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Abstract 

Despite significant global commitment to smart buildings and Digital Twin technologies within 
architecture research and practice, existing systems face fundamental challenges: they widely suffer 
from data silos, hindering comprehensive data integration; they are constrained by cognitive 
limitations, preventing deep learning from predicting complex behaviors and spatial intentions; their 
design goals are fundamentally device-centric, rather than human-centric; and they operate in a state 
of environmental isolation, lacking dynamic coordination with the external environment. To address 
these bottlenecks, this paper proposes the BLUE Building Paradigm, a novel and pioneering 
framework for next-generation spatial intelligence. BLUE represents four core pillars: Big-data (B), 
Learning (L), User (U), and Environment (E). The core contribution of the BLUE Building is the 
construction of a Spatio-Temporal Cognitive Operating System, which, through a unified Spatial 
Semantic Graph and Adaptive Reinforcement Learning, achieves a deep understanding of spatial 
states and user intentions, and forms a dynamic, continuously optimized closed-loop synergy with 
the external environment. This marks an epoch-making transition in spatial intelligence from passive 
automation to proactive cognition and continuous self-adaptation. This paper details the operational 
mechanism of the BLUE Paradigm, its key technical implementations, and cross-scale interaction 
strategies. Furthermore, it introduces the BLUE Building Rating and Evaluation Mechanism, 
including its potential for expansion, translating the paradigm's cognitive capabilities into 
quantifiable industry standards to drive adoption. The BLUE Building Paradigm not only sets a new 
benchmark for building energy efficiency and occupant well-being but also lays a solid theoretical 
foundation for the resilient, sustainable, and integrated development of future urban systems and the 
human experience. 

Keywords: BLUE Building; spatial intelligence; Cognitive Building; Spatio-Temporal Cognitive 
System; BLUE Paradigm; reinforcement learning; Digital Twin; semantic graph; occupant well-being; 
energy efficiency; resilience; cross-scale interaction 
 

1. Introduction 
1.1. Limitations of Existing Spatial Intelligence 

Since the turn of the twenty-first century, the construction industry has undergone a wave of 
digitalization, transitioning from Building Automation Systems (BAS) to the Internet of Things (IoT). 
In particular, the emergence of Digital Twin technology, which connects physical space with virtual 
models in real-time [1,2], has significantly improved building operation and maintenance efficiency. 
However, current "smart" practices remain at the level of fragmented and passive automation, far 
from achieving true spatial cognition. We observe the following fundamental deficiencies in the 
existing paradigm: 

(1) Data Silos: The core pain point of current smart buildings lies in the fragmentation and 
physical isolation of data. Data from subsystems such as HVAC, lighting, security, and access control 
are logically and physically separated, forming insurmountable silos. A deeper flaw is the lack of a 
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unified semantic model for this data [3]. This failure in data integration and semanticization severely 
limits the value realization of B (Big-data). 

(2) Cognitive Constraints: Limited by insufficient data integration, existing intelligent systems 
lack true cross-modal deep learning capabilities, making them unable to achieve deep understanding 
and prediction of complex spatial events and human behaviors. Current AI models are largely 
confined to optimizing singular, explicit parameters (e.g., adjusting air supply based on outdoor 
temperature), but cannot utilize multimodal data (e.g., vision, audio, user interaction logs) to infer 
high-level user intentions. This cognitive limitation impedes the efficiency and accuracy of L 
(Learning). 

(3) Device-Centricity: The design goals of intelligent systems have long revolved around 
equipment efficiency and maintenance costs, essentially reflecting a "device-centric" approach [4]. 
Optimization strategies often prioritize extending equipment lifespan and lowering baseline energy 
consumption, relegating user experience, health, and well-being to secondary constraints or tolerance 
variables. This deviation in goal setting prevents the system from offering proactive, personalized 
services tailored to individual physiological or emotional needs, thus failing to realize the true 
human-centric U (User) value. 

(4) Environmental Isolation: Most existing smart buildings are isolated optimization units that 
lack the capacity for dynamic coordination and elastic interaction with the external environment. 
Buildings cannot participate in real-time flexible scheduling with the urban power grid, nor can they 
integrate external data such as community microclimate changes and traffic conditions into their 
energy optimization strategies. This functional environmental isolation results in a lack of cross-scale 
self-adaptation and resilience when facing extreme events, failing to ensure energy security and the 
sustainability goals of E (Environment). 

These limitations indicate that what is needed is no longer a gradual technological upgrade, but 
a paradigm shift in foundational theory and system architecture [5]. 

1.2. Paradigm Shift: From Smart to Cognitive 

To break through these bottlenecks, this paper formally proposes the BLUE Building Paradigm, 
a novel framework designed to lead spatial intelligence into the cognitive era. The core proposition 
of the BLUE Building is that a building must evolve from an efficient operational container into a 
cognitive entity capable of deep understanding, proactive learning, and continuous adaptation. We 
define BLUE as the four core pillars of next-generation spatial intelligence: 

B (Big-data): Construction of a spatial panoramic data lake and integration of multi-source 
semantic graphs, laying a solid foundation for the system's deep cognition and intelligent inference. 

L (Learning): Adaptive, generative AI and predictive models, enabling a deep understanding of 
spatio-temporal patterns. 

U (User): A human-centric experience layer and intention recognition, establishing the goals for 
intelligent services. 

E (Environment): Cross-scale (building-city) dynamic interaction and sustainability, ensuring 
global optimization and resilience. 

 
Figure 1. BLUE Building Framework. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 December 2025 doi:10.20944/preprints202512.1625.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1625.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 7 

 

The core contributions of this paper are: 
(1) Proposing the BLUE Building Paradigm, which defines the four decisive elements of next-

generation spatial intelligence. 
(2) Establishing the Spatio-Temporal Cognitive Operating System, detailing how data, learning, 

user, and environment form a closed-loop mechanism under the BLUE framework. 
(3) Outlining the vision and future impact, designing the BLUE Building Rating and Evaluation 

Mechanism and its expanded research, translating the paradigm's cognitive capabilities into 
quantifiable industry standards to drive adoption. 

2. The BLUE Paradigm 
2.1. The Operational Cycle 

The operation of the BLUE Building is founded upon a continuous, adaptive spatio-temporal 
cognitive closed-loop. This cycle begins with data acquisition (B), which involves real-time collection 
of spatial, user, and external environmental information through high-dimensional sensors and IoT 
networks, integrating it into a unified semantic graph. Subsequently, the cognitive learning (L) 
module utilizes multimodal fusion technology and deep learning models to perform pattern 
recognition and intention prediction, thereby achieving a deep understanding of current and future 
spatial states. 

Based on the results of learning and prediction, the system performs intention matching (U), 
translating recognized user needs (e.g., "the user is about to start a presentation" or "the user is under 
high stress") into optimal environmental response strategies. Finally, the environmental feedback (E) 
layer executes cross-system and cross-scale control commands, adjusting the building environment 
(e.g., temperature, lighting, air quality, or energy exchange with the urban power grid). This process 
is not merely simple automated response; rather, it feeds the feedback data back into the Big-data (B) 
layer, forming a dynamic, continuously optimizing Spatio-Temporal Cognitive Operating System 
that ensures the BLUE Building can constantly evolve and adapt to changing spatial needs and 
external environments. 

2.2. Spatio-Temporal Cognition of BLUE Building 

The most fundamental pioneering aspect of the BLUE Building Paradigm lies in achieving a 
transition in spatial intelligence from traditional 3D static or quasi-real-time monitoring to 4D Spatio-
Temporal Cognition. Analogously, conventional smart buildings and Digital Twins remain at the 
level of precise mapping and passive control of physical space (3D), with their intelligent behavior 
being a "snapshot-based" response to the current state. The BLUE Building introduces Time as the 
core cognitive dimension, essentially adding a time axis to the 3D physical space to form a 
continuously evolving spatio-temporal state flow. This 4D cognitive form is closely linked to the four 
pillars of BLUE: B (Big-data) provides deep historical and real-time time-series data; the L (Learning) 
module utilizes these data, through sequence models and reinforcement learning, to achieve future 
state prediction and the generation of optimal action strategies; U (User) not only matches current 
intentions but also predicts the user's behavioral trajectory and emotional changes over a future time 
horizon; and E (Environment) can formulate cross-temporal elastic synergy strategies based on 
weather forecasts and urban grid signals. Consequently, the BLUE Building realizes a paradigm shift 
from "passive response" to "proactive foresight," representing a true Spatio-Temporal Cognitive 
Operating System that evolves progressively over time. 

3. Spatio-Temporal Cognitive Operating System: Technical Implementation of 
BLUE Framework and Core Mechanisms 

The practical embodiment of the BLUE Building is the Spatio-Temporal Cognitive Operating 
System. This system serves as the crucial bridge for the BLUE Paradigm from theory to practice, 
designed to construct a bottom-up, data-driven, and complete technology stack to fully realize its 
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cognitive capabilities. This technical framework encompasses unified data acquisition (B), high-
dimensional intelligent learning (L), human-centric experience design (U), and cross-scale 
environmental synergy (E), all of which comprehensively support the adaptive operational cycle of 
the BLUE Paradigm. 

3.1. B: Big-data and Spatial Semantic Graph 

The core strategy for the BLUE Building to overcome traditional data silos is to construct a 
unified Spatial Data Model [6,7]. This model seamlessly integrates CAD/BIM structural data, real-
time IoT sensor stream data, and user interaction data, forming a Spatial Semantic Graph with 
complete semantic information. This graph structure is the bedrock of the BLUE Building's deep 
cognition, allowing the system to understand the complex correlations between various elements in 
space, transcending mere multi-variate spatio-temporal data. The core mechanism is to effectively 
construct and query the spatio-temporal semantic relationships within the building using Graph 
Neural Networks (GNNs) or similar topological structure learning methods [8,9]. 

3.2. L: Adaptive Learning and Behavior Prediction 

The realization of the BLUE Building's "cognitive" capability relies on a range of advanced AI 
techniques. The system employs Multimodal Fusion Learning, combining data streams from visual, 
audio, and environmental sensors to achieve a comprehensive understanding of complex spatial 
states. By introducing Machine Learning (ML) or Reinforcement Learning (RL), the system can self-
optimize HVAC and energy systems, autonomously generating optimal control strategies while 
satisfying dual objectives of user comfort and energy efficiency [10,11]. More importantly, Intention 
Recognition, through analysis of user behavioral patterns and time-series data, predicts the user's 
next needs and actions in space, thereby achieving true "proactive foresight" and serving as the key 
core mechanism for proactive optimization [12]. 

3.3. U: User-Centricity and Affective Intelligence 

The BLUE Paradigm prioritizes user well-being, designing a dedicated User Experience Layer 
(UX Layer) for this purpose. This layer translates user physiological comfort, work efficiency, and 
emotional state into quantifiable optimization metrics (such as comfort index, efficiency index). 
Technically, the system employs non-intrusive methods to gather user feedback, combining it with 
environmental and behavioral data to achieve Affective Perception and Proactive Service. This 
affective intelligence can not only adjust lighting color based on user stress levels but also predictively 
tune ventilation and temperature according to fatigue levels, thereby providing refined and 
humanized customized services. 

3.4. E: Cross-Scale Interaction and Resilience 

To overcome the environmental isolation of traditional smart buildings, the BLUE Building must 
possess Cross-Scale Interaction capabilities [13]. This involves detailing how to engage in real-time 
data sharing and collaborative optimization with external systems such as the urban power grid, 
community microclimate monitoring networks, and regional transportation systems to balance 
macroscopic and microscopic energy demands. Furthermore, the paradigm proposes powerful 
Adaptive Strategies, ensuring the system can achieve energy self-sufficiency and rapid response 
when faced with extreme events (e.g., power grid failures, sudden high temperatures), significantly 
enhancing the building's Resilience in terms of energy security and confronting environmental 
challenges. 
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4. Vision and Future Impact 
4.1. BLUE Building Application Scenarios 

The present and future application scenarios envisioned by the BLUE Building Paradigm will 
fundamentally revolutionize how humans interact with space. This cognitive upgrade is first 
manifested in Personalized Health and Well-being, where the building can dynamically adjust 
environmental parameters based on real-time user physiological data (such as sleep quality, heart 
rate variation), shifting from passive environmental control to proactive health support. Second, in 
Maximizing Energy Efficiency, the system can combine predictive maintenance with net-zero targets 
to perform high-precision, cross-temporal dynamic energy scheduling, achieving nearly perfect 
energy management. Additionally, the BLUE Building supports Flexible Spatial Function 
Remodeling, allowing physical and digital configurations to adapt to changing needs in real-time, 
substantially enhancing space utilization and adaptability. 

In fact, practical research in some application areas is already underway. For instance, in the 
field of Building Comfort, scholars have worked on developing personalized thermal comfort models 
based on deep learning; in Energy Consumption Prediction, research has explored the use of 
reinforcement learning for HVAC system optimization. However, these practices are mostly confined 
to solving local, singular application problems, lacking a pioneering paradigm that unifies the four 
core dimensions: data foundation, cognitive learning, user demand, and environmental synergy. The 
BLUE Building fills this theoretical gap by integrating scattered application research into a cohesive 
cognitive framework, providing a foundational blueprint for the comprehensive development of 
future spatial intelligence [14]. 

4.2. BLUE Building Rating and Evaluation Mechanism 

To ensure the widespread adoption and market-driven implementation of the BLUE Paradigm, 
it is imperative to establish an authoritative, quantifiable, and scalable BLUE Building Rating and 
Evaluation Mechanism. This mechanism is designed to translate the high-level cognitive capabilities 
of the BLUE Building into measurable and certifiable standards, thereby promoting industry 
adoption. We propose the BLUE Rating Model as its quantitative core: 𝐵𝐿𝑈𝐸 𝑆𝑐𝑜𝑟𝑒 = 𝐹(𝐵, 𝐿,𝑈,𝐸) (1)

In this model, 𝐹 represents a comprehensive function that integrates the four core dimensions, 
where 𝐵 stands for the Big-data dimension (data completeness and semanticization level), 𝐿 for the 
Learning dimension (system self-adaptation and prediction accuracy), 𝑈 for the User dimension 
(experience and well-being improvement), and 𝐸  for the Environment dimension (cross-scale 
synergy and sustainability contribution). It is worth noting that the BLUE Score is a function of these 
four core factors, and its specific form and weights will be dynamically adjusted based on the 
building type and application goals to ensure flexibility and impartiality in assessment. Looking 
ahead, we suggest establishing a multi-tiered rating system, progressing from BLUE Ready to BLUE 
Certified, and ultimately to BLUE Cognitive, to guide the construction industry toward generational 
upgrades in intelligence. Furthermore, the BLUE rating system is merely a starting point, and its 
theoretical foundation offers vast possibilities for future research. Analogous to how green building 
has expanded in practice to areas like finance, social equity, and policy-making, future research 
directions for the BLUE Building can similarly delve into: Cognitive Building Life Cycle Carbon 
Footprint Assessment, building occupant environmental comfort, Social Equity and Inclusive Design, 
and Next-Generation Building Policy and Regulatory Frameworks. These will be key areas for 
pushing the BLUE Paradigm beyond technical theory towards comprehensive societal application. 

4.3. Challenges, Ethics and Standards 

Any transformative technological paradigm is inevitably accompanied by significant Challenges 
and Ethical Dilemmas. The powerful cognitive and predictive abilities of the BLUE Building are built 
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upon the collection of a vast amount of highly sensitive data, particularly user behavioral trajectories, 
physiological states, and potential intentions, making Data Privacy and Security the foremost 
challenges. The system must be designed with multi-layer encryption and anonymization 
mechanisms to ensure the absolute security of personal data, while also establishing transparent data 
usage protocols to prevent misuse. Secondly, the issue of Algorithmic Bias and Fairness cannot be 
ignored. If training data is biased, the AI model's optimization strategy could systematically 
discriminate against specific user groups or compromise comfort in certain areas. This necessitates 
that the BLUE Paradigm establishes strict auditing and Explainability frameworks to guarantee the 
impartiality of its decisions. 

To ensure the healthy development and widespread application of BLUE Building technology, 
unified interfaces and open standards are critical issues that the industry must address immediately. 
The current smart building market is severely fragmented, with various vendors using proprietary 
protocols, which impedes the seamless integration and data interoperability between different BLUE 
components. Therefore, we call for the establishment of unified API interfaces and open data models 
for the BLUE Paradigm (e.g., standards based on Semantic Web or Graph Database) to lower technical 
barriers, foster innovation, and provide a standardized foundation for global deployment and 
certification. 

4.4. Towards the 'Living Building' 

The BLUE Building represents the ultimate stage of building intelligence development, the 
transition towards the "Living Building." It surpasses passive automation and static Digital Twins to 
become a cognitive infrastructure capable of sensing the environment, deeply learning user 
intentions, and continuously evolving. Through the four pillars of the BLUE framework (B, L, U, E), 
the BLUE Building can understand and adapt to complex internal and external changes in real-time, 
achieving true Spatio-Temporal Cognition. Ultimately, this paradigm shift will transform the 
building into an organic, self-adaptive component of the urban ecosystem, fundamentally reshaping 
our perception of buildings from simple physical structures to living entities serving human well-
being and global sustainability. 

5. Conclusion 

In conclusion, this paper proposes the BLUE Building Paradigm, designed to lead spatial 
intelligence into the cognitive era. This represents a fundamental solution to core pain points widely 
prevalent in the current smart building sector, including data silos, cognitive limitations, device-
centricity, and environmental isolation. The pioneering contribution of the BLUE Building lies in its 
novel integration of Big-data (B), Learning (L), User-centricity (U), and Environmental interaction (E) 
into a closed-loop Spatio-Temporal Cognitive Operating System, achieving an epochal transition 
from "passive response" to "proactive foresight." We reiterate that the BLUE Building is not merely a 
tool for enhancing building energy efficiency and user well-being; it is a critical cornerstone for 
resolving the complex challenges of future urbanization, climate change, and the integrated 
development of the human experience. Building upon this, in addition to the proposed BLUE 
evaluation mechanism, future research directions will extend into broader social and economic 
domains such as Cognitive Building Life Cycle Carbon Footprint Assessment, building occupant 
environmental comfort, Social Equity and Inclusive Design, and Next-Generation Building Policy 
and Regulatory Frameworks, ensuring the paradigm transitions from technical theory to global 
sustainable application [15]. 
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