What is Compositional
Semantics?

The principle of compositionality states that the meaning of a complex expression
is determined by the meanings of its parts plus the rules for combining them. This
foundational concept in formal semantics faces real-world challenges like context
sensitivity, idioms, and quotation.

Compositional semantics bridges the gap between words and meaning by
showing how smaller units combine into structured interpretations—essential for

search engines moving beyond simple keyword matching.



Frege's Principle of Compositionality

The roots of compositional semantics trace back to Gottlob Frege, who argued that
sentence meaning emerges compositionally. Consider the sentence "Ali loves
music":

Ali contributes the entity

loves contributes a relation

music contributes the theme

The sentence is true or false depending on how these parts combine in

reality—linking naturally to truth-conditional semantics.

This principle underpins how search systems move beyond keywords, ensuring that meaning is preserved in query-SERP mapping rather than

fragmented across tokens.
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Why Compositionality Matters

Structured Meanings Beyond Word-Level Semantic Relevance
Users construct structured meanings, Engines must capture how units combine Shapes understanding of user intent and
not just keyword lists into richer meanings relevance

When users phrase queries, they don't just list keywords—they construct structured meanings. Search engines cannot rely solely on
word-level overlap. Instead, they must capture how smaller units like words, morphemes, and syntactic phrases combine into richer meanings

that shape semantic relevance and user intent.



Montague Semantics: Language Meets Logic

Richard Montague extended Frege's ideas into a full logical framework for natural language. Using typed lambda calculus, Montague showed

how syntactic composition mirrors semantic composition.
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Every student read a book

Universal quantifier Predicate linking them Existential quantifier

This sentence's meaning depends on how quantifiers interact—a structure captured through sequence modeling of syntax-semantics
mappings. For semantic search, Montague's model provides a blueprint for building systems that parse queries into structured forms,

enabling logical retrieval rather than shallow keyword matches.



Syntax—Semantics Interface

Compositional semantics relies on a tight link between syntax (form) and
semantics (meaning). The grammar provides the "assembly rules," while

semantics assigns meaning to each component.

Categorial Grammar
CCG and similar frameworks explicitly encode this interface, where the

combination of categories directly yields semantic structures.

Entity Integration
These structures integrate with entity graphs, ensuring entities and relations

are preserved across queries and documents.

This interface is essential in information retrieval, where user queries often
compress meaning (e.g., "flights London Paris tomorrow"). Compositional analysis
reconstructs the missing relations, ensuring engines retrieve results aligned with

the intended contextual hierarchy.




The Limits of Compositionality

Not all meaning is purely compositional. Challenges arise in three critical areas that require special handling in search systems:

Idioms and Fixed Expressions Context Sensitivity Pragmatic Enrichment

"Kick the bucket" # literal "kick" + Pronouns ("it," "they") and ellipsis "Can you pass the salt?" is a request, not
"bucket" depend on discourse context a question

Such cases require lexicalized entries in Links compositional semantics to User intent extends beyond literal

the knowledge domain. discourse semantics. meaning.

Recognizing these limits helps search engines combine compositional semantics with other layers like pragmatics and discourse for holistic

interpretation.




Why Compositional Semantics
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At its core, compositional semantics explains how meaning scales from words to
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Queries can be interpreted as structured Engines can disambiguate intent by
propositions, not just bags of words modeling role-relation structures instead

of surface terms
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Compositional Fit
e — Results can be ranked by compositional fit—whether the retrieved passage matches the

query's logical structure
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By embedding compositional principles into retrieval pipelines, search engines
strengthen semantic similarity signals and deliver results that reflect user intent with

greater precision.



Engineering Compositionality into Search Pipelines

Search engines that rely solely on embeddings risk flattening meaning. Compositional semantics offers a blueprint for structured query

interpretation and sentence-level reasoning.
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Mapping
ParSlng Map structures into semantic forms (logical expressions or
Parse queries into syntactic structures graph-based meaning)
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Ranking
Allgnlng Rank results based on compositional meaning rather than
Align meanings with an entity graph for factual grounding surface terms

This complements passage ranking by ensuring that retrieved spans respect the logical structure of the query, not just token overlap.



Neural x Symbolic Hybrids

The Challenge

Symbolic compositional semantics provides rigor but can be brittle. Neural methods capture nuance

but struggle with systematic generalization.

The Solution

Hybrid architectures combine the best of both worlds, merging scalability with interpretability.




Evaluation Metrics

Testing whether a search system captures compositional meaning requires metrics beyond traditional relevance measures:

@] Compositional Generalization Tests @ Logical Fit Scores
Evaluate whether unseen combinations of known words are Assess whether retrieved passages match the logical form of
interpreted correctly (e.g., "green square" after training on the query

"green circle" and "red square")

(§) Entity Continuity Checks &)@ Task Completion
Ensure that results maintain consistent role assignments in Measure whether the search system resolves queries
the entity graph accurately at the sentence level, not just by topical overlap

These complement traditional query-SERP mapping metrics, ensuring that engines succeed not only at retrieval but at compositional

correctness.



UX Patterns for Compositional Search

User-facing design can make compositional reasoning visible and helpful. These patterns ensure that

compositional meaning is not lost in the interface:

Structured Snippets
Break results into role-relation displays (e.g., Agent: Ali, Action: bought, Object: laptop)

Clarification Prompts
When compositional ambiguity arises (e.g., "cheap flights Paris London tomorrow"), ask whether

the query means Paris — London or London — Paris

Entity-Role Highlighting

Surface attribute prominence by emphasizing roles like buyer, seller, location, and time

Session Continuity

Carry compositional structures across turns, aligning with user-context-based search
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Future Directions in Compositional Semantics

Research and practice are converging on three major frontiers that will shape the next generation of semantic search:

Cross-lingual Compositional
Search
&

Applying compositional rules across

Neuro—symbolic knowledge domains to support

Compositionality multilingual retrieval
Blending sequence modeling with logical @
parsing for robust yet interpretable Compositional
.
>emanties ﬁfailh% topical graphs with
é‘% compositional roles, so nodes represent

not only entities but also their assembled

meanings

These advances suggest a future where compositional semantics is deeply embedded in search, ensuring results align with both user intent

and sentence-level meaning.



The Compositional Pipeline in Action

Let's examine how compositional semantics transforms a real query through the search pipeline:

Query Input 1

"cheap flights Paris London tomorrow"

2 Syntactic Parse
Identify: modifier (cheap), head (flights), locations (Paris, London), time
(tomorrow)
Semantic Composition 3
Build: [FLIGHT: origin=?, destination=?, time=tomorrow, price=low]
4 Disambiguation

Clarify: Paris—London or London—Paris?

Entity Grounding 5

Link to: airport entities, airline entities, date entities

6 Result Ranking

Match compositional structure to passages




Compositional vs. Distributional Semantics

Distributional Semantics Compositional Semantics

. Relies on similarity in usage patterns . Builds meaning systematically from parts
. Captures statistical co-occurrence . Follows explicit combination rules

. Excels at capturing nuance and context . Ensures logical consistency

. Struggles with systematic composition

. Can be brittle with novel expressions




Real-World
Applications

E-commerce Search

Compositional semantics helps distinguish
"red leather jacket" from "leather red jacket"
and understands modifier scope in product

queries.

Medical Information Retrieval
Critical for parsing complex medical queries
where word order and composition
determine meaning (e.g., "treatment for

diabetes in elderly patients").

Legal Document Search

Enables precise interpretation of legal
language where compositional structure
determines contractual meaning and

obligations.



Building Trust Through Compositionality

Knowledge-based trust in search systems depends on compositional correctness. When users see results that match their

structured intent, they develop confidence in the system.

| S ———————————————

Transparency

Show users how their query was interpreted compositionally
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Consistency

Maintain compositional structures across similar queries
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Explainability

Explain why results match the compositional meaning
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Correction

Allow users to refine compositional interpretations

This approach transforms search from a black box into an interpretable system where users understand and trust the

semantic reasoning behind results.




Compositional Semantics in
Multilingual Search

Compositional principles transcend individual languages, offering a universal framework

for meaning construction. However, implementation varies across linguistic structures:

Word Order Variation Morphological Complexity
English: Subject-Verb-Object vs. Agglutinative languages pack multiple
Japanese: Subject-Object-Verb requires meanings into single words, requiring
flexible compositional rules morpheme-level composition
Universal Structures

Despite surface differences, underlying compositional principles remain consistent

across languages

Cross-lingual compositional search applies these universal rules across knowledge

domains to support truly multilingual retrieval that preserves meaning across language

boundaries.




Key Takeaways

Foundation of Meaning Structured Interpretation

Compositional semantics explains how sentence meaning Search engines must capture how smaller units combine into
emerges from word meanings plus combination richer meanings to truly understand user intent and deliver
rules—essential for moving beyond keyword matching. relevant results.

Hybrid Approaches Win Beyond Keywords

Combining symbolic compositional semantics with neural Compositional semantics enables search engines to rank
methods creates robust systems that are both scalable and results by logical structure and compositional fit, not just term

interpretable. overlap.




Frequently Asked Questions

What is compositional semantics in simple terms?

@ It is the principle that sentence meaning is built from word meanings plus combination rules, ensuring structured interpretation

beyond keywords.

How is compositionality different from distributional semantics?

> Distributional semantics relies on similarity in usage, while compositionality builds meaning systematically. Hybrid models

combine both for stronger semantic similarity.

Why is compositionality important for search engines?

Q Because user queries are structured. Without compositional interpretation, engines may mis-rank results or miss intent,

breaking query-SERP mapping.




Final Thoughts

Compositional semantics bridges the gap between words and meaning by
showing how smaller units combine into structured interpretations. For search,
this unlocks the ability to go beyond keyword matching and even beyond
embeddings, moving toward engines that capture the logical structure of queries

and results.

By integrating compositional semantics with semantic relevance, entity graphs,
and discourse-level reasoning, search engines can ensure that answers are not

only relevant, but meaningfully correct.

The future of search lies in systems that understand not just what words mean

individually, but how they combine to express complex, structured

thoughts—delivering results that truly match user intent at every level of meaning.
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