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I ntroduction: This research introduces Cognitive Perception-Based Urbanism (CPU), a framework inte-
grating neurourbanism, perceptual justice, and artificial intelligence for human-centered smart cities. In
rapidly urbanizing and digitally saturated environments, cities increasingly prioritize efficiency over empa-
thy. Although data-driven systems enhance operational performance, they frequently overlook the cognitive,
emotional, and perceptual diversity of citizens. CPU challenges this imbalance by reframing the city as a
cognitive ecosystem in which sensory inputs, neural processes, and perceptual experiences shape urban life.
It argues that genuine urban intelligence requires aligning technological capacity with human perceptual
needs, positioning perceptual diversity as a core principle of sustainable, innovative urban design. Across the
last decade, “smartness” has been operationalized through connectivity, sensing, automation, and real-time
control. Yet a city can be flasswlessly optimized and still be confusing, exhausting, or inequitable to navi-
gate. Urban life is experienced through continuous streams of environmental information: color-coded transit
lines, layered wayfinding, digital screens, lighting gradients, soundscapes, crowds, and spatial complexity.
These inputs are not merely seen or heard; they are filtered by attention, interpreted through learned conven-
tions, and processed under time pressure, stress, fatigue, and distraction. CPU is built on the premise that the
city functions as an “external brain” for its users: it communicates rules, routes, hazards, and opportunities
via signals that must be legible and cognitively manageable. When signals are ambiguous, contradictory,
or excessively dense, people compensate by slowing down, re-checking, asking for help, or avoiding spac-
es altogether. These micro-frictions accumulate into macro-inequalities, especially for populations whose
sensory processing differs from the assumed norm. CPU proposes that the smartest city is not the one that
measures everything, but the one that communicates meaning clearly and safely for diverse minds. This shift
redefines urban intelligence as perceptual clarity rather than mere computational sophistication.

The Purpose of the Research: The primary aim of this study is to conceptualize and operationalize the
CPU framework as a methodological and analytical bridge connecting human perceptual diversity with
technological systems of urban management. By selecting Color Vision Deficiency (CVD) as a demonstra-
tive case of perceptual variation, the study reveals how sensory inclusivity can be embedded systematically
into smart-city design. CVD serves as a measurable, widely prevalent, and historically overlooked form of
perceptual inequality that challenges the assumption of visual uniformity in urban design. CVD is selected
because it makes a subtle but consequential problem visible: many urban systems rely on color as the primary
carrier of meaning, hierarchy, and urgency. Color is used to encode route identity, classify services, convey

warnings, and differentiate functions in both physical and digital interfaces. For people with common forms

.
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of CVD, these distinctions may collapse, producing uncertainty about which line to follow, which sign to trust, or which instruction
is critical. The resulting delays and hesitations are not merely inconveniences; they can increase cognitive load, elevate stress, and,
in safety-critical contexts, amplify risk. CPU uses the CVD case to demonstrate an approach that is generalizable: define percep-
tual diversity, simulate its implications for real environments, quantify legibility and cognitive burden, and translate findings into
design standards and governance procedures. This purpose is both theoretical and practical. Theoretically, CPU integrates evidence
about brain—environment interaction with normative claims about fairness in urban communication. Practically, it offers a route to
embed perceptual inclusion into planning workflows, procurement criteria, and performance evaluation. The intent is to transform
urban “smartness” from a purely data-centric construct into a cognitively intelligent system grounded in empathy, sensory clarity,
emotional well-being, and perceptual fairness.

M ethodology: The research adopts a theoretical-conceptual methodology grounded in critical literature review, cross-disci-
plinary synthesis, and an interpretive comparative case approach. Concepts from neuroscience, environmental psychology,
sensory justice, disability studies, and computational modeling are synthesized to uncover the conceptual void separating urban
technology from human perception. Following this theoretical integration, CPU is illustrated through a case analysis of Bangkok,
a megacity characterized by high visual density, color-coded infrastructure, and perceptual accessibility challenges for CVD us-
ers. The conceptual synthesis proceeds in three steps. First, the study critically reviews smart-city models to identify where they
assume a “standard user” and where they reduce urban experience to functional performance. Second, it consolidates neurourban
evidence on how environmental stressors and perceptual complexity affect attention, emotional regulation, and decision-making,
translating these insights into design-relevant constructs such as cognitive load, signal discriminability, and perceptual safety.
Third, it connects these constructs to justice-oriented planning by defining fairness in terms of equal legibility and balanced cog-
nitive effort. To illustrate CPU in a real urban context, Bangkok is used as an interpretive case because it combines intense visual
stimulation with extensive reliance on color-coded systems in mobility and wayfinding. Bangkok’s layered commercial signage,
transit branding, and dense street environments create conditions in which small perceptual mismatches can scale into major nav-
igational challenges. The analysis draws on Al-assisted simulations that approximate CVD viewing conditions and evaluates how
color-dependent information systems perform under perceptual variation. This methodological integration—combining neuro-ur-
ban principles of stress and attentional demand with machine-vision modeling—demonstrates how perception-based evidence can
inform inclusive design standards, perceptual audits, and equitable urban policies.

indings and Discussion: Findings demonstrate that mainstream smart-city models remain dominantly technocentric, prior-
Fitizing control, prediction, and infrastructural performance while neglecting the perceptual experience of users. CPU intro-
duces three interdependent pillars as a corrective paradigm. (1) Neurourbanism explains how factors such as noise, density, color
saturation, lighting variability, and spatial complexity influence brain function, emotional stability, attentional capacity, and stress
regulation. In CPU, neurourbanism contributes not only explanatory evidence but also operational criteria: environments should
be designed to reduce unnecessary attentional competition, support clear figure—ground separation, and maintain manageable
informational density at decision points such as transfers, intersections, and emergency exits. (2) Perceptual Justice expands the
scope of urban equity by asserting that cities must ensure perceptual accessibility—guaranteeing that spatial information is legible,
distinguishable, and cognitively manageable for all citizens. CPU reframes fairness as equality of experience, not merely equality
of'access. If one group must exert substantially more mental effort to decode the same signals, then the city is distributing cognitive
burden unequally. Perceptual justice therefore calls for standards that address redundancy, contrast, hierarchy, and interpretability,
and it treats perceptual ambiguity as a governance failure rather than an individual problem. (3) Artificial Intelligence functions
as the mediating layer capable of modeling perceptual differences, visualizing sensory inequities, generating design alternatives,
and predicting cognitive strain before implementation. Within CPU, Al is not merely a tool for efficiency; it becomes a tool for an-
ticipatory inclusion. Machine-vision pipelines can test signage systems, maps, and interfaces against multiple perceptual profiles;
digital twins can expose where signal hierarchies break down; and optimization procedures can propose multi-coded alternatives
that preserve aesthetics while improving discriminability. Applied to the Bangkok case, CPU demonstrates how multi-coded de-
sign—using shape, texture, contrast, typography, and iconography in addition to color—can significantly improve spatial legibility
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for CVD users. This includes redundant line identities (numbers or symbols), consistent icon sets, high-contrast palettes validated
under simulation, and decision-point signage that prioritizes essential cues over decorative complexity. Al-enabled digital twins
reveal perceptual blind spots and stress-inducing zones, showing how urban morphology affects cognitive load and where redesign
yields the greatest equity gains. More broadly, the findings suggest that perceptual injustice is often “designed in” through default
assumptions, procurement habits, and aesthetic conventions. CPU responds by proposing governance routines such as perceptual
audits, simulation-based review checkpoints, inclusive design specifications for vendors, and post-implementation monitoring of
wayfinding performance. In CPU terms, smart-city success should be evaluated by whether citizens can interpret signals quickly,
confidently, and safely, not only by whether systems can optimize flows.

The CPU framework also clarifies what “human-centered” means in measurable terms. Human-centeredness is operationalized as
(a) perceptual clarity, meaning that key cues can be distinguished under common variations in vision and attention; (b) cognitive
economy, meaning that routine tasks such as navigation, transfer, and hazard recognition require minimal working-memory effort;
and (c) emotional comfort, meaning that environments reduce avoidable uncertainty and stress at moments of choice. These criteria
translate ethical intent into actionable thresholds and design requirements. Methodologically, the Al simulation component is treated
as an evidence generator rather than a substitute for participatory engagement. Simulations make hidden inequities visible, but they
must be interpreted within social context, cultural signage conventions, and language realities. CPU therefore positions simulation
outputs as inputs to deliberation: a way to prioritize interventions, compare alternatives, and document compliance with perceptual
justice standards. In practical terms, CPU supports the creation of perceptual baselines (what counts as “clear enough”), accountabil-
ity protocols (who checks and when), and adaptive maintenance (how systems stay legible as the city changes). In the Bangkok il-
lustration, this approach implies that transport authorities and designers can shift from ad hoc fixes to systematic governance. Instead
of redesigning maps only after complaints, CPU recommends periodic perceptual audits of routes, stations, and digital interfaces;
stress-sensitive analysis of transfer nodes; and the use of multi-coded redundancies as baseline requirements. It also highlights that
perceptual inclusivity is compatible with aesthetic quality: reducing reliance on color does not reduce design sophistication; it can
enhance elegance by increasing clarity and hierarchy. To support replication, CPU proposes a transferable workflow: map the urban
information system (signage, maps, interfaces); define target perceptual profiles (e.g. common CVD types); run simulations and
compute legibility metrics (contrast, discriminability, hierarchy); identify high-risk decision points; redesign using multi-coded cues;
and re-test until thresholds are met. This workflow can be embedded in procurement, design review, and maintenance cycles so that
perceptual justice becomes routine rather than exceptional. Finally, CPU extends the smart-city agenda by introducing the notion of
“urban empathy” as a capacity that can be designed, tested, and improved. Urban empathy here is not a metaphorical virtue; it is the
measurable ability of a city to anticipate how different residents perceive signals, to detect when communication fails, and to adapt
infrastructures accordingly. This capacity becomes increasingly important as cities deploy Al-driven services at scale, because minor
perceptual exclusions can be amplified across platforms and networks. Taken together, CPU reorients innovation toward clarity, re-
duces preventable cognitive strain, and meaningfully widens participation in everyday urban life.

Beyond the specific case of CVD, the analytical strength of CPU lies in its capacity to reconceptualize urban governance as a contin-
uous feedback system between perception, cognition, and infrastructure. Traditional planning cycles often treat design as a finalized
output, evaluated primarily through technical performance indicators or post-occupancy satisfaction surveys. CPU instead proposes
that perceptual legibility and cognitive equity be embedded as dynamic variables within urban management systems. This implies
that cities must monitor not only traffic flows or energy consumption, but also the interpretability of their informational environments.
Perceptual breakdowns—moments where users hesitate, misinterpret, or avoid spatial cues—should be treated as diagnostic signals
comparable to infrastructural failures. In this expanded model, smart governance incorporates perceptual analytics as part of routine
urban maintenance. By institutionalizing perceptual review mechanisms, cities can proactively detect emerging inequities caused by
new technologies, branding changes, interface updates, or increased visual density. Such an approach aligns technological innovation
with human adaptability rather than forcing citizens to continuously adjust to shifting informational logics. CPU therefore establishes
a governance philosophy in which inclusion is not retrofitted but designed into the evolutionary trajectory of smart systems. Through
this lens, perceptual justice becomes a long-term regulatory commitment rather than a one-time design intervention, reinforcing the
structural integration of cognitive sustainability within future urban transformations
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Conclusion: The study concludes that Cognitive Perception-Based Urbanism (CPU) constitutes both a theoretical advancement
and a practical policy tool for future smart cities. By merging neuroscientific knowledge, perceptual justice principles, and Al-
based representation, CPU establishes a new paradigm of cognitive sustainability, in which technological progress is harmonized
with human perceptual well-being. The Bangkok case demonstrates CPU’s applicability and future scalability to other dimensions
of sensory diversity, including autism-related hypersensitivity, low vision, auditory variation, and neurodivergent processing styles.
CPU reframes smart-city intelligence as a form of urban empathy—the ability of a city to sense, understand, and adapt to its residents’
perceptual realities. As a governance tool, CPU promotes perceptually informed policymaking, enabling cities to become more emo-
tionally resonant, cognitively resilient, and perceptually just environments for all.

Funding: There is no funding support.

Authors’ Contribution: The authors contributed equally to the conceptualization and writing of the manuscript. All authors approved
the submitted version of the article and agree with all aspects of the work.

Conflict of Interest: Authors declared no conflict of interest.

Acknowledgments: We are grateful to all the persons for scientific consulting in this paper.

©0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000R000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000oPccococscos

Highlight

- The research redefines urban smartness from technological efficiency toward cognitive perceptual alignment.
- It tntroduces the theoretical framework of the Cognitive Perception Centered Urbanism (CPU) integrating neuro urbanism and perceptual justice.
- It conceptualizes perceptual justice as the third dimension of urban justice alongside spatial and social equity.
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< Introduction: This study introduces the theoretical—
< conceptual framework of “Cognitive Perception-Based
< Urbanism” (CPU), an approach that integrates neuro-
< urbanism, perceptual justice, and artificial intelligence
s into a unified model for human-centered smart cities.
¢ At a time when cities are under pressure from digi-
;talization and sensory density, dominant models tend
. to prioritize efficiency over human experience. CPU
challenges this imbalance by conceptualizing the city
tas a cognitive—perceptual ecosystem shaped through
: continuous interaction with human perception and
< emotion. The framework argues that genuine urban in-
telligence is realized only when technological systems
< are aligned with the perceptual and cognitive needs of
: citizens.

¢ Research Objective: The primary aim of this study
< is to explicate, articulate, and operationalize the CPU
< framework as a bridge between human perception
< and urban technology. The selection of “Color Vision
: Deficiency” (CVD) as a case study demonstrates how
< sensory and perceptual diversity can be systematical-
< ly embedded within smart city design. The research
: addresses theoretical and policy gaps between neuro-
< science, perceptual justice, and Al-driven analytics,
: offering a new pathway toward inclusive and psycho-
logically supportive urban governance.

< Methodology: The research adopts a theoretical-con-
ceptual approach grounded in critical literature review,
finterdisciplinary integration, and comparative analy-
* sis. The CPU framework is then examined through a
: case study of Bangkok—a city heavily reliant on col-
Eor-coding and visual saturation. Using Al-based per-
: ceptual simulation alongside neurourbanism findings
< on stress and cognitive load, the study analyzes how
urban environments are experienced by individuals
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