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The modern workplace is rapidly transforming into a complex cyber-physical environment
that combines people, technology systems, surroundings, production processes and
knowledge. This multidimensionality claims to continuously obtain contextual information,
including dynamic information about the status of space, equipment, people and processes,
which determines the possibilities for adaptability, security and sustainable management. The
paper identifies the role of context as a basic element of adaptive management, reveals the
interdisciplinary nature of contextual data, and shows how its correct acquisition affects
safety, energy efficiency, productivity and employee well-being. The research methodology
includes an analysis of the literature and modern technological solutions, a systematization
of context types, the construction of a comparative table of the advantages and disadvantages
of existing methods, as well as the use of semantic, expert and simulation validation for a
preliminary accelerated assessment. The main results show that each singular method has
significant limitations: computer vision (CV) suffers from occlusions, wearable sensors from
user unacceptability, digital twins (DTs) from modelling complexity and knowledge graphs
(KGs) suffer from high requirements for ontology engineering. The proposed method, based
on the hybrid approach, demonstrates the highest accuracy of context obtaining, robustness
to data gaps and transparency of solutions based on explained models and semantic
integration. The findings show that a combination of physical, semantic and behavioral
sources of information provides the most complete picture of the workspace environment
states. The proposed context obtaining method integrates heterogeneous data and increases
the level of intelligence of workspace management systems. The work contributes to the
development of scientific thought in the field of resilience, cyber-physical systems and
intelligent monitoring, and also lays the foundation for building adaptive, human-centric
decision support systems and automatic microclimate control systems, increasing production
incidents and optimizing personnel workload in real workspaces.

Keywords: sustainable workplace, context obtaining, digital twin, knowledge graphs,
machine learning, explainable artificial intelligence, computer vision.

Introduction. Today, human productivity has become a multifactorial system, and the modern
work environment is determined not only by physiology but also by many other factors. Among
such factors, one can list: cognitive load, emotional state, quality of interaction with information
systems, nature of tasks performed, etc. It used to be believed that if an employee had warmth,
light, and fresh air, they would automatically perform better, but today we know that this is not
the case. Even ideal physical comfort does not compensate for excessive information noise,
constant notifications, task inconsistency, digital fatigue, etc. It is obvious that physical
parameters are no longer the main limiting factor of productivity and, accordingly, the criterion
for evaluating the workplace and environment.

Only such a multifactor model can assess why productivity is falling or rising, and what
really needs to be changed - intelligent monitoring that analyzes: physical parameters,
behavioral patterns, digital patterns, social context, etc. Context in such environments is formed
at the intersection of data about people, the environment, equipment, production processes, and
regulatory requirements, which determines the critical need for methods for its accurate, timely,
and explainable obtaining. Given the rapid digitalization of production, the growing role of 10T,
DTs, and intelligent security systems, the formation of a reliable context is becoming the basis
for effective and sustainable management.
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Literature review. The concept of a sustainable, human-centric workspace is becoming
increasingly relevant due to the growing ability of information systems to sense, interpret, and
predict context in real time. Recent research on the persistence of cognitive and context-
sensitive decision-making systems emphasizes that context is no longer a static attribute of the
environment, but a dynamic, multidimensional signal that must be continuously acquired,
integrated, and interpreted to maintain persistent intelligent environments [1]. The systemic
overview of Industry 4.0 and intelligent product and service systems also highlights contextual
awareness as a key capability of the cyber-physical manufacturing and service ecosystem, and
emphasizes the need for robust architecture, interoperability, and semantic modeling [2-3].

Broadly speaking, within this broader area, methods for obtaining contextual information
in the workplace can be summarized into several main research areas:

- environmental monitoring based on 10T sensors;

- workplace surveillance based on CV;

- wearable devices and methods for measuring human activity;

- cyber-physical modeling based on DTs;

- contextual modeling based on semantics and KGs.

Each approach has its own unique advantages and limitations when applied to sustainable
workspaces (SWs) that must simultaneously ensure safety, resilience, productivity and well-
being.

Many works treat context primarily as a function of environmental parameters such as
temperature, humidity, air quality, occupancy and energy consumption, measured via dense 10T
sensor networks. Thus, in [4], was considered energy conservation as one of the components of
the smart sustainable management system using Arduino microcontroller. After, in [5], the
autoregressive models have demonstrated high accuracy in predicting electricity consumption
and monitoring, which allows for prompt response to inefficient use of resources and reduction
of electricity costs.

Reviews of many other scientific resources note that 1oT-based monitoring systems have
been successfully deployed to collect environmental data using temperature, humidity, gas and
motion sensors, enabling energy-efficient control of HVAC systems, predictive maintenance
and optimization of production processes [6]. In the workplace domain, such systems are often
integrated into “smart office” or “smart workplace” solutions that adjust lighting and
microclimate to reduce energy use while maintaining basic comfort. However, sensor-only
approaches capture mostly physical aspects of context and provide limited insight into cognitive
load, work patterns, social interactions or task complexity. The considered types of context its
measurement methods were listed in [7].

CV techniques extend context obtaining to visual observation of workers, tools, postures
and activities. In industrial and construction settings, CV is widely used to monitor safety,
detect unsafe behaviors and analyze human-machine interactions. For example, studies on
driver behavior monitoring and intent interpretation have shown that video analytics can detect
complex behavioral patterns, including inattention, fatigue, and high-risk maneuvers [8].
However, CV-based methods suffer from overlaps, limited camera angles, privacy concerns,
and high computational requirements. In crowded offices or flexible hybrid workspaces, line-
of-sight limitations and dynamic layouts further limit the reliability of purely visual context
obtaining.

Recent research combines wearable device data with 10T infrastructure for human activity
recognition (HAR), inferring behavioral patterns and assessing physical activity [8].
Nevertheless, there are issues with long-term user adoption, intrusiveness of the devices, the
need for calibration, and sparse data when workers do not wear the devices continuously are
consistently reported in various sources.

In the Ukrainian scientific community, DT technology is being actively researched as a
fundamental platform for digital management and monitoring. For example, in [9], industrial
DTs describes the twin as a proxy that aggregates sensor data and exposes it via APIs to
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different business systems, thereby improving understanding of the current state and supporting
lifecycle management of industrial assets. A collective monograph on the digital transformation
of industrial management emphasizes the role of enterprise-level DTs as a “smart” carrier of
digital management that enables integrated decision-making and collaboration [10-11]. Despite
these advances, the DTs cannot yet fully replace other context obtaining methods.

KG-based machine learning enables context-aware intrusion detection in industrial
systems. Results show that semantic integration can improve anomaly detection capabilities
and resilience to data heterogeneity [12]. In the manufacturing sector, recent research
combining digital twins with KGs has demonstrated how semantic layers can support flexible
queries, advanced analytics, and more interpretable decision support [13]. From an architectural
perspective, reviews on context-aware systems emphasize ontologies and semantic middleware
as key enablers of interoperability and reusable context models across smart environments [2].
However, creating and maintaining high-quality ontologies for complex workspaces requires
significant expert input and effective management. This creates a practical obstacle to the
widespread adoption of KG-based approaches in daily workplace management.

Recent surveys explicitly connect context-awareness with sustainability and resilience.
They, arguing that cognition and context-aware decision-making systems (CCA-DMS) must
integrate multiple context modalities such as physical, behavioral, cognitive and organizational,
to support sustainable smart environments [1]. In intelligent product service systems, a context-
oriented design framework proposes to combine sensor data, user interaction logs, and semantic
models to dynamically customize services and improve user experiences [2, 14-15]. In the
Ukrainian context, eco-ergonomic research on the “safe and productive digital workplace”
highlights the need to jointly consider ergonomic, ecological and organizational factors such as
lighting, noise, microclimate, work—rest regimes, safety culture and digital workload, to support
both sustainability and productivity [16].

Meanwhile, industry analyses of workplace sustainability and integrated workplace
management systems (IWMS) show that modern platforms are increasingly integrating
building management, space utilization, environmental monitoring, and employee comfort
metrics into a single dashboard [17]. However, most of these solutions still rely on relatively
superficial contextual features and do not fully utilize semantic integration or advanced
explanation models. However, the paper [18] considers multidimensional trade-off modeling in
sustainable workplace management as not only a methodological necessity, but also a strategic
condition for achieving a balance between productivity, resource efficiency, and a high level of
social responsibility.

Research objective. From scientific review, current research supports the claim that no single
method of context obtaining is sufficient for sustainable workplaces. The biggest gap lies in
hybrid, human-centric approaches that integrate heterogeneous physical, semantic and
behavioral data streams using DTs and semantic models. Therefore, the creation of an
appropriate method for obtaining accessible context in SWs is the main goal of this work.
Research results and their discussion. The results of the comparative analysis of methods
taking into account the types of context listed in [7] are shown in Fig. 1. A comparative analysis
of context types and obtaining methods clearly demonstrates that no single method can provide
complete, accurate, and semantically meaningful context in a smart SW. Each approach only
covers a part of the context and has limitations related to the subject area. For example:

- CV exceeds with spatial and behavioral context but fails in microclimate, physiology,
machine wear and semantics;

- wearables work well physiologically, but cannot monitor the environment, device, etc.

- DT models physical process state well, but it is not a real sensor and requires data from
other sources.

- KG provides semantics and compliance rules, but cannot observe reality, which depends
on input from CV, loT, wearables or DT.
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- interpretable anomaly detection (XAI-AD) can reveal anomalies, but cannot interpret
their causes or apply physical and semantic constraints.

Table 1.

Comparison of observed methods vs types of context in SWs

Type of Ccv Wearables DT KG XAI-AD

Context

Environmental / | Proc: Good at detecting lighting, Proc: Can capture body temperature, | Proc: Models HVAC, energy | Proc: Adds semantic rules Proc: Detects anomalies in

Physical smoke, occupancy, physical limited environmental exposure flows, air quality dynamics. | (comfort, safety thresholds). temperature/noise/energy
hazards. signals. Cons: Requires validated Cons: Needs accurate sensor patterns.

Cons: Cannot measure CO>, noise; | Cons: Cannot measure physical models; expensive | integration; cannot observe itself. | Cons: Needs reliable telemetry;
it is bad in lighting, occlusions. microclimate; limited long-term to maintain. cannot sense SW directly.
accuracy.

Worker Behavior | Proc: Excellent for posture, Proc: Perfect for fatigue, overload, |Proc: Can simulate typical | Proc: Adds semantic Proc: Flags anomalous
gestures, unsafe movements, motion patterns (IMU). movements and ergonomic | interpretation (unsafe gesture). | behaviors using temporal
ergonomic risks. Cons: Requires user acceptance; load. Cons: Depends on correct sequences.

Cons: Occlusion; privacy issues. battery limitations. Cons: Not real-time unless | classification from Cons: Needs training data; may
paired with CV/wearables. | CV/wearables. miss subtle context.

Physiological / | Proc: Indirect signs only (face Proc: Best source for Proc: Can simulate fatigue or | Proc: Semantic modeling of Proc: Detects anomalies in

Psycho- stress, movement). HRV/EEG/EDA, stress, fatigue, stress impact on tasks. stress rules (limits, safety physiological patterns.

physiological Cons: Cannot measure cognitive load. Cons: Simulation # actual | bounds). Cons: Needs training from
HRV/EEG/EDA directly. Cons: Privacy-sensitive; may be state; no direct Cons: Needs physiological input. | wearable data.

intrusive. measurements.

Social- Proc: Detects interactions, contact | Proc: Can detect proximity via Proc: Models team Proc: Captures roles, Proc: Detects anomalous

Collaborative density, group behavior. BLE/IMU. workflows, resource responsibilities, coordination team-level patterns (overload).
Cons: Occlusions; multi-person Cons: Limited spatial accuracy; no |allocation. rules. Cons: Requires time-series data
tracking complexity. team-level semantics. Cons: Does not observe real | Cons: Needs real-time data input. | from multiple sensors.

social dynamics.

Equipment & Proc: Identifies visual damage, Proc: Can monitor vibration via Proc: Best for predictive Proc: Enables semantic rules. Proc: Detects anomalies in

Machinery overheating, missing guards. wrist-worn devices (indirect). maintenance; simulates wear, | Cons: Needs correct telemetry | SCADA/PLC signals.

Cons: Cannot detect vibration. Cons: Not reliable for machine load, cycle times. mapping. Cons: Sensitive to telemetry
states. Cons: Requires detailed loss.
machine models.

Process / Proc: Recognizes operation stages | Proc: Captures worker motion Proc: Perfect for full process |Proc: Encodes rules (ISO, SOP), |Proc: Detects process

Production visually (assembly steps). contribution in process. flow simulation, cycle times. |workflow logic. anomalies.

Context Cons: Visibility; cannot interpret | Cons: No understanding of process | Cons: Needs detailed model | Cons: Requires full ontology. Cons: Cannot explain high-level
digital flow. logic. with calibration. semantics alone.

Safety & Risk | Proc: Detects hazards, unsafe Proc: Detects physiological and Proc: Simulates hazards, Proc: Risk reasoning Proc: Excellent for
zones, falls, PPE misuse. micro-behavioral risk precursors. emergency scenarios. (cause—effect rules). anomaly-based safety alerts.
Cons: May miss invisible risks (gas, | Cons: Limited environmental hazard | Cons: Not real hazard Cons: Needs integration with Cons: Requires robust training
COy). sensing. detection; only model-based. |sensor systems. and thresholds.

Resilience & Proc: Detects occupancy for HVAC |Proc: Indirectly detects fatigue for | Proc: Strong for energy, Proc: Encodes ESG thresholds, | Proc: Detects anomalies in

Resource optimization. productivity trends. water, waste, CO, modeling. |sustainability policies. consumption patterns.

Cons: Cannot measure energy Cons: Not suited for resource data. | Cons: Accuracy depends on | Cons: Needs rich metadata. Cons: Only statistical; lacks
flows. model precision. semantics.

Semantic / Proc: Provides raw visual events. | Proc: Captures bio-signals. Proc: Calculates physical Proc: Applies rules, standards, | Proc: Adds explainability to

Ontological Cons: Cannot apply standards or | Cons: Not semantic. state, but not norms. SHACL, compliance. decisions.
reasoning. Cons: Does not handle Cons: Needs ontology Cons: No standalone semantics.

ontologies. engineering.

Therefore, we chose a hybrid approach that integrates DT, KG and XAI-AD into a single
workflow since this is the minimum number of methods to cover all types of context. The
method (Fig. 1) intertwines sensing, modelling, reasoning, and explainable intelligence to
orchestrate a sustainable workplace. It all starts with a deliberately mixed collection of raw data:
CV data, wearable telemetry data, I0T tags, programmable logic controller (PLC) or
supervisory control and data acquisition (SCADA) control logs and even analog agents from

Webot.
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Fig. 2. PlantUML sequence diagram of the proposed method
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By projecting the comprehensive observations in a chart, the system gains the ability to
infer causal relationships, preconditions and corresponding points. This knowledge system can
stabilize the interpretation of events across parts and prevent model deviations when
terminology or processes change. This allows for transferring a contextual understanding to the
XAI-AD. The XAI-AD component does more than just flag anomalies. It also generates human-
readable descriptions, tracks which rules were violated, which sensors contributed most to the
alerts, and how confident the system is in detecting violations.

Along with cognitive elements, DTs encapsulate the physical workplace. By receiving
the same raw data, they can accurately represent the status of machines, the flow of materials,
the movement of personnel and others. When a sensor fails, the DT can fill the gap, predict
short-term conditions such as peak energy consumption, and test mitigation strategies without
interrupting actual operations. Double-feedback data analysis connects the integration layer and
the SW control center, creating a feedback loop that continuously adjusts policies, proactively
organizes maintenance, and ensures a balance between productivity, well-being and
environmental impact.

The biggest advantage of the proposed method lies in overall transparency because the
decisions are made based on a single intelligent system, not isolated dashboards. Prediction and
control signals became clearer, resource use aligned with sustainability commitments and
interpretable warnings strengthened accountability.

However, integrating all these components (Fig. 2) is no easy task. Coordinating data
quality between traditional PLC systems and modern wearable devices is costly, and the
knowledge graph requires ongoing management to maintain consistency with the enterprise’s
classification system. DTs must synchronize almost instantly, which poses challenges for
network infrastructure and network security practices. Furthermore, supporting ESG-compliant
decision-making standards requires cross-functional coordination. If management shifts
priorities or data privacy regulations tighten, the system will adapt quickly or issues being
phased out.

Despite the aforementioned challenges, this method provides a solid foundation for
continuous improvement. By combining rich contextual information, XAl and virtualization
experiments, organizations can gradually create efficient and secure SWs.

To prove the applicability of the proposed method, we did some simulations in the Webots
environment (Fig. 3).

Smart Sustainable Workspace - DT+KG+XAl Monitoring
Environmental / Physical 78%  Global ISSUE Score
Context metrics (per zone):
9
flemp comicrt 78% |, kG:rulesfor comfort, saety, ESG
CO; level 62%
: * XAl anomaly scores from evaluation
Noise exposure 55% data
Lighting adequacy 82%
Dashboard aggregates them into risk
= - categories: Low / Medium / High
Worker Behaviour & Physio 35%
Pastire rickindex 35% Context metrics (per zone)
Micro-break compliance ~ 71% * KG: rules for comfort, safety, ESG
Stress index 48% XAl anomaly scores from evaluation
Equipment & Process 81% Global ISSUE Score
Machine utilisation 81% Context metrics (per zone):
Predicted fallure risk 28% * KG: rules for comfort, safety, ESG
Process bottleneck score  53% * XAl anomaly scores from evaluation

Fig. 3. Simulations in the Webots environment: a) SW; b) Dashboard with measurements.

For simulation in Webots (Fig. 4a), two key components were created in the environment:
DT of the SW with factory and office spaces. Also, two controllers were created: one for data
generation and the other for building a dashboard.

The first controller, “"context_supervisor.py”, simulates the operation of sensors. It reads
environmental parameters such as temperature, CO-, noise, machine load, and worker stress
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every clock cycle and writes them to CSV. This creates a data stream similar to real 10T systems.

There are 10000 generated records which used for the simulation (Fig. 4).

The second controller, "dashboard_controller.py", operates in Supervisor mode, has a
“Display device”, which updates the graphical elements in real time. It reads CSV, calculates
normalized contextual metrics, generates an integral Global ISSUE Score, defines categories
(Low/Medium/High), and draws appropriate blocks on the dashboard (Fig. 4b).

Thus, Webots can simultaneously perform physical room simulation, generate DT data
and display analysis results on a dashboard, providing instant and complete simulation of the
operation of an intelligent monitoring system.

Discussion of the results obtained. The scientific novelty of the proposed method lies in the

creation of a unified hybrid architecture, integrating DT, KG and XAl, which for the first time

combines spatiotemporal physical modeling, semantic ontological interpretation and XAI-AD
for comprehensive context extraction in SWs.

Unlike existing similar approaches, the method provides multimodal integration of
consolidated data, its semantic normalization using KG and reliable deviation detection using
XAl models.

It is shown for the first time that the combination of DT and KG allows for compensation
for the loss of sensor data, and the addition of XAl provides interpretability, self-
explanatoryness and robustness to anomalies.

The method forms a new class of context-oriented systems capable of supporting real-
time decision-making taking into account physical, behavioral, psychophysiological, process
and normative dependencies.

Conclusions. The paper presents a comparative analysis of modern context obtaining methods

from which it follows that no single method can fully capture the diverse and multidimensional

context required in smart SWs. The hybrid integration of DTs, KGs and XAI-AD bridges these
gaps by combining physical modeling, semantic thinking and robust anomaly detection. This

synergy provides high accuracy, interpretability, and robustness to missing or noisy data and a

future-ready framework for context-aware decision-making in SW management. The

applicability of the proposed method was assessed by using semantic, expert and simulation
validation for preliminary accelerated evaluation.
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CyuacHe pobode MicIe MBHIKO TpaHCHOPMYEThCS y CKIIaaHe KibepdismuHe cepeqoBHUILe, sIKe TOEAHYE JIFOACH,
TEXHOJIOTi4HI CHCTEMH, OTOUYCHHS, BUPOOHUYI Iporiecy Ta 3HaHHA. L[ OaraToBUMipHiCTs BUMarae Oe3mepepBHE
BUAOOYBaHHS KOHTEKCTyallbHOI iH(OpMAIlii, BKIIOYAIOYM JUHAMIYHY iH(POpMAILil0 IMPO CTaH IPOCTOPY,
o0agHaHHS, JIIOJCH Ta IMPOLECIB, [0 BU3HAYA€ MOMIINBOCTI aIallTHBHOCTI, OS3MEKH Ta CTIHKOTO YIpaBIiHHL. Y
CTaTTI BHM3HAYEHO pOJb KOHTEKCTY SK 0a30BOr0 €JIEeMEHTa aJalTHBHOTO YIPaBIIHHA, PO3KPHTO
MDKIMCIMIUTIHAPHUN XapaKTep KOHTEKCTYJIbHUX JaHUX Ta MOKa3aHo, K iX MpaBUIIbHE BpaxyBaHHs BILTUBAE Ha
Oe3rneky, eHeproe)eKTHBHICTh, MPOYKTUBHICTD Ta 0OPOOYT mpaiiBHUKIB. MeTOMOJIOTIS TOCTIIKCHHS BKITFOUAE
aHali3 JiTepaTypd Ta Cy4YacHUX TEXHOJOTIYHMX pillleHb, CHCTEMAaTHU3AI[I0 THIIB KOHTEKCTY, MOOYIOBY
MOPIBHSUILHOI TaOJIMLI NIepeBar i HeI0JIKIB ICHYIOUHUX METOAIB, a TAKOK BUKOPUCTaHHS CEMaHTHYHOI, €KCIIEPTHOT
Ta CUMYJISIIHOT Baiallii Ijist monepeHpol MPUCKOpeHoT orliHki. OCHOBHI pe3y/IbTaTH MOKa3yk0Th, O MOIi0HI
METOAM MAIOTh CYTTEBI OOMEXEHHs: KOMITIOTCPHUH 3ip CTpakga€ Bill MEPEeKPHUTIB, HAPYIHI CEHCOPH BiA
HETIPUITHATHOCTI IJIs1 KOPHUCTYBava, TN POBi IBIHUKH BiJ CKIIAHOCTI MOJICITIOBAHHS, a Tpadu 3HAHB BiJl BUCOKIX
BUMOT JI0 iHKeHepil 3HaHb. 3alpOMOHOBAHNN METO], 0a3yEThCS Ha TIOPUAHOMY ITiXO0/Ii Ta IEMOHCTPY€E HAWBUIILY
TOYHICTH BUIOOYBaHHA KOHTEKCTY, CTIHKICTh IO MPOTAIHH Y JaHUX Ta MPO30PICTh PillleHh HA OCHOBI MOZETCH
3pO3YMIJIOTO INTYYHOTO IHTEJEKTY Ta CEMaHTHYIHO] iHTerparlii. Pe3ypTaTi MoKa3yoTh, 0 MO AHAHHS (DI3NYHUX,
CEMAaHTHYHUX Ta IIOBENIHKOBUX JDKepen iHpopMamii 3abe3redye HaWIIOBHINTY KapTHHY CTaHy poOodoro
cepelloBHUINA. 3alpOIIOHOBAHUIT METO/I BUIOOYBAHHSI KOHTEKCTY IHTErpye pi3HOpiAHI JaHi Ta MiABHILYE PiBEHb
IHTEJIEKTY CHCTEM YIpPaBIiHHS poOOYMM ImpocTopoM. Pobora crpusie po3BUTKY HAayKOBOi OYMKH B Taiy3i
CTIMKOCTI, KIOep(pI3UUHUX CUCTEM Ta IHTEJICKTYaIbHOTO MOHITOPHUHTY, & TAKOXK 3aKJIaJa€ OCHOBY Ul OOYI0BU
a/IalITUBHOI, JIFOJUHOLEHTPUYHOI CHUCTEMU IIATPUMKH pillleHb Ta CHCTEMH aBTOMAaTHYHOIO KOHTPOJIIO
MIKpOKJIIMaTy, 30UIbLICHHS KUILKOCTI BUPOOHMYMX IHIMIEHTIB, ONTHMI3allii HABaHTa)KEHHS IEPCOHAIY B
pearbHuX poOOYHX MPOCTOPaXx.

Karwu4osi ciaoBa: crifikuii poGouuii mpoctip, BHOOOYBaHHS KOHTEKCTY, HHU(POBUHM IBIHHWK, Tpady 3HAHB,
MAaIliHHE HAaBYAHHS, 3p03YMUIHH IITYIHHN 1HTEIEKT, KOMIT I0TCpHHM 3ip.
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