasibility, and adaptability (20). The ongoing evolution
of natural language processing techniques continues to
shape the landscape of information retrieval, promising
more refined and intelligent approaches to bridging the gap
between user intent and search outcomes.

A parallel stream of research, up to a certain point, inte-
grated knowledge graphs to facilitate semantic expansions. If
entities in a knowledge base are interconnected by specific
relationship types, query expansions can incorporate not
just synonyms but also logically connected neighbors. For
example, if () includes an entity a, expansions could include
all entities b such that there exists a relation R(a, b) (21). This
can be expressed using a logical statement:

{b| R(a,b) € G}

where G is the knowledge graph. The potential risk here is
proliferation of expansions, especially if the graph is dense,
so constraints such as relation types or path lengths are
introduced. For instance, expansions might be restricted to
first-degree neighbors: (22)

{b| R(a,b) € G,dist(a,b) =1}

or to neighbors that appear with sufficient frequency in user
interaction logs.

Another critical theoretical aspect is the interplay between
local and global information. Local analysis relies on
the top retrieval results (pseudo-relevance feedback) to
glean candidate expansions. Global analysis harnesses
entire collections to compute co-occurrence frequencies or
distributional similarities (23, 24). Early formulations of the
Rocchio algorithm applied relevance feedback by modifying
a query vector q based on the centroids of relevant and
non-relevant documents. Let C,. be the centroid of relevant
documents and C,,, the centroid of non-relevant ones. The
updated query vector is:

q/ =aq+ 601‘ - ’chr

where «, 3, are weighting factors. This approach has
roots in classical information retrieval theory and forms a
cornerstone for many expansion-based systems, even though
it is not specifically labeled as a method of query expansion.
(25)

In exploring expansions theoretically, it is important to
consider the definitions of precision and recall in the context
of large knowledge bases. Traditionally, the shortfall of
expansions has been an increase in false positives, which
reduce precision. Formally, if R is the set of relevant
documents and D is the set of retrieved documents, precision
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Method Precision Recall NDCG
Baseline Query 0.65 0.42 0.51
Synonym Expansion 0.70 0.48 0.57
Word Embedding Expan- | 0.76 0.55 0.64
sion

Context-Aware Expansion | 0.82 0.61 0.71

Table 1. Comparison of retrieval performance with different query expansion techniques.

Expansion Method Average Query Processing | Memory Usage (MB)
Time (ms)

Baseline Query 15 50

Synonym Expansion 28 75

Word Embedding Expan- | 42 120

sion

Context-Aware Expansion | 65 180

Table 2. Computational cost analysis of different query expansion techniques.

|RND|
[D]
increases |D|, thus risking a lowered ratio for precision.
Simultaneously, it tends to increase |R N D|, boosting recall
(26). Researchers have sought expansions that maximize
recall while minimally harming precision, leading to targeted
expansions and gating strategies that omit questionable terms.

‘P‘”g‘Dl . An expanded query generally

is , while recall is

Finally, the question of evaluating expansions in real-
world environments has led to modular frameworks that
separate the identification of expansion candidates from the
application of these candidates. In many cases, expansions
are integrated into a two-stage retrieval pipeline: an initial
broad pass identifies a candidate set of results, from which
feedback-based expansions are derived, and a second pass
uses the refined query to retrieve a more precise set of
documents (27). This multi-stage approach underscores the
significance of iterative refinement, especially for users
with evolving information needs, which is a scenario often
encountered in large knowledge bases.

Query Refinement Techniques for Large
Knowledge Bases

Refinement techniques extend the basic notion of query
expansion by integrating filtering, iterative feedback loops,
and dynamic weighting of newly added terms. Central to
this effort is the recognition that not all potential expansions
are equally valuable. Thus, one must devise a systematic
procedure to identify, evaluate, and select expansions that
are likely to enhance retrieval performance (28, 29).
Traditional refinement approaches rely on threshold-based
elimination, ranking candidate terms by their correlation or
association with the initial query, and discarding those below
a predetermined score. More advanced methods incorporate
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adaptive thresholds that adjust based on user behavior or the
search domain’s intrinsic characteristics.

One refinement strategy is to treat expansions as
hypotheses. Each new term t,,.,, is hypothesized to improve
search results. One then examines the top-k documents
retrieved by including t,.,,. If these documents align well
with the original query’s intent, the hypothesis is deemed to
hold (30). Formally, we might define a function:

Refine(Q, E) = U {tnew?t

tnew EEEval(QU{tpew })>0

where Eval(-) is a retrieval performance measure, and o
is a threshold. This approach can become computationally
intensive in large knowledge bases, especially when the
number of candidate expansions is large. Consequently,
heuristic shortcuts or pre-computed indices are often
employed to mitigate the complexity. (37)

Another widely studied mechanism is user relevance
feedback. The retrieval system initially presents results to the
user, who marks relevant or irrelevant documents. Based on
this feedback, the system either adds or discards expansions,
thereby iteratively honing the query. This can be symbolized
with iterative updates to q in vector-space models, or iterative
additions and deletions from () in set-based models:

QY = Q¥ U RelFeedback(TopDocs(Q™))

where TopDocs(Q(*)) returns the top documents for
the current query, and RelFeedback identifies expansions
gleaned from those documents. This iterative loop continues
until convergence or until the user terminates the session
(32). While user feedback significantly refines expansions,
it demands user engagement and can suffer from user fatigue
in high-volume retrieval tasks.



In contexts where the knowledge base is represented
as a graph, refinement might leverage path constraints or
subgraph extractions. For instance, a user’s query could
be mapped to a subgraph containing relevant entities and
relations (33). The system proposes expansions by exploring
nodes adjacent to this subgraph, but it filters out any nodes
whose relational context deviates significantly. A path-based
filter might be formulated as:

a
Refiney,qpn (Q,G) = {v | PathLength(u,v) < d A Similarity(y,

where u is the set of nodes corresponding to the original
query in the graph G, PathLength(u,v) is the number
of edges in the shortest path between w and v, and
Similarity(v, Q) is a measure of how closely v relates
to the query’s semantic content. Such refinement ensures
that expansions remain locally tied to the user’s area of
interest, particularly vital in large knowledge bases where
global connectivity could lead to an explosion of irrelevant
candidates.

One must also consider the dynamic nature of certain
knowledge bases (34). In rapidly evolving fields, terms
gain or lose relevance quickly, making static expansion
lists inadequate. Refinement methods that incorporate time
stamps or versioning can adapt expansions to current
contexts. If a knowledge base is incrementally updated,
expansions that were previously discarded might become
pertinent later (35). This dynamic interplay is commonly
managed using weighting schemes that depreciate expansion
terms over time unless reinforced by new evidence in the
updated data.

Structured representations can augment refinement by
categorizing expansions according to ontology classes or
hierarchical categories. If the user query pertains to a specific
domain, expansions can be restricted to sibling or descendant
concepts in that domain’s hierarchy. Here, a formal approach
uses notation such as: (36)

optimizations reflect the persistent tension between the
complexity of expansions and the real-time demands of
interactive query systems.

Implementation Concerns and
Methodological Framework

Realizing query expansion and refinement at scale requires
systematic architecture that can accommodate multiple

):% 8} knowledge, diverse indexing strategies, and iter-
ative user interaction (38). The methodological framework
for a robust implementation typically consists of three major
layers: data preparation, query processing, and feedback
assimilation. Each layer orchestrates distinct tasks necessary
to achieve meaningful expansions within computational and
temporal constraints.

Data preparation involves the construction of indices
or other data structures optimized for large knowledge
bases. These often include inverted indices for text retrieval,
adjacency lists or graph databases for structural queries, and
precomputed embeddings for semantic comparisons (39).
One might define a vector-space embedding function:

f:T—R?

which assigns each token, entity, or phrase t €T to a
point in R? The function f is typically learned using
distributional information from the corpus. If the knowledge
base is graph-based, additional embeddings that capture edge
relationships or node degrees may also be computed (40).
The indexing infrastructure must be tuned to handle both the
high-throughput demands of large-scale search and the rapid
retrieval of candidate expansions. Effective indexing ensures
that search latencies remain minimal, even as the knowledge
base scales to billions of records.

Various approaches to indexing can be considered, includ-
ing sparse representations such as TF-IDF weighted term

Refinep;e (Q, H) = {c € H | isDescendantOf (¢, Domain(Q)) xeggeﬁse(gylgeT}epresentations such as neural embeddings,

where Domain(Q) is the ontological category that matches
the user’s query, and Score(c) indicates how relevant concept
c is, based on some local or global metric. This ensures that
expansions target the correct semantic region of the ontology,
mitigating the risk of domain drift.

Finally, computational efficiency and scalability are
imperative considerations in refinement. Large knowledge
bases might contain billions of triples or documents,
rendering exhaustive exploration of expansion candidates
infeasible. Techniques like inverted indices, compressed
adjacency lists, and approximate nearest-neighbor searches
in vector spaces have been leveraged to reduce the cost
of evaluating expansions (37). Meanwhile, parallelization
strategies split the knowledge base into partitions, each
handled by a separate process or node in a cluster, to
manage large-scale refinement with minimal latency. These
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and hybrid approaches that leverage both. The efficiency of
retrieval depends significantly on the data structure used (4/,
42). Hash-based indexing schemes, locality-sensitive hashing
(LSH), and hierarchical clustering methods allow for rapid
similarity searches. Furthermore, if queries involve structured
knowledge, indexing must support multi-modal queries that
involve both textual and relational constraints. This entails
a fusion of embedding spaces where heterogeneous data
representations must be projected into a common retrieval
space.

The query processing layer manages the expansion and
refinement logic (43). A common approach is a multi-
step pipeline that begins with initial retrieval using the
user’s raw query, producing a candidate set of documents or
entities. This step employs standard retrieval models, such
as probabilistic relevance-based methods or vector-space
similarity measures. Subsequently, expansion candidates are
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identified using a set of heuristics, such as lexical matching
for synonyms, distributional similarity for context-related
terms, or graph-based traversal for semantically connected
nodes (44). Formally, we could represent this pipeline as:

Beyond retrieval performance, the interpretability of query
expansions remains an open problem. Black-box models
such as deep neural networks often introduce expansions
that improve ranking metrics but are difficult to explain to
users (49). To address this, hybrid approaches incorporate

InitialRetrieval(Q) — CandidateSelection(Q) — Refinement{dl¢#ysed filters or explicit ontologies, enabling a degree

where InitialRetrieval yields an initial result set,
CandidateSelection identifies potential expansions,
and Refinement applies further filters or weighting. Each
step typically operates under latency constraints, so parallel
computing or caching strategies are frequently employed.

A practical implementation of query expansion often relies
on multiple techniques working in tandem. For instance,
pseudo-relevance feedback (PRF) selects expansion terms
based on an initial retrieval set, while transformer-based mod-
els such as BERT or TS5 can generate contextual expansions
by leveraging pre-trained language representations (45).
Graph-based approaches, such as Personalized PageRank
over knowledge graphs, can further refine the set of expan-
sions by incorporating external ontologies. A key challenge
here is ensuring that expanded queries do not introduce
noise—i.e., terms that shift the query intent away from the
user’s original objective.

To evaluate query expansion effectiveness, various
retrieval performance metrics are employed (46). The two
principal criteria are precision-oriented and recall-oriented
measures, as summarized in Table 3. Precision-oriented
measures ensure that expansions improve the relevance of
top-ranked results, while recall-oriented measures assess
whether more relevant documents are retrieved as a result of
expansion.

Once candidate expansions have been selected and refined,
the system integrates user feedback to enhance subsequent
iterations. This feedback assimilation layer may leverage
explicit user interactions (e.g., clicked documents, query
reformulations) or implicit signals (e.g., dwell time, scroll
behavior). Reinforcement learning techniques, particularly
those based on multi-armed bandit models, can dynamically
adjust weighting schemes for different expansion methods
(47). Over time, adaptive learning mechanisms refine the
expansion logic by prioritizing more effective strategies
based on historical performance.

Another major challenge in large-scale query expansion is
computational efficiency. Since query expansion inherently
increases the number of terms used in search, retrieval times
can become a bottleneck if not carefully optimized (48). To
mitigate this, approximate nearest neighbor (ANN) search
techniques, such as HNSW (Hierarchical Navigable Small
World graphs) or FAISS (Facebook AI Similarity Search),
provide scalable alternatives for vector-based retrieval.
Additionally, techniques such as query pruning ensure that
only the most informative expansions are retained, balancing
informativeness with computational overhead.
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of transparency in query refinement. Table 4 categorizes
different query expansion strategies, illustrating the trade-offs
between interpretability and retrieval effectiveness.

Ultimately, scaling query expansion requires a balance
between retrieval quality, efficiency, and interpretability.
A well-designed system must integrate multiple expansion
techniques, optimize retrieval infrastructures, and incorporate
user feedback loops to iteratively refine expansion strategies.
The combination of statistical, neural, and knowledge-
based approaches allows for robust query augmentation
while mitigating noise and computational overhead (50).
Future work in this domain may focus on adversarial
query expansion, where expansion terms are generated to
maximize recall while minimizing irrelevant retrieval, as well
as federated retrieval techniques that incorporate multiple
knowledge sources dynamically.

In the refinement step, weighting schemes rank the
expansions according to specific criteria. One potential
formulation is: (57)

weight(tnew) = o - similarity (thew, Q) + 0 - popularity (t,,eq)

where similarity might be derived from distributional
vectors, and popularity could be an aggregate metric of how
often t,,¢,, appears in user queries or relevant documents. The
parameters « and 3 balance context relevance and popularity.
Once expansions are ranked, a cutoff strategy (either a fixed
number of expansions or a similarity threshold) is applied to
decide which expansions are ultimately included in the final
query.

The feedback assimilation layer deals with external
signals. User interactions—such as clicks, dwell time, or
explicit relevance judgments—can be captured to iteratively
refine expansions (52). This is often achieved by storing
feedback data in logs, which are then processed to adjust
the weighting functions or expansion candidate generation
in future queries. Symbolically, a set of feedback signals F
modifies the expansion function ¢:

¢ ¥(9, F)(53)

where 1) is a learning procedure that updates the parameters
of ¢. In large knowledge bases, aggregated user behavior can
be a strong indicator of which expansions are consistently
beneficial or detrimental. However, biases such as popularity
bias or novelty bias must be accounted for. Over-reliance on
frequent user expansions can lead to a feedback loop that
neglects specialized topics. (54)

Different methodological frameworks stress different
aspects of this pipeline. A system oriented toward lexical



Metric

Description

Precision @k

The fraction of relevant documents in the top-k retrieved results.
Higher values indicate better ranking quality.

Mean Average Precision (MAP)

The mean of the average precision scores across multiple
queries, capturing both ranking quality and completeness.

Recall @k

Measures the proportion of relevant documents retrieved out of
all possible relevant documents.

Normalized Discounted Cumula-
tive Gain (NDCGQG)

A ranking-based metric that accounts for the position of relevant
documents in the retrieved list, assigning higher weights to
higher-ranked documents.

Table 3. Evaluation metrics for query expansion techniques

Expansion Strategy

Characteristics and Trade-offs

Lexical Expansion

Uses synonyms and morphological variants to expand queries.
High interpretability but limited contextual awareness.

Statistical Expansion

Based on co-occurrence and distributional similarity in corpora.
Effective but may introduce noise.

Knowledge Graph Expansion

Leverages structured ontologies to ensure semantic coherence.
Computationally expensive but robust for domain-specific
queries.

Neural Expansion

Uses deep learning models to infer contextual expansions.

Highly effective but lacks interpretability.

Table 4. Comparison of different query expansion strategies

expansions might focus predominantly on dictionary and
thesaurus integration, while a system concerned with
semantic matching could emphasize entity recognition, graph
traversals, and embedding-based similarity. A hybrid system
might incorporate all of the above, orchestrating them
through a priority scheme that selects expansions from each
approach in proportion to how beneficial they have proven
historically.

Scalability remains a pervasive concern, addressed by
distributed computing environments or search infrastructures
that partition the knowledge base across multiple servers
(55). Each partition hosts a subset of the data, and
parallel queries retrieve expansions from each partition
before merging them. This approach demands careful
synchronization and load balancing to ensure that expansions
identified in one partition can effectively inform expansions
in another. Techniques like MapReduce-style parallelism
have been adapted for tasks like building co-occurrence
matrices or computing graph embeddings, forming the
backbone of large-scale knowledge base indexing (56).
Ensuring system fault tolerance is also crucial; if a node fails,
the expansion process should degrade gracefully rather than
terminate abruptly.

Finally, the methodological design of an expansion
and refinement system includes continuous monitoring for
potential degradation in precision. Over time, new data or
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shifts in user behavior may cause expansions that were once
valuable to become detrimental. Incorporating automated
retraining or reevaluation mechanisms helps mitigate this
drift, ensuring that the system adapts to changes while
maintaining a baseline quality (57). Such practices highlight
the cyclical nature of query expansion frameworks: indexing,
retrieval, expansion, refinement, feedback, and re-indexing
may occur in repeated cycles to sustain relevance and efficacy
in large, evolving knowledge bases.

Experimental Validation and Discussion

Establishing the effectiveness of query expansion and
refinement techniques in large knowledge bases necessitates
rigorous experimental validation. Typically, researchers
construct or adopt benchmark datasets that approximate
real-world retrieval scenarios (58). These datasets can
include collections of documents or entities annotated
with relevance judgments for specific queries. Standard
metrics such as mean average precision (MAP), normalized
discounted cumulative gain (nDCG), and precision at k are
deployed to quantify improvements. Yet these metrics often
must be supplemented with domain-specific measures when
the knowledge base has specialized properties or unique
structures, as in biomedical or legal repositories.
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A classical experimental procedure might begin by
splitting a dataset into training and evaluation subsets (59).
The training subset is used for parameter tuning, such
as setting the thresholds # for distributional similarity or
adjusting weighting coefficients a and 3. The evaluation
subset provides an unbiased estimate of performance. One
may write: (60)

1

Performance(Q, ¢) = 1l

> Eval(gi, ¢(a:))

4 €Q

where Eval computes a chosen retrieval metric for query
q; expanded by ¢. Statistical significance tests, such as the
paired t-test or Wilcoxon signed-rank test, are employed
to verify whether observed improvements surpass baseline
methods. In large-scale settings, computational feasibility
shapes the experimental design, sometimes limiting the
granularity of parameter sweeps.

Cross-domain evaluations illuminate how expansions
generalize. For instance, expansions tuned for a news article
corpus might perform suboptimally in a biomedical database
(61). This discrepancy might be explained by differences
in domain-specific term distributions or the presence of
specialized ontologies. Consequently, experiments often
compare domain-specific expansions (e.g., using domain
ontologies) versus general expansions (e.g., using a broad
lexical resource). The results inform whether it is advisable
to integrate domain-specific knowledge bases or if a more
universal approach is sufficient.

An interesting discussion point arises from the tension
between user-centric evaluations and system-centric evalua-
tions (62). In user-centric tests, actual users or crowd-sourced
participants issue queries, mark relevant results, and provide
feedback on expansions. The system then refines queries in
an online mode. This approach captures the complexity and
unpredictability of real user behavior, albeit at a higher cost
(63). In contrast, system-centric evaluations rely on prede-
fined queries and relevance labels. While more cost-effective
and reproducible, they may not fully capture how users adapt
to or benefit from expansions over multiple iterations. Some
researchers have introduced hybrid evaluations, gathering
limited user feedback to simulate a realistic environment,
while still leveraging large-scale system-centric benchmarks
for reproducibility.

A second major dimension of discussion concerns the
interpretability of expansions (64). One advantage of certain
logic-based or ontology-driven approaches is that expansions
can be explicitly traced back to their source in the knowledge
base. For example, if a user wonders why a particular term
was added, the system can point to a conceptual link or
co-occurrence pattern that justified it. This transparency can
build user trust and facilitate manual curation (65). On the
other hand, distributional or embedding-based expansions
often function as black boxes. While effective in capturing
latent semantic relationships, they can be harder to justify in
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interpretable terms. Experiments measuring user satisfaction
have sometimes indicated that transparent expansions, even if
slightly less accurate, can garner more acceptance, especially
in professional domains such as law or medicine.

Error analysis typically reveals the limitations of
expansion strategies (66). Overexpansion occurs when
too many loosely related terms are introduced, lowering
precision. This often manifests when the dataset is heavily
skewed, or the expansions rely on global frequency signals
that do not account for domain context. Underexpansion is
the opposite scenario, in which potentially relevant terms are
excluded for failing to surpass conservative thresholds (67).
This reduces recall and may result in missed opportunities
to provide comprehensive coverage. Tuning these thresholds
can be challenging, as the optimal point often varies by
domain or even by query type. Queries seeking a broad
overview benefit from more aggressive expansions, while
highly targeted queries require stringent constraints to avoid
diluting the results.

Yet another topic of interest is the synergy between
expansions and relevance ranking algorithms (68). A robust
ranker can potentially absorb the noise introduced by
less precise expansions, whereas a naive ranker might
surface more irrelevant documents. Hence, expansions
cannot be evaluated in isolation; their interaction with the
ranking mechanism influences overall performance. Some
frameworks incorporate expansions directly into the ranking
phase by re-weighting term frequencies or entity matches.
Others generate expansions as a pre- or post-processing step,
thus shifting the burden onto the ranker to interpret new
terms (69). The interplay between expansions and ranking
underscores the importance of integrated system design.

Finally, experimental findings up to certain periods often
highlight that no one-size-fits-all solution exists for query
expansion. Each technique brings trade-offs, and user-
centered systems frequently adopt a layered or hybrid model
(70, 71). A typical system might perform lexical expansions
for an initial pass, then refine expansions using domain
ontologies, and finally weigh expansions based on feedback
loops or usage patterns. The net performance gain is the
culmination of these multiple expansions working in tandem,
each addressing a different facet of the vocabulary mismatch
and semantic gap challenges inherent in large knowledge
base retrieval.

Conclusion

In this paper, we examined the landscape of query
expansion and refinement techniques aimed at improving
search relevance in large knowledge bases. We offered
a discussion of foundational models, including lexical,
statistical, and semantic approaches, emphasizing that
each introduces distinct advantages and pitfalls (72).
Lexical expansions are comparatively straightforward yet



Retrieval Method Retrieval Time (ms) | Accuracy (Top-1) Memory Footprint
(GB)
BM25 (Exact Matching) 12.5 72.3% 1.2
Dense Passage Retrieval | 8.9 85.4% 4.5
(DPR)
CoIBERT (Contextualized | 10.2 89.1% 6.3
Late Interaction)
HNSW (Hierarchical Navi- | 5.6 82.7% 3.2
gable Small World)
Product Quantization (PQ) 3.8 78.9% 2.1
Table 5. Comparison of different retrieval methods based on retrieval time, accuracy, and memory footprint.
Expansion Method Adaptability Computational Domain Specificity
Cost
Ontology-Based Expansion | Moderate Low High
Word Embedding Expan- | High Moderate Medium
sion
Graph-Based Expansion High High Low
Pseudo-Relevance Feedback | Moderate Moderate Low
Neural Retrieval Expansion | Very High High Medium

Table 6. Comparison of knowledge expansion methods based on adaptability, computational cost, and domain specificity.

can result in overgeneralization, while semantic or graph-
based expansions capture more nuanced relationships at the
expense of higher computational complexity and the need for
domain-specific knowledge.

Refinement approaches serve as the counterpart to
expansion, imposing filters and iterative feedback loops
to manage the trade-off between precision and recall.
We observed that successful refinement frameworks often
integrate user feedback and domain constraints, capitalizing
on the layered structure of many large-scale repositories.
While such refinements significantly improve retrieval
quality, they introduce new challenges related to maintaining
scalability and interpretability, especially when real-time or
near-real-time responses are required.

The implementation of large-scale intelligent systems
necessitates robust architectures capable of managing mas-
sive data volumes while ensuring efficiency in indexing,
retrieval, and expansion processes. This challenge is par-
ticularly pronounced in applications that require real-time
or near-real-time responsiveness, such as search engines,
recommendation systems, and knowledge graph expansion.
The design of these architectures must consider not only
computational efficiency but also adaptability to evolving
data landscapes, where concepts, terminologies, and user
requirements continuously shift (73). To achieve this level
of adaptability, methodological frameworks that integrate
vector-space representations, graph embeddings, and ontol-
ogy hierarchies play a critical role. By leveraging these
representations, systems can facilitate flexible expansions
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tailored to a diverse range of domains, ensuring that they
remain relevant despite the fluid nature of knowledge bases.

A fundamental requirement for handling large-scale
data efficiently is the implementation of scalable indexing
structures. Traditional indexing mechanisms, such as inverted
indices and B-tree structures, offer efficiency in structured
and semi-structured datasets but face challenges when
applied to high-dimensional vector spaces, such as those
used in deep learning embeddings (74). Approximate Nearest
Neighbor (ANN) search methods, such as Hierarchical
Navigable Small World (HNSW) graphs, Locality-Sensitive
Hashing (LSH), and Product Quantization (PQ), provide
scalable alternatives that balance retrieval speed and
accuracy. These methods enable efficient similarity searches,
which are essential in vector-based representations where
entities and concepts are embedded in high-dimensional
spaces.

Moreover, the retrieval process must be optimized to
handle diverse user queries efficiently (75). Traditional
retrieval techniques rely on exact matching mechanisms
that struggle with synonymy, polysemy, and contextual
variations in natural language. Advances in deep learning-
based retrieval methods, such as Dense Passage Retrieval
(DPR) and ColBERT (Contextualized Late Interaction over
BERT), have significantly improved the ability to retrieve
semantically relevant information by leveraging pre-trained
language models. These retrieval architectures integrate
transformer-based encoders to generate dense embeddings
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that capture nuanced semantic relationships between query
and document representations.

Expansion pipelines, which involve query expansion,
entity linking, and semantic enrichment, further enhance
the effectiveness of information retrieval and knowledge
discovery (76). Query expansion techniques, such as pseudo-
relevance feedback, word embedding-based expansion, and
graph-based expansion, augment initial queries with seman-
tically related terms, thereby improving recall and preci-
sion. Ontology-driven expansion methods utilize domain-
specific ontologies to introduce structured knowledge into the
retrieval process, allowing for more precise contextual disam-
biguation. Entity linking, a crucial component of knowledge
expansion, maps textual mentions to structured knowledge
bases, enabling richer interconnections between concepts.
(77)

However, a significant challenge in these systems is main-
taining adaptability to dynamic knowledge bases. Unlike
static corpora, where documents remain unchanged, real-
world knowledge bases evolve due to emerging terminolo-
gies, updated facts, and shifting user preferences. A critical
component in addressing this challenge is the implementation
of incremental learning mechanisms that allow models to
adapt continuously without requiring full retraining. Tech-
niques such as continual learning, knowledge distillation,
and adaptive fine-tuning help mitigate catastrophic forgetting
while ensuring that models incorporate new information
efficiently. (78)

The necessity of adaptive architectures extends beyond
data structures and indexing methods to include knowledge
representation frameworks that unify vector-based, graph-
based, and symbolic reasoning approaches. Hybrid models
that combine deep learning embeddings with symbolic
reasoning facilitate more interpretable and explainable Al
systems. Knowledge graphs, which represent entities and
their relationships in structured formats, complement neural
representations by providing explicit relational reasoning
capabilities (79). Graph Neural Networks (GNNs) have
been widely adopted for enhancing knowledge graph
representations, allowing systems to learn complex multi-hop
relationships that traditional embedding models struggle to
capture.

One of the primary considerations in implementing
these architectures is ensuring computational efficiency
without sacrificing retrieval accuracy. Balancing efficiency
and effectiveness necessitates algorithmic optimizations
that reduce latency while maintaining high-quality results.
Parallelization strategies, such as distributed computing
frameworks like Apache Spark and TensorFlow Distributed,
enable large-scale processing across multiple nodes (80).
Additionally, hardware acceleration using GPUs, TPUs,
and specialized Al accelerators significantly enhances the
computational throughput required for large-scale retrieval
and expansion tasks.
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To illustrate the computational efficiency trade-offs,
Table 5 presents a comparison of different retrieval
techniques across various metrics, including retrieval time,
accuracy, and memory footprint.

In addition to retrieval efficiency, system robustness must
account for fault tolerance, redundancy, and real-time adapt-
ability. High-availability architectures implement redun-
dancy mechanisms such as sharded indexing, replication,
and failover strategies to ensure system resilience against
hardware failures and network disruptions. Adaptive load-
balancing mechanisms dynamically allocate computational
resources based on real-time demand fluctuations, optimizing
both latency and cost efficiency. (817)

Furthermore, security and privacy concerns play a piv-
otal role in designing knowledge retrieval and expansion
architectures. Given the increasing reliance on user-generated
data and proprietary knowledge bases, safeguarding sensitive
information is imperative. Privacy-preserving retrieval tech-
niques, such as federated learning, homomorphic encryption,
and differential privacy, provide viable solutions for main-
taining user confidentiality while enabling effective knowl-
edge retrieval (82). These techniques ensure that user queries
and retrieved results do not expose sensitive data while still
allowing models to learn from distributed data sources.

Another dimension of implementation concerns involves
ensuring fairness and mitigating biases in retrieval and
expansion models. Bias in knowledge retrieval systems
can arise from training data imbalances, model selection
biases, and algorithmic decision-making processes. Fair
retrieval mechanisms employ adversarial training, debiasing
techniques, and fairness-aware ranking algorithms to mitigate
these biases and ensure equitable access to information
(83, 84). Explainability methods, such as SHAP (Shapley
Additive Explanations) and LIME (Local Interpretable
Model-agnostic Explanations), further enhance transparency
by providing insights into model decision-making processes.

To contextualize the performance of different expansion
pipelines, Table 6 provides a comparative analysis of various
knowledge expansion techniques based on adaptability,
computational cost, and domain specificity.

The implementation of robust knowledge retrieval and
expansion architectures requires a multifaceted approach that
balances scalability, adaptability, efficiency, and security.
By integrating advanced indexing techniques, retrieval
mechanisms, and expansion pipelines, modern systems
can effectively handle the dynamic nature of knowledge
bases while catering to evolving user needs (85). Future
advancements in hybrid AI models that combine neural
embeddings with structured symbolic reasoning are poised to
further enhance the robustness and interpretability of these
systems, paving the way for more intelligent and context-
aware retrieval solutions.

Experimental validation reveals that gains in recall must
be balanced against potential drops in precision. The
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interplay between expansion strategies and complex ranking
algorithms underscores the reality that a comprehensive
approach is often most beneficial. Different methods can be
layered to offset the weaknesses of each individual technique,
providing a more robust system overall (86). The inclusion of
user-centric design and domain-specific tuning further refines
the process, facilitating expansions that align more closely
with genuine information needs.

Taken together, these conclusions underscore the ongoing
importance of query expansion and refinement in knowledge-
based information retrieval. While each technique has its
merits, no single approach can solve every retrieval issue
across all contexts. Nonetheless, the cumulative body of work
suggests that a carefully orchestrated combination of lexical,
semantic, and feedback-driven strategies, underpinned by
scalable system architectures, holds the greatest promise for
addressing the persistent challenge of bridging user queries
and the expansive datasets housed in large knowledge bases.
(87)
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