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This study proposes an adaptive, data-driven urban design methodology that integrates
artificial intelligence with ecological performance to address contemporary environmental
challenges. While smart city technologies enable advanced monitoring and optimization, they
often prioritize operational efficiency over ecological quality. Conversely, ecological urban
design approaches frequently remain static and insufficiently connected to real-time
environmental data. This research argues that integrating these domains is essential for
developing more responsive, resilient, and environmentally informed urban environments.
The originality of the study lies in the development of a unified methodological framework
that positions artificial intelligence as an active design partner capable of interpreting
environmental data, generating adaptive scenarios, and informing spatial decision-making
processes. Through a comparative analysis of Copenhagen’s Cloudburst Management Plan,
Singapore’s Digital Urban Twin, and Barcelona’s Sentilo platform, the research identifies
transferable principles, including adaptive feedback loops, environmental monitoring systems,
and measurable performance indicators.

These principles are subsequently applied through a conceptual design prototype developed
for the Goktirk district of Istanbul, utilizing satellite-derived environmental data and
hypothetical IoT sensor networks to generate adaptive spatial strategies. The findings
demonstrate how Al-supported design methodologies can enhance ecological performance,
strengthen urban resilience, and contribute to the advancement of adaptive ecological urbanism
as an emerging framework for sustainable urban design.

Keywords: Artificial Intelligence, Data Driven Urban Design, Ecological Performance,
Adaptive Urbanism,Smart Cities.

1. Introduction

Contemporary cities are increasingly challenged by climate change, rapid urbanization and technological
transformation. While cmart city models emphasize efficiency, monitoring and optimization through digital
infrastructures and artificial intelligence. They often disregard ecological processes and spatial quality. On
aConversely, ecological urban design approaches often rely on static analyses that lack adaptive and data-responsive
mechanisms. This separation reveals a significant methodological gap between ecological urbanism and data-driven
urban systems.lthe other hand, ecological urban design approaches often rely on static analyses lacking adaptice and
data sensitive mechanisms. This distinction reveals a significant methodological gap between ecological urbanism and
data-driven urban systems.

This study addresses this gap by proposing Adaptive Ecological Urbanism, a data-driven urban design methodology
that integrates artificial intelligence, environmental performance, and adaptive spatial decision-making processes. The
research examines how environmental data and computational systems can actively support ecological urban design
through feedback-based and performance-oriented processes.

This study focuses on Goktiirk, Istanbul, as a conceptual prototype area due to its ecological sensitivity and ongoing
urban transformation pressures. Methodologically, the research combines theoretical review, comparative analysis of
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international case studies, and speculative design modeling. International examples are analyzed to identify
transferable principles that link environmental data, smart systems, and spatial outcomes.

The main research questions are:

How can artificial intelligence support ecological urban design processes?

How can environmental data become an active design input?

How can adaptive feedback mechanisms improve spatial decision-making processes?

The study argues that integrating artificial intelligence with ecological performance through data-driven feedback
loops can support more adaptable, resilient, and environmentally conscious urban environments. By bridging the gap
between smart urban technologies and ecological design thinking, the research contributes to contemporary
discussions on adaptive urbanism and performance-based urban methodologies.

2. Materials and Methods

This section establishes the methodological framework of the study by describing the research design, analytical
approach, and case study selection process. The research adopts a qualitative and comparative methodology to
examine how data-driven systems, ecological performance strategies, and spatial design interventions can be
integrated into adaptive urban design processes.

The methodological structure is based on a matrix-oriented comparative analysis derived from the established
theoretical framework. The analytical framework evaluates the relationship between three interconnected
dimensions: environmental data and smart systems, ecological strategies and performance goals, and spatial and
architectural outcomes. This approach provides a systematic interpretation of how different urban models utilize
digital intelligence to overcome ecological challenges and generate adaptive spatial responses.

Three international case studies were selected due to their relevance to data-driven ecological urbanism:
Copenhagen’s Heavy Rainfall Management Plan, Singapore’s Digital Urban Twin, and Barcelona’s Sentilo
Platform. While representing different operational scales and technological approaches, these cases share a common
emphasis on environmental monitoring, adaptive management, and urban resilience.

The analysis focuses on identifying transferable principles, operational mechanisms, and methodological patterns,
rather than merely producing descriptive project evaluations. The comparative findings are interpreted from a
performance-oriented perspective, examining how ecological goals are translated into measurable strategies and
spatial interventions. The results obtained from this comparative framework form the methodological basis of the
adaptive ecological urban design prototype developed for Goktiirk, Istanbul, which will be discussed in the next
section.

Table 1. Structure of the Study (Developed by the Authors).

Environmental Sensing

l
Data Analysis

l

Decision / Design Adjustment

l

Spatial Intervention
I

Updated Environmental Data
(8]

2.1 Copenhagen — Cloudburst Management System

Following severe rainfall events in 2011 that caused approximately €1 billion in damage, Copenhagen developed a
citywide climate adaptation strategy to cope with the increasing flood risks intensified by climate change. The Severe
Rainfall Management Plan began using hydrological modeling, rainfall simulations, and spatial data analysis to
identify vulnerable urban areas and runoff paths. Through predictive scenario modeling with this system, it provides
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information for the integration of blue-green infrastructure elements such as water retention basins, green streets, and
multi-functional public spaces designed to store, redirect, and adaptively manage rainwater.
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Figure 1. Korsgade street Plan (Image By SLA): |

From a methodological perspective, the Copenhagen example demonstrates how environmental data and simulation
tools can directly inform spatial interventions through a performance-oriented design approach. Instead of relying
solely on traditional underground infrastructure, the city adopted a multifunctional blue-green network designed to
manage surface-level water through adaptable and resilient spatial strategies. While highlighting how data-driven
ecological systems can be translated into urban form, the project also reveals challenges related to funding, long-
term implementation, maintenance, and the need for sustained political and institutional support.

2.2 Singapore — Digital Urban Twin

Singapore’s Digital Urban Twin, as part of its “Smart Nation” initiative, provides an advanced integration of real-time
data, simulation models, and three-dimensional urban representation. Bringing together sensor networks, geographic
databases, and building information models, the platform supports environmental analysis and scenario-based urban
decision-making. Through simulations of sunlight exposure, wind flow, energy performance, and microclimate
conditions, the system enables planners and designers to assess the environmental impacts of urban design alternatives
before physical implementatin, showcasing a holistic and data-integrated approach to adaptive urban governance.
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Figure 2. https://amusementlogic.com/ general-news/digital-twins-the-urban-revolution-of-the-2 1st-century/ .
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Singapore’s Digital Urban Twin demonstrates how artificial intelligence, real-time sensing, and computational
modeling can function as decision support systems for adaptive urban planning. Enabling continuous simulation,
iterative testing, and performance-based evaluation, the platform supports evidence-based urban design processes
rather than fixed solutions. Simultaneously, the model highlights the importance of ethically and socially sensitive
implementation by emphasizing challenges related to cost, technical dependency, data privacy, and the risk of
technocratic governance. Along with Copenhagen’s spatially focused blue-green infrastructure strategies, the
Singapore model demonstrates complementary dimensions of data-driven ecological urbanism: one generating
intelligence for adaptive planning, and the other transforming environmental data into spatial intervention.

2.3 Barcelona — Sentilo Platform

Barcelona’s Sentilo Platform was created to represent an open-source and data-driven approach to adaptive urban
governance, developed as part of the city’s smart city transformation strategy following the 2008 financial crisis. The
platform collects and publishes real-time environmental and urban data relating to air quality, mobility, energy use,
noise, and utilities through interoperable sensor networks and open APIs. Unlike centralized smart city models, Sentilo
emphasizes technological openness, accessibility, and collaborative urban innovation by treating urban data as a public
resource. While the platform doesn’t directly generate spatial design solutions, it provides the necessary data
infrastructure for adaptive and performance-based urban interventions. This example highlights how open data systems
can support ecologically sensitive planning, while also raising challenges related to governance, long-term
maintenance, digital literacy, and meaningful citizen engagement. Along with Copenhagen and Singapore, Barcelona
demonstrates the governance and community-focused dimension of data-driven ecological urbanism by linking
environmental intelligence with participatory and evidence-based urban decision-making.

3. Conceptual prototype for Goktiirk

This section presents the conceptual prototyping phase of the research, applying the adaptive and data-driven
methodology developed in previous sections to the Goktiirk district of Istanbul. Rather than proposing a final master
plan, the study tests the methodological framework through a speculative and scenario-based urban design experiment.
Goktiirk, chosen due to its rapid urban transformation, ecological sensitivity, and increasing environmental pressures,
provides a suitable context for investigating how Al-powered processes and environmental data can inform adaptive
ecological urban design.

Located at the northern tip of Istanbul, Goktiirk represents an urban-ecological transition zone characterized by
fragmented green infrastructure, increasing impermeable surfaces, and topographically sensitive terrain. The area
consists of discontinuous public open spaces, residential settlements, and remaining forest fragments, reducing
ecological connectivity and increasing environmental vulnerability, particularly in terms of urban heat accumulation
and surface runoff. At the same time, these fragmented and underutilized spatial conditions offer an opportunity to
test adaptive and integrative ecological design strategies at the urban scale.
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Figure 3. Site As A Multi-Layer System \(Developed by the Authors).
4. Results
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At the urban scale, the conceptual prototype proposes an interconnected green-blue infrastructure system composed
of ecological corridors, permeable public spaces, sponge parks, and climate-responsive landscape networks. Rather
than functioning as isolated green areas, these systems operate as environmental infrastructure that improves airflow,
reduces urban heat accumulation, enhances rainwater retention, and strengthens ecological continuity between the
northern forest edge and the urban fabric. Public spaces are redefined as adaptive ecological systems where streets,
parks, and squares simultaneously support social activity and environmental performance.

At the architectural scale, environmental performance criteria directly inform building strategies through adaptive
shading systems, responsive facades, green infrastructure components, and passive cooling approaches. Buildings are
conceptualized as responsive environmental interfaces that contribute to microclimate regulation, water management,
and energy reduction rather than static architectural objects. Together, these interventions demonstrate how ecological
intelligence can shape both urban form and architectural expression within a coherent, data-driven design system.
Operating across multiple scales, the prototype illustrates the scalability of adaptive ecological urbanism and
reinforces the central argument of the thesis: urban resilience emerges through adaptability, continuous environmental
feedback, and the integration of ecological performance into spatial design processes.

ARCHITECTURAL STRATEGIES
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Figure 4. Architectural Strategies (Developed by the Authors).

5. Discussion

One of the main strengths of the proposed methodology is its integrative structure, which combines environmental
data, artificial intelligence, and spatial design within a unified ecological framework. Unlike traditional approaches
where environmental analysis remains a post-design assessment tool, this methodology positions ecological
performance as an active producer of spatial decisions. By integrating feedback loops, scenario-based thinking, and
continuous environmental data, the framework also supports an adaptive urban design approach consistent with
contemporary resilience theories.

Another significant contribution is the development of a transferable and performance-oriented workflow that bridges
the gap between data-driven smart city systems and ecological urbanism. The methodology demonstrates how
environmental intelligence can function directly as a design driver capable of generating adaptive spatial strategies,
going beyond mere monitoring.

However, the study also has some limitations. The Goktiirk prototype remains conceptual rather than technically
implemented, and the proposed IoT infrastructure is hypothetical due to limited access to real-time environmental
data. Furthermore, the methodology is highly dependent on data quality, organizational capacity, and contextual
conditions. Algorithmic scenarios also simplify complex socio-economic and governance realities such as ownership,
maintenance, and community engagement. These limitations do not weaken the framework; rather, they highlight
important areas for future research and practical improvements toward fully adaptable urban systems.
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IMPLICATIONS FOR ARCHITECTURE & URBAN DESIGN
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Figure 5. Implications for Architecture& Urban Design (Developed by the Authors).

The proposed methodology has implications not only for urban design practices but also for planning policies and
municipal governance. The study emphasizes that adaptive ecological urbanization depends on supportive institutional
structures and accessible urban data infrastructures. In this context, local governments play a critical role in developing
open and standardized data platforms that support evidence-based decision-making and ecological monitoring
processes.

The research also highlights the need for adaptive and performance-based planning frameworks instead of rigid zoning
systems. Planning regulations should prioritize measurable ecological outcomes such as rainwater retention, tree
cover, and environmental resilience, while allowing for design flexibility, rather than defining fixed urban forms.
Ultimately, the study advocates for a shift from static planning approaches to dynamic and continuously evolving
urban governance models based on interdisciplinary collaboration, experimentation, and long-term ecological
resilience.

6. Conclusions

The study addresses the methodological gap between data-driven smart city systems and ecological urban design by
proposing an Adaptive Ecological Urbanism framework that integrates environmental data, artificial intelligence, and
performance-oriented spatial design. Through theoretical analysis, international case studies, and the conceptual
Goktiirk prototype, the research demonstrates how ecological performance data can function as an active design driver
rather than a post-design assessment tool.

The Goktiirk prototype shows how satellite data, hypothetical IoT systems, and algorithmic scenarios can support
adaptive responses to urban heat accumulation and stormwater management. Instead of producing a fixed master plan,
the study proposes a flexible and evolving design framework based on continuous environmental feedback and
scenario-based spatial strategies.

The research contributes to urban design knowledge in four key ways: by developing an integrative methodology
linking environmental analysis and spatial design; by reframing artificial intelligence as a generative design partner;
by synthesizing transferable principles from international practices; and by demonstrating a conceptual proof of
application. Collectively, these contributions support a shift from static and form-based planning to adaptive,
performance-oriented urban design approaches.

Future research should focus on the practical application and validation of the methodology through real-time sensor
networks, interdisciplinary collaboration, and pilot projects. Further studies could expand the framework by
integrating governance, participation, and socio-economic dimensions and testing its applicability in diverse climatic,
cultural, and urban contexts.

Instead of presenting a fixed master plan, the prototype proposes a dynamic and evolving urban system capable of
responding to environmental feedback and changing ecological conditions. In this context, urban design is redefined
as a continuous and adaptable process rather than a static end product. Ultimately, the study advocates for a transition
from traditional smart city models to Adaptive Smart Cities are urban environments that learn from ecological systems,
respond to environmental change, and evolve through data-driven design strategies. By integrating artificial
intelligence, environmental performance, and spatial design within a consistent methodological framework, this
research provides a foundation for future resilient, responsive, and sustainable urban development approaches.




ICCAUA Proceedings Journal, Volume 9 (December 2026)

Acknowledgements

The author would like to thank Nesip Omer Erem for his academic guidance, valuable feedback, and support
throughout the development of this research. Appreciation is also extended to the Department of Urban Design at
Istanbul Technical University for supporting the research process.

Funding
This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.

Conflicts of Interest
The author reports no conflicts of interest.

Data Availability Statement

The data supporting the findings of this study consist of publicly available environmental datasets, satellite imagery,
and conceptual design analyses generated by the author. Additional materials and analytical outputs are available from
the author upon reasonable request.

Institutional Review Board Statement
Not applicable. This study did not involve human participants, animal subjects, or personal data requiring ethical
approval.

CRediT Author Statement

Rumeysa Hilal Aydemir: Conceptualisation, Methodology, Investigation, Formal Analysis, Visualization, Writing —
Original Draft, Writing — Review & Editing.

Nesip Omer Erem: Supervision, Conceptualisation, Methodology, Writing — Review & Editing.

All authors have read and approved the final manuscript.

Reference List

Boje, C., Guerriero, A., Kubicki, S., & Rezgui, Y. (2020). Towards a semantic construction digital twin. Automation
in Construction, 114.

European Commission. (2020). Leading the digital decade: A green and digital transition for Europe.

Frazer, J. (1995). An evolutionary architecture. AA Publications.

Holling, C. (1973). Resilience and stability of ecological systems. Annual Review of Ecology and Systematics, 4, 1—
23.

Innes, J., & Booher, D. (2010). Planning with complexity. Routledge.

Kabisch, N., Korn, H., Stadler, J., & Bonn, A. (2017). Nature-based solutions to climate change adaptation in urban
areas. Springer.

Kitchin, R. (2014). The real-time city? Big data and smart urbanism. GeoJournal, 79(1), 1-14.

Kitchin, R. (2021). The data revolution. Sage.

Leach, N. (2017). Architecture in the age of artificial intelligence. Bloomsbury.

Meadows, D. H. (2008). Thinking in systems: A primer. Chelsea Green Publishing.

Meerow, S., Newell, J., & Stults, M. (2016). Defining urban resilience. Landscape and Urban Planning, 147, 38—49.

Menges, A. (2012). Material computation: Higher integration in morphogenetic design. Architectural Design, 82(2),
14-21.

Mostafavi, M., & Doherty, G. (2010). Ecological urbanism. Lars Miiller Publishers.

OECD. (2020). Smart cities and inclusive growth.

Oxman, R. (2008). Performance-based design: Current practices and research issues. International Journal of
Architectural Computing, 6(1), 1-17.

Oxman, R. (2017). Thinking difference: Theories and models of parametric design thinking. Design Studies, 52, 4—
39.

Pickett, S. T. A., Cadenasso, M. L., & Grove, J. M. (2004). Resilient cities: Meaning, models, and metaphor for
integrating the ecological, socio-economic, and planning realms. Landscape and Urban Planning, 69(4),
369-384.

Portugali, J. (2011). Complexity, cognition and the city. Springer.

Shelton, T., Zook, M., & Wiig, A. (2015). The ‘actually existing smart city’. Cambridge Journal of Regions, Economy
and Society, 8(1), 13-25.

Sterman, J. (2000). Business dynamics: Systems thinking and modeling. McGraw-Hill.




ICCAUA Proceedings Journal, Volume 9 (December 2026)

Terzidis, K. (2006). Algorithmic architecture. Architectural Press.

Townsend, A. M. (2013). Smart cities: Big data, civic hackers, and the quest for a new utopia. W. W. Norton &
Company.

UN-Habitat. (2020). World cities report 2020: The value of sustainable urbanization. United Nations Human
Settlements Programme.

UNEDP. (2021). Adaptation gap report.

Walker, B., & Salt, D. (2006). Resilience thinking: Sustaining ecosystems and people in a changing world. Island
Press.




