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Abstract

Occupant-centric control (OCC) balances energy
efficiency and occupant comfort in buildings, yet
methodological fragmentation hinders cumulative
progress. This paper presents the Occupant-Centric
Control Ontology (OCCO), a semantic framework that
extends W3C/ETSI vocabularies with constructs for
comfort metrics, control strategies, feedback provenance,
and performance evaluation. Developed using the Linked
Open Terms methodology with competency questions
derived from OCC literature, OCCO unifies subjective
occupant feedback with objective sensor data. Structural
verification via SPARQL confirms query capability, with
automated evaluation returning no remaining critical
pitfalls and 88.2% FAIR compliance. OCCO provides a
semantic foundation for comparable, reproducible OCC
evaluation.

Introduction

Occupant-centric control (OCC) embeds real-time user
information into building control logic to jointly optimise
comfort and energy efficiency (Nagy et al., 2023; Yuan et
al., 2024). Despite growing research activity, the field
lacks standardised evaluation metrics, and findings
remain difficult to compare across implementations
(Nagy et al., 2023). Studies employ inconsistent comfort
metrics, varied energy baselines, and frequently exclude
occupants from evaluation altogether (Shafavi et al,
2020). The consequence is that effective strategies cannot
be distinguished from ineffective ones, evidence cannot
accumulate into generalisable knowledge, and real-world
deployment of adaptive building controls remains limited
to isolated case studies.

A key barrier to addressing this fragmentation is the
absence of a shared semantic foundation for describing
and evaluating OCC systems. Existing ontologies address
adjacent concerns (sensing, building devices, occupant
feedback) but lack the integration of quantitative and
qualitative evaluation metrics within a unified framework.
This paper addresses this gap by presenting the Occupant-
Centric Control Ontology (OCCQO). OCCO extends W3C
and ETSI vocabularies with integrated OCC evaluation
constructs for comfort-energy assessment, control
strategy representation, and feedback provenance,
enabling comparable evaluation of how well OCC
implementations balance measured environmental

conditions with reported occupant experience. The
framework is demonstrated through visual comfort in
commercial lighting, a domain where the gap between
objective standards compliance and subjective occupant
satisfaction is particularly apparent.

Background and related work

While OCC lighting has attracted considerable research
attention (Haq et al., 2014; Nagy, Yong and Schlueter,
2016; Park et al., 2019; Colaco et al., 2023), the field still
faces persistent challenges that hinder cumulative
progress (Shafavi et al, 2020). Energy and comfort
outcomes receive unequal treatment. For instance,
daylight harvesting implementations often measure power
consumption rigorously but rely only on Workplane
illuminance as a comfort proxy (Yu et al., 2017; Lee,
Song and Cho, 2018). Conversely, studies emphasising
comfort through glare indices such as Daylight Glare
Probability (DGP) or Unified Glare Rating (UGR)
sometimes lack well-defined energy baselines for
comparison (Motamed, Deschamps and Scartezzini,
2017; Papinutto et al., 2022). Many implementations
exclude wusers from evaluation entirely, relying
exclusively on sensor data (Yin and Keoh, 2016; Kumar
et al., 2017; Lee et al., 2017), despite evidence that
override rates reach 88% for automatic blinds (Reinhart
and Voss, 2003) and 78% permanent system disabling due
to dissatisfaction (Meerbeek et al, 2014). Energy
baselines vary from manual control (Aghemo, Blaso and
Pellegrino, 2014), to fixed illuminance setpoints
(Kandasamy et al., 2018), or go completely unspecified
(Kumar et al., 2017). A reported "40% energy savings"
carries different meaning from study to study. Visual
comfort metrics range from EN 12464-1:2021 (CEN,
2021) or ISO/CIE 8995-1:2025 (ISO/CIE, 2025)
illuminance thresholds, to DGP, UGR, and custom
indices (Gunay ef al., 2017; Park et al., 2019), with a lack
of consensus equivalent to the PMV/PPD models
established for thermal comfort (ISO, 2025).

Addressing this gap requires a shared conceptual
foundation for describing OCC systems and their
outcomes. Semantic ontologies offer a potential solution
by providing machine-readable vocabularies with formal
relationships enabling consistent data description and
cross-system integration. However, existing approaches
address only parts of the problem. SOSA/SSN (Janowicz
et al., 2019) provides measurement provenance patterns



but lacks comfort semantics. SAREF4ABLDG (Poveda-
Villalon and Garcia-Castro, 2018) offers device and
spatial vocabulary but omits occupant modelling. OFO
(Donkers, de Vries and Yang, 2024) captures subjective
feedback but excludes control strategies and performance
evaluation. Brick (Balaji ef al., 2016) provides building
metadata without comfort semantics, while the DNAs
framework (Hong et al., 2015) formalised occupant
behaviour for simulation rather than operational control.
Recent holistic performance ontologies (Mahdavi, Taheri
and Wolosiuk, 2019; Chung et al., 2023) focus on design-
phase assessment or thermal comfort without constructs
for integrated OCC evaluation that unify objective
measurements with subjective occupant responses. The
most closely related effort is WOMO (Bruttini et al.,
2022), a linked-data ontology that integrates objective
sensor observations with subjective occupant feedback
for workplace management. However, WOMO targets
facility management decision-making rather than OCC
evaluation and does not model control strategies, energy
performance, or standards compliance. OCCO addresses
these gaps by providing constructs that unify comfort-
energy assessment with feedback provenance within a
single evaluation framework.

Based on the literature, there are limited semantic efforts
that integrate both objective sensor data and subjective
occupant feedback for OCC evaluation. OCCO proposes
to address this gap through a standards-aligned
framework that extends SOSA/SSN, SAREF4BLDG, and
OFO with constructs for comfort-energy assessment,
control strategy representation, and feedback provenance,
demonstrated here through the visual comfort domain.

Methodology

OCCO was developed following the Linked Open Terms
(LOT) methodology, an industrial-oriented ontology
engineering framework that promotes FAIR (Findable,
Accessible, Interoperable, Reusable) principles (Poveda-
Villalon et al., 2022). LOT was selected over traditional
methodologies such as METHONTOLOGY and NeOn
for three reasons: (1) its explicit emphasis on reusing
standardised vocabularies rather than creating redundant
terms; (2) its iterative, sprint-based development model
suited to evolving requirements; and (3) its alignment
with Linked Data publication best practices.

Ontology requirements specification

Ontology requirements were formalised using the
Ontology Requirements Specification Document (ORSD)
template from the LOT methodology (Poveda-Villalon et
al., 2022). Competency questions (CQs) help convey
ontology requirements, core elements, and their
relationships, thereby defining the ontology vocabulary.
These questions are used to test requirements satisfiability
through axiom checking and answer verification (Ren et
al., 2014), and should be evaluated using different use-
cases. Ten competency questions (Table 1) were derived
from the gaps identified in Section 2. These questions
address control automation, preference modelling,

performance evaluation, and cross-domain integration of
comfort with energy metrics.

Table 1: Competency questions for the developed ontology

ID Competency Question

What control actions were taken in response to
detected occupancy in each building space during
working hours?

CQ-01

Which building spaces received visual discomfort
feedback, and what were the corresponding glare or
illuminance levels?

CQ-02

Which control strategy resulted in the highest
combined comfort scores and lowest energy
consumption over the evaluation period?

CQ-03

What are the preferred illuminance and CCT levels
for occupants performing specific visual tasks (e.g.,
reading, screen work)?

CQ-04

CQ-05 How does an occupant’s preference profile evolve
over time in response to feedback events?

Which building spaces have circadian-friendly

lighting control strategies applied, based on

occupant chronotype?

CQ-06

Which building spaces meet the applicable comfort
standard while also receiving negative comfort
feedback from occupants?

CQ-07

What proportion of illuminance observations fall
within the range recommended by the applicable
comfort standard?

CQ-08

Which occupants most frequently override
automated controls, and in which building spaces
do overrides occur?

CQ-09

Which control strategy achieves the best balance of
energy efficiency, occupant satisfaction, and
compliance with comfort standards?

CQ-10

Ontology implementation

The LOT methodology structures implementation
through four sub-activities: conceptualisation, ontology
reuse, encoding, and evaluation (Poveda-Villalon ef al.,
2022). Conceptualisation transformed the ORSD
requirements into a structured ontology model. Domain
knowledge was organised into five thematic modules
(detailed in Section 4). Visual representation followed the
Chowlk notation (Chavez-Feria, Garcia-Castro and
Poveda-Villalon, 2022), a UML-based specification for
representing classes, properties, and restrictions in
ontology diagrams.

Ontology reuse adopted a standards-first approach,
prioritising W3C Recommendations and ETSI Technical
Specifications over domain-specific vocabularies. Term
extraction drew from the competency questions and OCC
literature, identifying core concepts (e.g., illuminance,
glare, occupant feedback, control action) and their
relationships. Candidate ontologies were evaluated
against selection criteria including standardisation status,
maintenance activity, and semantic coverage. Section 4
details the reused ontologies and their integration
rationale.



Encoding translated the conceptual diagrams into OWL 2
DL. Diagrams were exported as XML files and uploaded
to the Chowlk web converter, which parses the visual
notation and generates OWL code serialised in both Turtle
and RDF/XML formats (Chavez-Feria, Garcia-Castro and
Poveda-Villalon, 2021). The Turtle file was then imported
into Protégé (Musen, 2015), an open-source ontology
editor, for manual refinement including axiom
adjustments, import statement configuration, and
consistency checking with the HermiT reasoner.

Evaluation comprises two distinct phases. Verification
assesses structural correctness, confirming the ontology is
free from syntactic, modelling, and semantic errors and
can answer the specified competency questions.
Validation assesses domain accuracy, confirming the
ontology captures real-world practice and meets end-user
requirements. This phase, comprising domain and
ontology expert review, is planned as future work and
falls outside the scope of this paper.

Verification process

Synthetic instance data was generated iteratively using a
large language model (Claude Sonnet 4.6, Anthropic). For
each competency question, the model was prompted with
the ontology schema in Turtle format and the specific CQ
requirements, producing tailored RDF instances for that
test scenario. This approach aligns with emerging
research exploring LLM assistance in ontology
engineering tasks (Lippolis et al, 2025). Generated
instances represented realistic OCC scenarios, including
occupancy observations, illuminance measurements, user
feedback events, control actuations, and performance
outcomes. All instances were manually reviewed for
logical and domain correctness.

Each of the ten competency questions was translated into
one or more SPARQL 1.1 queries and executed using
rdflib 7.6.0 (Python) against the synthetic ABox instances
loaded alongside the OCCO TBox. Protégé (Musen,
2015) and the HermiT reasoner were used separately for
OWL 2 DL consistency checking. Queries tested core
capabilities including temporal filtering, spatial
correlation, aggregation, and provenance tracking.
Structural quality was additionally assessed using OOPS!
(Poveda-Villalon, Goémez-Pérez and Sudrez-Figueroa,
2014) and FAIR compliance evaluated using FOOPS!
(Garijo, Corcho and Poveda-Villalon, 2021). Detailed
results are presented in Section 5.

OCCO framework

OCCO is designed around two guiding principles. First,
standards alignment: rather than defining custom
vocabulary, OCCO reuses established W3C and ETSI
ontologies wherever possible, extending them only where
domain-specific concepts are required. This positions the
ontology for integration with systems already using these
standards. Second, modularity: the ontology is organised
into cohesive, loosely coupled modules that can evolve
independently as the field matures. The following
subsections present the architecture, reused standards, key
classes, and competency question coverage.

Architecture overview

OCCO organises its classes into five thematic modules,
each addressing a distinct aspect of OCC, demonstrated
here through the visual comfort domain. This modular
structure  supports selective reuse and facilitates
alignment with existing domain ontologies. Table 2
summarises the modules, their representative classes, and
the standards from which they derive.

The Physical Context module describes the built
environment: zones, rooms, lamps, and sensing/actuation
devices. Classes are drawn primarily from
SAREF4BLDG for building topology and SOSA for
sensor/actuator  abstractions. The Occupants &
Preferences module captures individual characteristics
relevant to visual comfort, including task type (e.g.,
screen-based work, paper reading) and chronotype
(circadian preference). These classes extend the Occupant
Feedback Ontology (OFO). The Feedback & Interaction
module represents both objective sensor observations and
subjective occupant feedback, including manual override
events. This dual representation directly addresses the
exclusion of occupants from evaluation noted in Section
2. The Control & Automation module defines control
strategies (e.g., daylight harvesting, occupancy-based
dimming) and the actuations they produce. Provenance
relations from PROV-O link actions to their triggering
observations. The Evaluation & Outcomes module
enables performance assessment against standards such as
EN 12464-1:2021. It captures both comfort outcomes
(e.g., satisfaction ratings, glare reports) and energy
metrics, supporting the balanced comfort-energy
evaluation identified as a gap in Section 2.

Table 2: OCCO modular architecture

Module Representative Classes Primary Standards
Physical BuildingSpace, Lamp, SAREF4BLDG,
Context Sensor, Actuator SOSA
Occupants & Person, VisualTask,
Preferences Chronotype, Preference OFO, 0CCO
Feedback,
Feedback & =y o deEvent, OFO, SOSA
Interaction .
Observation
Control & ControlStrategy, PROV-O. SOSA
Automation Controller, Actuation ’
Evaluation &  Lerformanceutcome, oo qupr,
Standard, Illuminance,
Outcomes dcterms
Glarelndex

Ontology reuse strategy

OCCO adopts a standards-first reuse strategy, prioritising
W3C  Recommendations and ETSI  Technical
Specifications, supplemented by established domain
vocabularies where domain-specific coverage is required.
The following ontologies are reused:
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Figure 1: OCCO ontology classes, object properties, and data properties in Chowlk notation

SOSA/SSN (Janowicz et al., 2019): a semantic
sensor network ontology for describing sensors,
observations, actuators, and actuations. Used in
OCCO to model light sensors, occupancy detectors,
and dimming actions.

SAREF4BLDG (Poveda-Villalon and Garcia-
Castro, 2018): a smart appliances extension for
building devices and spaces. Used to represent
rooms, zones, and lamps within building topology.
OFO (Donkers, de Vries and Yang, 2024): the
Occupant Feedback Ontology for capturing
subjective comfort reports and preferences. Used to
model occupant feedback, override events, and
individual lighting preferences.

PROV-0O (Lebo, Sahoo and McGuinness, 2013): a
provenance ontology for describing entities,
activities, and agents. Used to trace which
observations triggered which control actions and
attribute feedback to occupants.

QUDT (Hodgson, 2025): a vocabulary for quantities,
units, and dimensions. Used to ensure measurement
comparability (lux, kWh, UGR, DGP values) across
datasets.

OWL-Time (Cox and Little, 2022): a temporal
ontology for instants and intervals. Used to represent
evaluation periods, schedules, and timestamps for
observations and actions.

dcterms (DCMI, 2020): Dublin Core metadata
terms. Used to reference lighting and comfort
standards (EN 12464-1:2021, ISO/CIE 8995-1:2025)
with structured metadata.

Glarelndex, CCT), OCC strategies, and performance
outcomes integrating subjective feedback with objective
measurements.

Table 3: Namespace prefixes and IRIs used in OCCO

Ontology Prefix IRI

Occupant-
Centric Control
Ontology

occo *https://w3id.org/occo#

Sensor,
Observation,
Sample,
Actuator

SAREEF for
Buildings

sosa http://www.w3.org/ns/sosa/

s4bldg https://saref.etsi.org/saref4bldg/

Occupant
Feedback
Ontology

ofo https://w3id.org/ofo#

W3C Time
Ontology

W3C
Provenance
Ontology

time http://www.w3.0rg/2006/time#

prov http://www.w3.org/ns/prov#

Quantities,
Units,
Dimensions,
Types

qudt http://qudt.org/schema/qudt/

Dublin Core

Metadata Terms doterms

http://purl.org/dc/terms/

Table 3 summarises the namespace prefixes used
throughout OCCO. Beyond these reused terms, novel

classes in OCCO address concepts absent from existing
(Illuminance,

standards:

visual

comfort metrics

at w3id.org/occo

*Full documentation and OWL serialisation are available
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Figure 2: Representative OCCO ABox illustrating the scenario addressed by CQ-07

Key classes and relationships

Figure 1 illustrates OCCO's class hierarchy and principal
object properties in Chowlk notation (Chavez-Feria,
Garcia-Castro and Poveda-Villalon, 2022). Rather than
listing all elements, this section highlights relations that
demonstrate the ontology's core capability: linking
occupant feedback to control actions and enabling unified
performance evaluation.

Feedback-Control linkage. When an occupant reports
discomfort, the ofo : Feedback instance is linked to the
occupant via prov:wasAttributedTo and to the
affected space via prov:atLocation. Control actions
(sosa:Actuation) reference triggering observations
through prov:wasInformedBy, enabling queries that
trace which sensor readings prompted which responses.
Manual overrides (occo:OverrideEvent) link to the
actuation they supersede via occo:overrides,
preserving the full decision trail.

Performance evaluation. The occo:Performance-
Outcome class aggregates both comfort and energy
results for a given evaluation period. It connects to
subjective data via occo:includesFeedback and to
objective measurements via sosa:hasResult.
Compliance with lighting standards is captured through
occo:assessedAgainst, linking outcomes to
dcterms:Standard instances representing EN
12464-1:2021 or ISO/CIE 8995-1:2025 standards for
example.

Demonstration and verification

Verification was conducted across three complementary
methods as outlined in Section 3.3. All evaluation
artefacts, including SPARQL queries, result sets, OOPS!

and FOOPS! results, are published alongside the ontology
documentation at w3id.org/occo.

To illustrate OCCO in operation, Figure 2 presents an
ABox excerpt addressing CQ-07: "Which building spaces
meet the applicable comfort standard while also receiving
negative comfort feedback from occupants?” The
scenario depicts an open-plan office (office 401)
where a ceiling-mounted lux sensor
(sensor lux_401)records an illuminance of 620 Ix —
compliant with the EN 12464-1:2021 minimum of 500 Ix.
Two occupants submit ofo:Feedback records
spatially anchored to the space via prov:atLocation,
reporting comfort scores of —2 and —1. The resulting
occo:PerformanceOutcome  aggregates  both
feedback records and asserts meetsStandard =
true against EN 12464-1:2021. Although the space
satisfies the illuminance standard, occupants remain
dissatisfied, a discrepancy that quantitative compliance
metrics alone would not reveal.

All ten CQs (Table 1) were executed as SPARQL 1.1
queries using rdflib 7.6.0 against the synthetic ABox,
returning between 1 and 6 results per query and
confirming complete structural coverage. Boundary
conditions were verified explicitly across multiple CQs:
out-of-hours actuations were correctly excluded (CQ-01),
the occupancy-actuation linkage via
prov:wasInformedBy was confirmed (CQ-01),
standards-compliant periods that still generated negative
comfort scores were isolated (CQ-07), and zero-override
occupants were correctly absent from grouped results
(CQ-09).

Automated structural quality evaluation using OOPS!
(Poveda-Villalon, Goémez-Pérez and Suarez-Figueroa,
2014) identified one critical pitfall in v0.1.0 (multiple


https://w3id.org/occo

rdfs:domain declarations on
prov:wasAssociatedWith, resolved in vO0.1.1)
alongside four minor pitfalls, all addressed prior to
publication. FAIRness compliance assessed using
FOOPS! (Garijo, Corcho and Poveda-Villalon, 2021),
achieved a score of 88.2% (19 of 22 checks passed);
remaining failures relate to LOV registry registration and
DOI assignment pending acceptance.

Discussion
The ontology proposed in this paper formalises subjective
occupant  feedback alongside objective  sensor

measurements, offers constructs for integrated comfort-
energy assessment, and provides a shared vocabulary for
consistent and reproducible comparisons across OCC
implementations. Where existing ontologies (Poveda-
Villalon and Garcia-Castro, 2018; Janowicz et al., 2019;
Donkers, de Vries and Yang, 2024) each address only part
of this landscape, OCCO uniquely combines all four
dimensions: visual comfort metrics (illuminance, UGR,
DGP, CCT), control strategies, feedback provenance, and
performance evaluation within a single, standards-aligned
framework.

Whilst former research (Donkers, de Vries and Yang,
2024) provide practical application and value for OCC
systems, the holistic integration of objective and
subjective metrics presented in the proposed ontology
offers wider value for various stakeholders. For instance,
researchers gain a shared vocabulary enabling
comparable evaluations and meta-analyses across studies.
System vendors can implement transparent control logic
with standards-aligned interfaces to existing building
management systems and digital twins. Facility managers
can query comfort-energy trade-offs to support evidence-
based and holistic post-occupancy decisions.

Beyond immediate stakeholder applications, OCCO
proposes to address a fundamental methodological gap in
visual comfort research. Thermal comfort research
benefits from established evaluation foundations such as
PMV/PPD models codified in ISO 7730 (ISO, 2025),
enabling robust cross-study comparison and cumulative
knowledge building. Visual comfort research currently
lacks an equivalent foundation. By providing standardised
constructs for comfort metrics, control strategies, and
performance outcomes, OCCO offers a comparable
semantic foundation for the lighting domain. The
ontology's ability to correlate standards compliance with
subjective measures (as demonstrated in CQ-07) enables
systematic investigation of cases where normative
thresholds fail to predict occupant satisfaction, a
recognised but under-studied phenomenon. Furthermore,
the explicit representation of override events supports
analysis of user intervention patterns, addressing the high
override rates documented in the literature. These
capabilities position OCCO not merely as a data
integration tool, but as an enabler of the holistic,
comparable evaluations that the field currently lacks.

Conclusion

This paper presented OCCO, a standards-aligned
semantic ontology that integrates visual comfort metrics,
control strategies, feedback provenance, and performance
evaluation within a unified framework. By extending
W3C and ETSI vocabularies alongside established
domain ontologies, OCCO provides interoperability with
existing building automation systems while offering a
semantic foundation for comparable, reproducible OCC
evaluation. Structural verification confirmed that all ten
competency questions can be answered through SPARQL
queries, with automated quality evaluation returning no
remaining critical pitfalls (OOPS!) and 88.2% FAIR
compliance (FOOPS!).

Future work will address operational challenges within
smart buildings and validate the ontology through domain
and ontology expert review, as well as applied use cases
involving Internet-of-Things (IoT) systems and Digital
Twins. The ontology is published as Linked Data with
LOT-compliant documentation at the permanent URI
w3id.org/occo, supporting community adoption and
extension.
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