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Abstract: The context for this article is sustainable and ecological green city and building
design; the intent is to advance architecture and ecology integration and multi-species
design in architecture through the development of a conceptual framework for and com-
putational approach to the early-stage design of ecological building envelopes, which
are enclosures of buildings that make provisions for humans, plants, and animals. This
entails two research questions: (1) how to integrate architectural and ecological domain
knowledge into a conceptual and methodological framework and (2) how to develop a
computational workflow and components for the early-stage design of ecological building
envelopes. A mixed-method approach was used to develop an ontology-aided generative
computational design process that combines computational ontologies, a voxel model, and
rule-based processes that generate design variety. The process was developed to support
two dominant design cases in architectural practice: masterplan design and building design.
This article outlines the underlying key concepts, the computational workflow, and the
developed key computational components and summarily indicates validation approaches
during the development process. Finally, thoughts on the technical implementation of the
computational workflow and components are indicated and further research questions
are outlined.

Keywords: ecological building envelopes; ontologies; knowledge graph; voxel model;
rule-based process

1. Introduction
The context for this article is sustainable and ecological green city and building design.

In response to the negative impact of human transformation on the Earth’s global and local
environments, the United Nations formulated the UN Sustainable Development Goals
(SDGs) as a call for action [1]. This includes the impact of urbanisation and construction
addressed in SDG 11 on “Sustainable Cities and Communities”. However, in the context of
green and ecological city design, SDG11 cannot be addressed in isolation. Urban climate,
ecology and biodiversity, and water and soil are critical elements to accomplish livable
green cities. This points towards the need to integrate the key SDG 13 on “Climate Action”,
SDG 15 on “Life on Land”, and SDG 6 on “Clean Water and Sanitation”. Furthermore, one
intended impact of sustainable and ecological green cities is human health and well-being,
as indicated by SDG 3, “Good Health and Well-being”. However, the United Nations
2024 report on the global progress towards the SDGs in the period from 2015 to 2024

Land 2025, 14, 840 https://doi.org/10.3390/land14040840

https://doi.org/10.3390/land14040840
https://doi.org/10.3390/land14040840
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0001-5899-5643
https://orcid.org/0000-0002-3841-8360
https://orcid.org/0000-0001-8766-4069
https://orcid.org/0000-0003-2968-6432
https://doi.org/10.3390/land14040840
https://www.mdpi.com/article/10.3390/land14040840?type=check_update&version=2


Land 2025, 14, 840 2 of 32

shows only medium progress on SDG 11 and marginal progress mixed with stagnation
or regression on SDG 3, SDG 6, SDG 13, and SDG 15 [2]. A corresponding report by
EUROSTAT shows a similar result for the European context over the recent 5 year period [3].
This highlights a gap in the “European Green Deal”, which recognises climate change and
environmental degradation as “an existential threat to Europe” [4] and the current trajectory
of development.

The linkage and dynamic interaction between the different SDGs implies that the stag-
nation or regression of some or several SDGs negatively impacts the development of other
SDGs. We argue, therefore, that to accomplish green and ecological cities and buildings
these linkages need to be closely considered and dealt with on an equal hierarchical level.
One item that is of great importance in this context is soil. The European Environment
Agency pointed out that many SDGs “cannot be accomplished without healthy soils and
sustainable land use” [5]. We propose addressing the question of the linkage and dynamic
interaction of the above-listed SDGs and soil within the framework of critical zone (CZ)
research [6]. CZ research focuses on “the heterogeneous near-surface environment in which
complex interactions involving rock, soil, water, air, and living organisms regulate the
natural habitat and determine the availability of life-sustaining resources” [7]. CZ research
involves hydrology, geomorphology, soil science, sedimentology, geochemistry, biology,
and ecology as well as climatology. Embracing the systems that make up the critical zone
means that the way sites are prepared for construction and how construction is executed
is no longer viable. Typically, the preparation of construction sites entails the removal
of vegetation and often also significant amounts of soil, resulting in massive alteration
or destruction of local soil and water regimes. This can be especially observed in urban
densification areas where soil is frequently removed (and precipitation water is channelled
away, leading frequently to concurrent drought and flooding) to make way for often multi-
story underground basements and parking, thereby making it difficult, if not impossible,
to support biodiversity and urban ecosystems.

The work portrayed in this article is part of the European Horizon 2020 Future and
Emerging Technology research project ECOLOPES—ECOlogical building envelopes. In
this project, we argue that the intensive greening of leftover spaces, such as streets, court-
yards, and balconies, is not enough to make cities fundamentally more green, ecological,
biodiverse, liveable, and healthy. Instead, we propose that to significantly expand the space
and surface available for the species that inhabit or could inhabit urban environments,
the exterior surfaces of buildings, that is, building enclosures or envelopes, need to be
utilised for the purpose of multi-species design, providing adequate spaces, conditions,
and resources for plants, animals, and (soil) microbiota.

The aim of the research is to develop a conceptual and methodological framework that
enables practitioners in architecture and planning to design ecological building envelopes.
The first research question is how to integrate architectural and ecological domain knowl-
edge into a conceptual and methodological framework. The second research question is
how to develop a valid computational design workflow and components for the early
design stage of ecological building envelopes from a multi-species design perspective The
second research question is how to develop a computational design approach that can
support this integration in the early design stage. This article portrays the development
of a conceptual framework for the early-stage design of ecological building envelopes,
which are enclosures of buildings that make provisions for humans, plants, and animals
as well as soil microbiota. The intent is to advance multi-species design in architecture,
urban ecology, and biodiversity as well as ecological accessibility and ecosystem services
and therefore health benefits for humans. This entails two research questions: (1) how
to integrate architecture and ecology, and (2) which computational design approach can



Land 2025, 14, 840 3 of 32

support this integration in the early design stage. Addressing these questions requires an
interdisciplinary approach that involves architects, landscape architects, ecologists, and
computer and data scientists to develop an adequate computational framework, workflow,
and tools [8–10]. In the overall ECOLOPES research project, the partners work on a variety
of aspects of this conceptual, methodological, and computational framework, including
ecological models [11,12], the performance of urban soils [13], criteria for multi-species
design [14], the initial computational design process (portrayed in this article), multi-criteria
decision making and the optimisation process [15], validation processes for both the design
outcomes [16] and the usability of the approach in architectural practice, etc.

In this article, we portray the development of a conceptual framework for the early-
stage design process for ecological building envelopes, which we term the ontology-aided
generative computational design process. In the results section, we describe the key concepts
that underlie our approach, followed by a description of the design cases for which we
develop the design process, the key computational components, the proposed computa-
tional design workflow, and the way we validate the ability of architects in training to
comprehend and use the conceptual and methodological framework set forth thus far. The
validation described in this article is focused on the development of the “ontology-aided
generative computational design process”.

2. Materials and Methods
As mentioned in the introduction, we pursued two research questions: (1) how to

integrate architectural and ecological domain knowledge into a conceptual and method-
ological framework to better integrate architecture and ecology en route to greener cities
and buildings, and (2) how to derive a computational design workflow for the early design
stage of ecological building envelopes. To pursue these questions, we used a mixed-method
approach. We undertook an inquiry into the state of the art of various topics through
several scoping literature reviews that have been published separately. These literature
reviews were paralleled by a narrative literature review to establish a theoretical framework,
principal approach, and key concepts that ground and frame this research. This led to the
identification of key concepts and the formulation of a computational design workflow and
key components for the early design stage of ecological building envelopes.

The development of the ontology-aided generative computational design process was in-
formed by a parallel validation process that focused on whether architects in training,
in this case, master’s-level students at TU Wien, were able to comprehend the defined
approach and key concepts as well as the intended workflow. For the purpose of this
validation, we conducted six consecutive master’s-level design studios focused on defined
design cases. The ability of the students to uptake key concepts, intent, and elements of the
design workflow was validated based on the feedback and design output. In this article,
we focus on describing the latter. The former will be reported separately in a further article.

Research through design, research processes that utilise design as a mode of inquiry,
played a key role in the work with master’s-level students in the dedicated design studios.
As Lenzholzer et al. pointed out, design “can be research, provided it complies with the
procedures, protocols and values of academic research (. . .). Creswell [17] described three
different types of research strategies: qualitative, quantitative, and mixed. He further
distinguished four substantially different worldviews within which these approaches can
be applied: (post)positivist, constructivist, transformative, and pragmatic. Regardless
of the worldview, the choice of the appropriate research strategy is always guided by
the research question(s)” [18] (p. 59). In accordance with the definitions provided by
Cresswell and Lenzholzer et al., we employed pragmatic research (real-world problems
and a mixed method approach) with elements of the (post)positivist approach (physical,
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prescriptive, generalisable, quantitative) and the constructivist approaches (new forms,
contextual, qualitative, inductive). In our case, the pragmatic approach employs mixed
methods for the purpose of testing design hypotheses, form generation, and computational
evaluation based on simulation tools. In this context, the below-described computational
components and the computational workflow were developed through a series of design
experiments conducted in master’s-level design studios at TU Wien, followed by phases of
conceptual and technological advancement performed by the research team.

To facilitate the development and operation of a data-driven design process for the
purpose of designing ecological building envelopes, it is necessary to have access to and
operate on multi-domain and multi-scale spatio-temporal datasets. The datasets required
for this research in part already exist and in other parts need to be generated. Furthermore,
multi-scale and multi-domain spatio-temporal datasets also need to be structured and
correlated. Open-access data provided in the municipal geoportal of the City of Vienna [19]
was used as a starting point for the computational design process. The developed design
process requires typical raster datasets provided by municipal portals, such as Digital
Surface Models (DSM) and Digital Elevation Models (DEM). The DSM dataset describes
the height values of buildings and vegetation, while the DEM is constructed by extracting
and interpolating the heights of the terrain. Additionally, orthophoto data containing
point colours and land-use classification data were sourced from the municipal geoportal
and included in the ECOLOPES Voxel Model. Open-source software frameworks, such
as QGIS (v. 3.22) and SAGA GIS (7.9.1), were used for GIS data processing. Finally, the
whitebox tools [20] were used to execute environmental analysis, i.e., locally specific solar
and wind exposure of a given site. The analysis results were stored as a series of raster
layers and imported into the ECOLOPES Voxel Model to inform the data-driven and
ontology-aided generative computational design process.

3. Results
In this section we first describe the key concepts that we developed, based on which

an early-stage design process for ecological building envelopes can be developed, followed
by an outline of the practice-based design cases that we address. Secondly, we describe
the computational components that are required for our approach, followed by an elabo-
ration of the computational workflow. Finally, we describe how we used master’s-level
architecture studios to validate whether architects can uptake the necessary key concepts
that provide design aims as well as the conceptual aspects of the design workflow.

3.1. Principal Approach and Key Concepts

In this section, we describe our principal approach to the early-stage design of ecologi-
cal building envelopes. In principal terms, we aim for a computational design approach
that can iteratively, along a number of defined steps, generate different design outcomes,
e.g., the generation of design variation, whereby each individual design can be validated,
and all design variants can be ranked and accordingly selected for optimisation. This is
not a novel approach as the possibilities of generating design variation have been recog-
nised as early as the 1970s [21]. The general idea behind generating multiple outcomes is
that complex design problems can be better tackled when there is a possibility to analyse
different outcomes in relation to a list of different domain-specific performance criteria,
i.e., architectural as well as ecological criteria. Given the multi-domain and multi-scale
characteristics of this approach to designing building envelopes, this entails a series of
domain-specific datasets and requirements that cannot be tackled by a planner or architect
alone. To support this type of design, it is therefore necessary to provide decision support
to designers, especially concerning requirements of other domains, i.e., ecology, and also in
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relation to cross-domain relations and items, i.e., linked architectural and ecological items
or relations. Linked to that is the need to deploy different domain-specific spatio-temporal
and multi-scale datasets that are required for rule-based and data-driven design processes.
These aspects are not only important from a methodological perspective but instead need
to be comprehended from a conceptual perspective to enable meaningful engagement with
the ontology-aided generative computational design process.

In our ongoing research we have examined, developed, and used data-driven methods
for analysing and understanding environments as well as for designing environments [22].
In this context, we have shown that in order to advance data-driven approaches for un-
derstanding and designing environments, it is necessary to employ a multi-domain and
multi-scale approach in relation to spatial, temporal, and functional scales. Moreover, we
have shown that it is useful to link analytical and generative workflows for the purpose of
addressing multi-domain design problems.

Two key concepts have been identified for the purpose of developing the ontology-aided
generative computational design process. The first one is “Networks, Nodes and Relations”
(see Section 3.1.1) and the second one is “Urban LandForm” (see Section 3.1.2).

3.1.1. Networks, Nodes and Relations

The comprehension of relations between items expressed in networks is a central
approach in our research. We approach this topic from an actor–network theory perspective.
Dwiartarma and Rosin explained that “actor–network theory (ANT) asserts that agency is
manifest only in the relation of actors to each other. Within this framing, material objects
exert agency in a similar manner to humans. (. . .) ANT (. . .) asserts that any entity that
exists within the social system is meaningful because of the network of relationships it
shapes with others (. . .) To account for this attribution of meaning, ANT uses the term actant
to distinguish its conception of an actor as embedded within network relationships (. . .) An
actant is thus defined as ‘an effect generated by a network of heterogeneous, interacting,
materials’ [23]” [24] (p. 28). In the context of our research nodes, network relations framed
within an ANT perspective include ecological networks (e.g., the relationships between
local species), human–nature interactions (e.g., the relationships between humans and other
species in an ecological network), and the relationship between architectural items and
features and ecological items, e.g., local species (including the resources required by them).
Establishing these nodes and networks is our inroad into preparing instructions for design,
as discussed in Section 3.4. Furthermore, such nodes or items and their relationships also
underlie the preparation of computational ontologies and knowledge graphs, as well as the
selection of relevant datasets for the design process, as shown in Section 3.3.

3.1.2. Urban LandForm

The following fundamentally challenges the currently prevailing understanding of
urban form and the form of buildings and, regarding the latter, also their status as discrete
technical objects that are clearly separate from their surroundings.

The study of urban form, or urban morphology, has been described as “the science of
form, or of various factors that govern and influence form” [25]. Araújo de Olivera stated
that “urban morphology means the study of urban forms, and the agents and processes
responsible for their transformation; and that urban form refers to the main physical
elements that structure and shape cities—streets (and squares), street blocks, plots, and
common singular buildings, to name the most important” [26] (p. 2). The problem we
perceive that is associated with understanding urban morphology or urban form as an
assemblage of discrete systems and objects is that this approach foregrounds what separates
items by placing emphasis on the distinction between systems, spaces, and objects and
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thereby on the features that separate them. The understanding of urban form as a set of
discrete items and systems evolved from a tradition of surveying (as can, for instance, be
seen in the work of Giambattista Nolli, e.g., in his survey of Rome (1736–1748)). This survey
is shown as a so-called figure–ground map, which separates a figure (building) from a
background (urban surface) and thereby a built space (object) from an unbuilt space. This
separation of figure from ground led to an understanding of the architectural object as a
discrete item, i.e., a building, that is clearly set apart from its surroundings. In this context,
the question arises as to whether an approach based on the dissociation of items and hence
an emphasis on boundaries and discontinuity is best suited as a framework for planning
and design when the design task requires correlating and operating on overlapping and
extensive territories and exigencies of different actors in urban ecosystems. This question
can be formulated as follows: What is the most adequate framework for understanding
urban form and architecture in the context of the objectives of promoting urban ecosystems
and biodiversity?

Regarding urban ecosystems, it is necessary to foreground connectivity, which ne-
cessitates deriving an approach to emphasise connection and common features, rather
than separation and distinct features. This is highlighted by the recognition of the fact
that the way cities are organised and divided into a mosaic of plots, resulting in fine-scale
heterogeneity, runs counter to the requirements for landscape connectivity. Landscape con-
nectivity “has been recognized for its importance to dispersal, foraging, species interactions,
population persistence, gene flow, and evolution [27] (. . .) these processes are notoriously
difficult to observe empirically (. . .). Measuring and maintaining these ecological processes
may be more important than ever in the face of intense anthropogenic impacts, such as cli-
mate and land cover changes [28]. Urban ecosystems have unique properties and have the
potential to uniquely contribute to local, regional, and global biodiversity” [29]. Lookingbill
et al. pointed out that “urban areas are pervasive and growing, and landscape connectivity
is one of the key drivers that shape urban evolutionary dynamics [30]. Understanding
the impact of urbanisation on movement of organisms and eco-evolutionary processes
will be important for long-term sustainability of urban areas and global biodiversity (. . .).
In social–ecological systems such as cities, landscape connectivity may be an indicator of
resilient systems that are able to persist, adapt, and transform in response to disturbances
and change [31,32]” [29] (p. 2).

In this context, we propose an approach that we term Urban LandForm, which in-
troduces a hybrid condition that fuses urban form and systems and landscape form and
systems to achieve a continuous and continuously varied urban terrain or landscape in
which the different systems and objects, e.g., buildings, partake. This is not an entirely new
approach. Two precedents or influences need to be pointed out. The first is the notion of
landscape urbanism, later repositioned as ecological urbanism, and the second is the notion
of landform buildings.

Waldheim explained that “‘ecological urbanism’ has been proposed to (. . .) describe
the aspirations of an urban practice informed by environmental issues and imbued with the
sensibilities associated with landscape (. . .). Ecological urbanism proposes (. . .) to multiply
the available lines of thought on the contemporary city to include environmental and
ecological concepts, while expanding traditional disciplinary and professional frameworks
for describing those urban conditions” [33] (p. 179). This approach resonates with the
research portrayed in this article but does not incorporate the building scale in a sufficiently
defined manner. The landform building approach initially seems to close that gap. Stan
Allen stated that: “Throughout the decade of the 1990s, architects looked increasingly to
landscape architecture—and later to Landscape Urbanism—as models for a productive
synthesis of formal continuity and programmatic flexibility (. . .) Landform Building traces
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an alternative history of architecture understood as artificial landscape (. . .) [and] reposi-
tions conventional understandings of object and field—architecture and landscape—within
the new domain of contemporary ecological theories” [34] (pp. 22, 30–31).

However, the buildings associated with the landform buildings approach generally
did not fully deliver the incorporation of ecological theories nor fundamentally different
types of constructions that incorporate provisions for multiple species and local ecosystems.
A systematic approach was lacking that would relate questions of form to microclimate
and biodiversity. Recent research on the relationship between geodiversity, microclimate
variation, and biodiversity may fill this gap. Landforms can be instrumentalised as a way
of providing geodiversity, which entails geological and geomorphological diversity [35].
More specifically, geodiversity entails “the natural range (diversity) of geological (rocks,
minerals, fossils), geomorphological (landform, processes) and soil features” and “their
assemblages, relationships, properties, interpretations and systems” [36]. Geodiversity is
a key factor in influencing local environmental conditions like microclimate [37], thereby
providing a useful way of modulating microclimate on an architectural scale and on urban
scales. Furthermore, recent research has shown that geodiversity supports the provision
of ecosystem services [38] as well as biodiversity [39,40]. Tukiainen et al. elaborated
that “Geodiversity is an emerging, multi-faceted concept in Earth and environmental
sciences. Knowledge on geo-diversity is crucial for understanding functions of natural
systems and in guiding sustainable development. Despite the critical nature of geodiversity
information, data acquisition and analytical methods have lagged behind the conceptual
developments in biosciences. Thus, we propose that geodiversity research could adopt
the framework of alpha, beta and gamma concepts widely used in biodiversity research.
(. . .) Thus, this study not only develops the geodiversity concept, but also paves the way
for simultaneous understanding of both geodiversity and biodiversity within a unified
conceptual approach” [41].

Approaching Urban LandForm from a geodiversity perspective in support of biodi-
versity requires an examination of how to consider relevant correlations between varied
landforms and the varied conditions that are derived from them as well as the dynamics
that shape these diversities. To do this systematically, a system of defining landforms or
terrain features is needed. A detailed description of our approach to this topic is provided
in Section 3.4 Computational Workflow.

3.2. Design Cases

In order to develop a design workflow that is relevant for practice, we decided to
address the two most common design cases that occur in architectural practice.

Design case 1 entails the design of a masterplan for a given site. In this case, the number
and distribution of buildings, including building footprint, floor area ratio, maximum
volume, and maximum height, are typically not defined and the purpose of the design case
is to determine these items. In the context of this research, this entails spatial organisation
through the distribution of architectural, biomass, and soil volumes (for design case 1,
we refer to these as primary volumes) as well as the geometric articulation of site and
buildings (for design case 1, we refer to this geometry as the primary landform). This
makes it possible to derive a continuous landform across the site, including all buildings as
part of this landform.

Design case 2 entails the design of individual buildings for which all constraints such
as building footprint, floor area ratio, maximum volume, building height, etc., are already
defined by an existing masterplan. Since the maximum volume is already given, and
hence, the primary volume is given, and to some extent, the primary geometry is limited
in modification due to given constraints, this design case is to partition a primary volume
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into secondary and tertiary architectural, biomass, and soil volumes. In the second step,
the specific building geometry, that is, the secondary and tertiary landforms, that can
enable access for different species to the biomass volumes is derived, especially if these are
elevated above ground. Design case 2 seeks to demonstrate that even though regulatory
measures and restrictions are in place, it is possible to achieve landscape connectivity
across individual buildings and their surroundings. In turn, it can be stated that larger-
scale connectivity can arise over time from cumulative new buildings in a bottom-up
approach. Such an approach can benefit from coordination between top-down (larger
scale goals) and bottom-up (cumulative construction) approaches, since both are guided by
shared objectives.

3.3. Computational Components

Three key components were developed for the ontology-aided generative computational
design process, which include (1) the EIM Ontologies that guide the design process in its
different stages and can be queried by the designer, (2) the ECOLOPES Voxel Model that
integrates relevant datasets for the design process, and (3) the ECOLOPES Computational
Model that generates design outcomes in the Rhinoceros 3D environment. The fourth part
is a designer interface in the Rhinoceros 3D Grasshopper environment. The approach to
the first three components is described in the following subsections.

3.3.1. EIM Ontologies and Knowledge Graph

Ontology is a technical term referring to an artefact designed to model the knowledge
of a domain of discourse at a certain level of detail [42], more specifically, it is an explicit
and formal specification of a shared conceptualisation [43]. A conceptualisation is an
abstract and simplified model of a domain of application that needs to be represented.
Ontologies make it possible to model the domain conceptually and formally by specifying
the relevant concepts and the relations between them in a consensual manner. There exist
many ontologies that are published online in RDFS or OWL ontology languages with the
aim of reusing the domain knowledge in a standardised form.

Knowledge graphs increase interoperability by expressing explicit facts or statements
using an ontology [44]. Concepts and relations from the ontology as a unified schema
are used to describe and therefore align various data sources. In addition, axioms in
ontologies are used to reason with explicit facts in the knowledge graph to deduce implicit
facts. Another definition states that “Knowledge Graphs are very large semantic nets that
integrate various and heterogeneous information sources to represent knowledge about
certain domains of discourse” [45].

To establish the current state of the art and research gaps, we undertook a scoping
literature review regarding the use of information modelling and computational ontologies
in planning, designing, and maintaining urban environments [46].

The EIM (Ecolopes Information Model) ontologies (see Figure 1), developed in collab-
oration with domain experts and adhering to Semantic Web and Linked Data best practices,
serve as a mediator between life sciences data (e.g., species distribution and habitats) and
geometric information (e.g., maps, voxel models of building structures). In this context, the
ontologies and the knowledge graph are used to answer different questions that are asked
by the designer, or so-called “competency questions”. Usually, competency questions are
used to define the scope of the knowledge graph and identify the gaps in knowledge in a
feedback manner. A detailed technical description of the development of EIM Ontology 1
(Knowledge Graph) has been published separately [47].
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the individual nodal points. Although voxel models are commonly associated with their
box-based 3D representation, the actual definition of a voxel model states that “each voxel
is a unit of volume and has a numeric value (or values) associated with it that represents
some measurable properties or independent variables of a real object or phenomenon” [49].
Voxel models can be represented as collections of 3D boxes or 3D spheres or rendered as
continuous isosurfaces. An important property of a voxel model is its capacity to represent
or encode numeric values that represent the real-world properties of the studied objects.
By developing computational methods that make it possible to integrate diverse datasets
and engage the end users with the voxel-based representation of real-world objects, we see
our approach to be aligned with Srihari’s definition of voxel models as “spatial-knowledge
representation schemata” [50].

The ECOLOPES Voxel Model contains and correlates multi-domain spatialised data
for the design process and its interactions with other components of the ontology-aided
generative computational design process for ecological building envelopes. Technically, it is
implemented in a database system, enabling real-time interaction with the ontology and
3D CAD environment, to enable designers to evaluate complex spatial constraints and
work with multi-dimensional data in multiple scales [51]. The integration of voxel and
ontological modelling is one of the central aims of this research and builds up on the RDB
technology to implement an interoperable voxel modelling environment, establishing an
interactive link with ontologies implemented in the GraphDB environment. The technical
implementation of the ECOLOPES Voxel Model is based on anticipating varied levels
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of computational proficiency on the part of the designer. For this reason, an easy-entry
solution was chosen in the format of relational databases, i.e., SQL databases, which are
widely implemented. User interaction will be realised through the ECOLOPES front-end
tools based on the Rhinoceros 3D and Grasshopper CAD environment, which is widely
used in architectural design (see Figure 2). The detailed development of the ECOLOPES
Voxel Model has been reported in a separate article [52].
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Figure 2. Designer interaction with the voxel model is facilitated within the familiar Grasshopper
3D environment, providing an easy-entry solution for the end users to engage with the multi-scalar,
spatio-temporal datasets stored within the database structure.

3.3.3. ECOLOPES Computational Model (Rule-Based Process)

We employ a rule-based computational model based on the designer’s input that
constitutes the input for generating design outcomes. This approach computes the design
outcomes based on the selected rules that can be run in a designated order. The selected
rules can range from the selection of solar requirements and proximity constraints to the
more elaborate selections in terms of space such as the rules for volume spatial distribution
or the generation of the geometry, i.e., geometry articulation. The ECOLOPES rule-based
process is orchestrated by the Grasshopper 3D environment and the results are visualised
in the Rhinoceros 3D CAD interface. The generation of design outcomes varies based on
the selection of rules and their respective order of application. The rule-based computa-
tional model is used to generate design variations for spatial organisation and geometric
articulation (Urban LandForm), as described in Section 3.4 Computational Workflow.

To facilitate interaction with ontologies, we chose to use an RDF triple store to store
and manage the knowledge graph and ontologies. Each triple store implements a SPARQL
endpoint functionality that allows the knowledge graph and ontologies to be queried or
updated. The rule-based approach is implemented by running a set of SPARQL queries in a
specified order to achieve the intended result. The SPARQL endpoint provides basic reason-
ing capabilities by enabling the execution of SPARQL queries, namely the CONSTRUCT-
type queries, which are used to mimic the rules within a rule-based process [52]. This
can be achieved by running a set of SPARQL CONSTRUCT queries in a designated man-
ner, representative of consecutive steps in a rule-based process. Our approach facilitates
this rule-based process based on the designers’ interaction within the Rhinoceros 3D and
Grasshopper environment. Designers can execute individual steps within the rule-based
process by executing a series of Grasshopper components for predefined SPARQL queries.
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This approach enables simple interaction between the designers and the ontologies within
a familiar computational design environment.

In the context of Loop 1, the implementation of a rule-based process provides designers
feedback on the placement of ArchiNodes and EcoNodes, which represent provisions for
ecological and architectural functions. Currently, the rule-based system evaluates proximity
and solar requirement constraints between all nodes placed by the designer. To satisfy
both the proximity and solar requirements, a sequential rule-based process is employed. A
series of SPARQL queries is executed, inferring if the first requirement is satisfied, followed
by the second requirement evaluation, etc. This assures the generalisation of the approach,
allowing for an arbitrary number of requirements. In the case of proximity requirements,
spatial requirements of the EcoNodes and ArchiNodes placed by the designers are repre-
sented as proximityMin and proximityMax relations computed within the environment
hosting the ontology. In the case of solar requirements, information on the solar exposure
of each location needs to be retrieved from the ECOLOPES Voxel Model. Currently, the
voxel model contains solar exposure information for each location on the case study site
where the designers can place an EcoNode or ArchiNode. The ECOLOPES Voxel Model
is implemented within a Relational Database (RDB) framework, mapping information on
solar exposure throughout the year to dedicated columns in the database, Moreover, this
information is interactively linked with the knowledge graph. To achieve this, we employed
a set of mappings that allow the voxel model—stored in an RDB—to be virtualised as a
knowledge graph. The mappings basically specify how each column of a table (or a query)
in RDB is mapped to an ontological term, thus exposing it as a knowledge graph using
the ontological terms specified in the mappings. This data integration framework is called
OBDA [53] (Ontology-based Data Access). This functionality is available off-the-shelf in
triple stores such as GraphDB. In the context of virtualisation, the knowledge graph is not
(physically) stored, meaning that the SPARQL queries are translated to SQL queries on the
fly against the voxel model stored in the RDB.

In the context of Loop 2 and Loop 3, the ontology-aided rule-based process provides
ongoing feedback on the placement of individual volumes and the generation of geometric
expression, as described in Section 3.4.2. The Generative Process. In the generative process,
a series of design solutions are generated in the interaction between the designers and
computational components constituting the rule-based process. In Loop 2, designers
define the initial generation criteria, such as the amount of architectural, soil and biomass
volumes and the rule-based process generates a series of spatial organisations that fulfil
both the generation criteria and the spatial constraints between the individual volumes.
For example, the placement of each biomass volume is constrained by the spatial constraint,
requiring a biomass volume placed directly underneath. To initiate the rule-based process
implemented for Loop 3, designers define the starting criteria by selecting a single spatial
organisation created in the previous loop and defining target values for the evaluation
criteria, such as geodiversity. Multiple geometric solutions are generated for the selected
spatial solution and the evaluation criteria as described in Section 3.4.2. The Generative
Process. Designers are interacting with the rule-based process in Loop 3 by adjusting the
target values for the evaluation criteria based on the interactive 3D visualisation in the
Rhinoceros 3D CAD environment. By making an informed decision, supported by the
proposed computational process, designers can accept the current geometric solution and
materialise the generated geometry as standard 3D CAD surfaces within the Rhinoceros
3D environment.
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3.4. Computational Workflow

Two distinct processes make up the workflow of the ontology-aided generative computa-
tional design process: (1) the translational process and (2) the generative process. These two
processes, described in the following subsections, consist of three distinct sequential steps
that we refer to as loops. Figure 3 shows the complete generalised workflow.
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Figure 3. This figure describes the entire early design stage workflow of the ontology-aided generative
computational design process. This process is divided into the translational process (Loop 1) and the
generative process (Loop 2 and Loop 3), as described in this section. Rhinoceros 3D provides the CAD
environment, while the EIM Ontologies are implemented in GraphDB, supporting designer queries
and aiding the rule-based generative processes.
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3.4.1. The Translational Process

The translational process comprises Loop 1 (Figures 4 and 5), in which the designer anal-
yses, correlates, and locates spatially architectural and ecological requirements contained
in a design brief, as well as design-specific determinations, while taking into consideration
relevant constraints (i.e., planning regulations). The key components of Loop 1 are EIM
Ontology 1 in the format of a knowledge graph that can be queried by the designer and
datasets contained in the Ecolopes Voxel Model that can be utilised by the designer in the
process of preparing the required input for the generative computational design process.
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The spatial configuration of the network nodes is evaluated by the rule-based process to check the
proximity and solar requirements, providing computational feedback for the designer.
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EcoNodes and ArchiNodes based on the feedback provided by the dedicated components of the
computational framework.
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3.4.2. The Generative Process

The generative process comprises Loop 2 (Figures 6 and 7) and Loop 3 (Figure 8). In
Loop 2, variations of spatial organisation are generated and evaluated. In Loop 3, specific
surface geometries are generated for selected outputs of Loop 2. The outputs are then
evaluated according to defined criteria, i.e., key performance indicators. Design outputs
combine 3D geometry in the Rhinoceros 3D software (version 8), datasets contained in the
ECOLOPES Voxel Model, and ontological output.
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Figure 6. This figure describes step one (Loop 2) of the generative process, in which variants of spatial
organisation are iteratively generated for a given site based on (1) designers’ feedback expressed
through generation criteria (amounts and types of volumes) and (2) computational feedback facilitated
as the evaluation of spatial constraints between the individual volume based on the generation criteria.

To deriving spatial organisation, we defined three distinct types of volumes:
(1) architectural volumes that indicate either buildings or parts thereof, (2) biomass vol-
umes, and (3) soil volumes (Figure 7). Together, these three types of volumes constitute
the spatial organisation of an ecolope. Design case 1 (masterplanning) entails the spatial
organisation of the entire site or plot. Design case 2 (building design) entails the spatial
organisation of the permitted building volume defined by planning regulations. We antici-
pate that in the process of developing the approach, each principal volume type will need
to be developed into subtypes, e.g., dense and sparse biomass volumes as shelter or area
for movement for different animal species.

As described in Section 3.1.2, our approach to generating geometry for urban and
building forms is based on our concept of Urban LandForm. This necessitates a systematic
way of defining and identifying terrain features, which can be based on geomorphome-
try [54], which is the scientific analysis of land surface [55]. Land surface is understood
as continuous. General geomorphometry is used to analyse landforms that are “bound
segments of a land surface and may be discontinuous” [56]. Specific geomorphometry
entails the analysis of geometric and topological traits of landforms [57]. A clear definition
and delineation of landforms can pose ontological challenges [58]. However, geomorpho-



Land 2025, 14, 840 15 of 32

metric parameters [57] can describe the morphology of the land surface and geomorphons
can be used to classify and map landform elements. Recent research outlined a “novel
method for classification and mapping of landform elements (. . .) based on the principle of
pattern recognition” [59]. Since various types of urban geometry are not included in the
geomorphons, we extended and adapted this method to the study and development of
urban forms, understood as continuous terrain.
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process where initial volume distributions are iteratively generated. Three types of cuboidal spatial
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Figure 8. This figure describes step two (Loop 3) of the generative process, in which variants of
geometric articulation for a given site and/or building volume are generated. The output of Loop 2
(spatial organisation) is used as the input for step three, in which EIM Ontology 3 aids the generation
of variants of geometric articulation to accomplish the desired levels of landscape connectivity.
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The main premise that guides the development of the Topographic Pattern approach is
the existing limitation of the geomorphons approach related to their possible application for
the generation of fully 3D geometry to enable the generation of landforms, now extended
to Urban LandForm. Three properties of the geomorphons are decisive in this regard.
Firstly, geomorphons describe terrain surfaces in terms of ternary patterns, consisting of a
central point and eight directly neighbouring points. Geomorphons encode the relative
height difference between the central point and eight neighbouring points, denoted with
three symbols (+, − or 0). Since this notation refers to the relative height difference, no
assumptions about the absolute vertical positions of the points constituting the pattern
can be made. Figure 1 in Jasiewicz and Stepinski [59] provides an intuitive description
of this property. Secondly, the algorithmic definition of the geomorphons is intentionally
constructed to accommodate different sizes of the terrain features representing the same
geomorphon. Therefore, the position of the nine points constituting the ternary pattern
is not fixed on the horizontal plane. The original geomorphon algorithm calculates nadir
and zenith angles to derive the horizontal position of the eight neighbouring points. The
original paper [59] explains the concept of the zenith and nadir angles and demonstrates
how four different geometries are representative of a valley geomorphon. Finally, since
the original geomorphons approach is based on a 2.5D terrain surface representation, it
does not take into consideration surface thickness, surface discontinuity, or undercuts,
vertical surfaces, and transitions between horizontal and vertical surfaces. Addressing
these limitations required the development of an extended approach, which we refer to
as Topographic Patterns. Initially, four categories of Topographic Patterns were proposed.
The first category was directly derived from the geomorphons approach and referred to as
horizontal Topographic Patterns. The second category applies the logic of geomorphons to
vertical surfaces. The third category facilitates the transition between vertical and horizontal
surfaces, and the fourth category represents undercut geometries. Figure 9 describes the
four groups of Topographic Patterns.

Although each group contains only ten individual patterns, the application of this
computational logic is challenging. This is due to the fact that each of the geometric patterns
is representative of a large group of ternary patterns. In the case of geomorphons, if we
consider three possible signs (−, 0, +) and eight neighbouring points in the pattern, all
possible pattern combinations can be created by computing a cartesian product of this set,
resulting in 6561 possible combinations. In the geomorphons approach, a combination of a
deduplication strategy and a lookup table was used to distil all possible configurations into
the ten canonical geomorphons. In particular, the role of the lookup table was to classify
the ternary patterns representing an imperfect valley and a perfect valley into a single
“valley” geomorphon. For reference, see Figures 4 and 5 in Jasiewicz and Stepinski [59].
The challenge for the Topographic Patterns approach and Urban LandForm geometry
generation is twofold. Firstly, the proposed approach needs to facilitate the absolute vertical
position of the points constituting the Topographic Pattern, instead of the relative height
difference denoted within the geomorphons approach with the three symbols (−, 0, +).
Because of this, the amount of possible pattern combinations is much larger. Moreover, the
lookup table strategy is only partially applicable since the ternary patterns would yield
different 3D geometries.
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Although each group contains only ten individual patterns, the application of this
computational logic is challenging. This is due to the fact that each of the geometric patterns
is representative of a large group of ternary patterns. In the case of geomorphons, if we
consider three possible signs (−, 0, +) and eight neighbouring points in the pattern, all
possible pattern combinations can be created by computing a cartesian product of this set,
resulting in 6561 possible combinations. In the geomorphons approach, a combination of a
deduplication strategy and a lookup table was used to distil all possible configurations into
the ten canonical geomorphons. In particular, the role of the lookup table was to classify
the ternary patterns representing an imperfect valley and a perfect valley into a single
“valley” geomorphon. For reference, see Figures 4 and 5 in Jasiewicz and Stepinski [59].
The challenge for the Topographic Patterns approach and Urban LandForm geometry
generation is twofold. Firstly, the proposed approach needs to facilitate the absolute vertical
position of the points constituting the Topographic Pattern, instead of the relative height
difference denoted within the geomorphons approach with the three symbols (−, 0, +).
Because of this, the amount of possible pattern combinations is much larger. Moreover, the
lookup table strategy is only partially applicable since the ternary patterns would yield
different 3D geometries.

Based on the identified constraints, our current study addresses a subset of 3D ge-
ometries that can be derived from the Topographic Pattern approach. The presented
experimental study is based on horizontal Topographic Patterns and fixed vertical positions
of the eight neighbouring points. We decided to investigate the affordances of the proposed
approach based on research-through-design inquiry, instead of the exhaustive evaluation
of the computational approach followed by a feasibility evaluation. Since the overarching
goal is utility in the design process, this approach allows us to manage the complexity of the
proposed Urban LandForm approach. At the same time, we can identify and proactively
solve upcoming problems based on a reduced set of possible geometries.

The proposed ontology-aided design process is guided by the interaction between the
designers and the ontology to facilitate the geometric expression of the Urban LandForm
(Figure 10). This interaction facilitates the initial creation and iterative refinement of the
spatial organisation, expressed as the three types of volumes. Individual volumes are
defined through their position and additional properties, both derived from the designer’s
decisions and inferred through ontological reasoning. In the first case, designers can make
explicit spatial decisions by positioning nodes in the translational process, such as the
placement of an EcoNode. In the ontology-aided design process, node properties are mapped
to the individual volumes, and additional properties, such as the minimum solid content,
required by the plant indicated through the designer, are inferred by the ontology. In
Loop 3, geometric expressions of the design are created, and this expression is informed
by (1) volume properties defined in Loop 1 and (2) designers’ feedback informed by the
achievement of the defined criteria, i.e., key performance indicators. To facilitate the synergy
between biodiversity and geodiversity discussed in Section 3.1.2, we guide the process of
geometry generation by incorporating designers’ interactive feedback on (1) the amount of
soil and (2) geodiversity, while (3) assuring the connectivity of the created surface with a
focus on landscape connectivity. Representative metrics are inferred by the ontology based
on the properties describing individual Topographic Patterns and the properties derived
from the previous loops.
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geodiversity and target the soil content of the final solution.

3.5. Validation of the Conceptual Framework

The ambition of the ECOLOPES project is to develop a robust design approach and
computational workflow and related tools for practitioners, e.g., architects and planners.
The validation of the different parts of the workflow and developed components of the
overall research project has been led by another partner in the project consortium and will
be published separately. Regarding the development of the approach to the early design
of ecological building envelopes, facilitated by the ontology-aided generative computational
design process, we needed to examine whether practitioners can adequately uptake the
principal approach within a reasonable amount of time. For this purpose, we worked with
master’s-level students who had already received basic training during their bachelor’s-
level studies as representative young practitioners with some practice experience. This was
carried out in the context of seven one-semester-long master’s-level studios.

As mentioned above, we pursued two research questions: (1) how to integrate architec-
tural and ecological domain knowledge into a conceptual and methodological framework
to better integrate architecture and ecology en route to greener cities and buildings and
(2) how to derive a computational design workflow for the early design stage of ecolog-
ical building envelopes. For validation, we focused on the first question. We therefore
needed to examine whether the master’s students were able to comprehend and utilise our
approach to integrated architectural and ecological domain knowledge in the form of the
developed conceptual and methodological framework. This was carried out by sequencing
the thematic approach to the different editions of the master’s-level design studio over its
seven runs, thereby gradually increasing the complexity of the approach.

The first two studios focused on design case 1, “building design” (see Section 3.2),
namely the design of a kindergarten at the western perimeter of the city of Vienna, directly
adjacent to Wienerwald and a Habitat 2000 nature preserve area. Students had access to
information regarding the local plant and animal species pool via the cadaster website of
the City of Vienna. During the first two runs of the studio, we focused on the key concept
“Networks, Nodes, and Relations” (see Section 3.1.1).

The third and fourth studios focused on a large inner urban redevelopment area in
Vienna with some existing ecosystems. In these editions, we focused on both design cases,
(1) building design and (2) masterplan (see Section 3.2), and on the key concepts “Networks,
Nodes, and Relations” and “Urban LandForm” (see Section 3.1.1).

The fifth, sixth, and seventh studios focused on the particular topics of human–nature
interactions, soil bodies, and the natural hydrological cycle, respectively, asking for the
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design of a plot with a visitor centre. These studios focused on design case 1, “building
design” (see Section 3.2), and the development of the key concept “Urban LandForm” in
relation to human–nature interactions and local soil and water regimes, respectively.

Each studio commenced with a two-week workshop on relevant topics including local
plant and animal species; local soils; local climate; the hydrological cycle; construction
methods in landscape engineering and landscape architecture; calculating the ratios of
architecture, biomass, and soil volumes of current state-of-the-art green buildings; etc. In
parallel, various Geographic Information Systems tools for analysis were introduced to
enhance the skill set in generating the required datasets on local climate, water runoff,
terrain form, etc. This phase served to ground the design work in accumulated knowledge
and skills. During the following 14 weeks, projects were developed that were closely super-
vised by the teaching staff, who also delivered themed lectures and seminars to support the
design development of the projects. As described in Section 2, Materials and Methods, a
research-through-design methodology was applied. To support the students with necessary
ecological knowledge, ecologists from within and from outside the research project consor-
tium were invited to give feedback and required information to the students. We evaluated
the robustness of the above-described key concepts and workflow based on the design
output of the students. Examples of the design output are described below. In addition,
questionnaires were used to obtain feedback from the students regarding their learning
experience. The results obtained from the questionnaires will be published separately.

During the first two runs, the master’s-level ECOLOPES studio at TU Wien focused
on the design of a kindergarten with an ecological building envelope including close
integration with the site. The site for this project is located at the western perimeter of
the city of Vienna, where the suburban fabric transitions into the Wienerwald and the
Natura 2000 protected nature area. During this first run of the ECOLOPES studio, focus
was placed on a species-rich area to focus on (1) the interactions between the children in the
kindergarten and the other species on site, (2) the types of provisions the selected species
require, and (3) the development of conceptual and methodological approaches to evidence
and data-driven multi-species design. Both presented projects made use of networks
to describe and operate on relations between environmental conditions, plant species
and their locations, animal species provisions, and human and plant and animal species
interactions. Two conceptual and methodological developments were directly related to
the ontology-aided generative computational design process: (1) the dataset maps, which contain
spatio-temporal and multi-domain data for the design process; and (2) the dataset networks,
which describe relationships between individual architectural and ecological items and
which are used to initiate the design process by localising and correlating items described
in the architectural and ecological design brief.

Master’s students Filip Larsen and Juliana Schuch focused on working with the key
concept “Networks, Nodes, and Relations” (see Section 3.1.1). In their project, a series
of environmental and topographical analyses resulted in two datasets: (1) maps and
(2) networks. Focus was placed on how these datasets can be correlated and how they can
cross-inform one another to aid the distribution of plant species or the location of provisions
for animals. The methodological development required the formulation of a rule-based
system that resolves how different datasets can inform one another in a meaningful manner
for the purpose of executing the translational process, which initiates the generative design
process (Figures 11 and 12). Even in the first runs of the studio, students showed themselves
to be capable of taking up knowledge about identifying critical items and understanding
relations between them. This is a capacity that is already trained within the disciplines of
urban planning and architecture but is extended here to multi-domain relations. With some
help from relevant domain experts, e.g., ecologists, the students were also able to do so



Land 2025, 14, 840 21 of 32

across different knowledge domains. This capacity can support a good understanding of
the logic of ontologies and therefore support the utilisation of ontologies and knowledge
graphs for the purpose of query, especially of multi-domain relations that are required to
inform design decisions. The following example further exemplifies this.
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Figure 11. Dataset maps (left) and nodes and networks (right) produced by master’s students Filip
Larsen and Juliana Schuch to inform the design process. This work is closely related to the translational
process, in which contextual conditions (i.e., local climate) and constraints (i.e., planning regulations)
are imported into the Rhinoceros 3D and Grasshopper CAD environment and where nodes are placed
and relations between them are established to provide networks.
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Figure 12. This figure provides an example of how master’s students Filip Larsen and Juliana Schuch
correlated the dataset maps (in this case, a composite map of different microclimatic conditions) and
nodes and networks (in this case, a network of architectural programmatic requirements) to inform
the design process. In this process, compatibility and incompatibility between conditions and nodes
are defined manually and marked with an ‘x’ in the table. This process precedes the availability of a
knowledge graph that can be queried, thereby making this step considerably more work-intensive
and dependent on various rounds of domain-expert feedback.
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Master’s student Victoria Nemeth also focused on working with the key concept
“Networks, Nodes, and Relations” (see Section 3.1.1), with primary emphasis on the
interactions between the children in the kindergarten and plant and animal species on
site and the types of provisions the selected species require. The project was developed
through a detailed list of selected species as well as the intended interactions between the
kindergarten children and the selected species. This was followed by the development of
a strategy for the distribution of plant species or provisions for animals, describing the
different provisions required by each selected species and defining measures to integrate
these, either in the envelope of the kindergarten or the surrounding site (Figures 13–15).
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Figure 13. This figure, produced by master’s student Victoria Nemeth, describes the intended
relationships between kindergarten children and plant and animal species on site. Such explicit
human–nature interaction networks can be expressed as one type of various networks as part of the
translational process.
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Figure 14. This figure, produced by master’s student Victoria Nemeth, describes the intended
relationships between different species and their required resources, leading to spatially locating
these items and their relations on-site through a manual process that preceded the availability of a
knowledge graph that can be queried, thereby making this step considerably more work-intensive
and dependent on various rounds of domain-expert feedback.
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Figure 15. This figure, produced by master’s student Victoria Nemeth, describes the provisions made
for different plant and animal species by the design of the building envelope, also showing, wherever
required, the intended interactions between kindergarten children and plant and animal species.

In its third and fourth runs, the master’s-level ECOLOPES studio focused on the
centrally located urban development area Nordbahnhof Freie Mitte in Vienna and the
utilisation of the key concept “Urban LandForm” (see Section 3.1.2). The project site was a
former major rail yard that comprises several ecosystems. The selected project example is
for design case 2, the design of an individual building for which all constraints, such as
footprint, floor area ratio, maximum volume, maximum height, etc., are already defined by
an existing municipal masterplan. Since the generic maximum allowed volume is already
given by the masterplan, the task was to define the spatial organisation and geometric
articulation of the building, together with the placement of soil volumes, plant species,
and accessibility and provisions for animal species. Master’s students Julien Doyen and
Blandine Seguin first calculated the ratios of architectural, soil, and biomass volumes
for a series of current state-of-the-art green buildings to define a target ratio that goes
significantly beyond the current state of the art (Figure 16). Subsequently, a series of green
volume types were established (Figure 17), solar exposure analysis of the surfaces of the
allowed maximum volume was undertaken, and the different types of green volumes



Land 2025, 14, 840 24 of 32

were distributed within the overall allowed building volume in accordance with their
individual solar exposure requirements (Figure 18). In the final step, the connectivity
between these green spaces was addressed, soil volumes were allocated, plants from a
selected species list were placed, and accessibility and resources for animal species were
defined (Figures 19 and 20). This project followed closely the Urban LandForm approach
for building design, thereby corresponding with the envisioned outcomes of Loop 3 of the
generative process.
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calculated ratios of architectural, soil, and biomass volumes for state-of-the-art green buildings (right)
and sets the task for a ratio that goes beyond the current state of the art (left).
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Land 2025, 14, 840 25 of 32Land 2025, 14, x FOR PEER REVIEW 27 of 35 
 

 

Figure 18. This figure, produced by master’s students Julien Doyen and Blandine Seguin, shows a 
solar exposure analysis of the available maximum building volume (top) and a table that organises 
the defined green space types according to their solar exposure needs (bottom). This enables a dis-
tribution of the green building types based on the solar exposure analysis. 

Figure 18. This figure, produced by master’s students Julien Doyen and Blandine Seguin, shows a
solar exposure analysis of the available maximum building volume (top) and a table that organises
the defined green space types according to their solar exposure needs (bottom). This enables a
distribution of the green building types based on the solar exposure analysis.
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A number of students who participated in the studios continued their studies by focusing 
their master’s thesis on the ECOLOPES topic. One of the students who took the studio 
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Figure 19. This figure, produced by master’s students Julien Doyen and Blandine Seguin, shows
an axonometric view of the resulting design derived from connecting the distributed green space
types with a continuous surface to ensure landscape connectivity from the site level to the roof
level of the project.
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Figure 20. This figure, produced by master’s students Julien Doyen and Blandine Seguin, shows the
four different elevations of the project with a greater density of green spaces to the south, east, and
west and a lesser density of green spaces to the north, where more cold-loving plants and animals
can find appropriate conditions and provisions.

The student work discussed above shows that master’s-level architecture students
were able to comprehend and utilise the developed key concept workflow, even though
they challenge the currently prevailing approach to and related workflows of urban and
architectural design on a fundamental level. In general, the topic resonated with students.
A number of students who participated in the studios continued their studies by focusing
their master’s thesis on the ECOLOPES topic. One of the students who took the studio
and wrote her master’s thesis on the topic recently commenced her PhD on an ECOLOPES-
related topic. This indicates that a younger generation of future architects is sincerely
interested in more complex approaches to sustainability and the ECOLOPES topic and
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is ready to invest time and commitment into interdisciplinary and sustainability-related
topics, even though this entails a significant effort.

4. Discussion
The conceptual framework and key concepts are currently developed to a level that

facilitates a closely defined design approach, as shown in Section 3.5. In general, the uptake
of the principal approach, as well as key concepts and methodologies, has been effective
in the group of master’s-level students who participated in the ECOLOPES studios, as
shown in Section 3.5. Still, further development and refinement are required to advance
the approach.

Regarding the key concept “Networks, Nodes, and Relations” and related method-
ology, the master’s-level students demonstrated the capacity to uptake and utilise this
concept and approach effectively. However, the methodology—together with the associated
computational components—needs to be further advanced to become more instrumental
in its application, for instance, in terms of its use in the context of the EIM Ontologies and
the knowledge graph. This is necessary to provide practices in different locations with
relevant datasets and decision support that reflects the specific situations and needs of
different contexts. This further development is by necessity an ongoing process since the
composition of content, i.e., ecological items and relations in networks, is always, to a
large extent, locally specific and related to the specifically selected design intentions and
ecological strategies. Due to this, the network approach is always incomplete since there
exists no finite set of relations that work for every condition and context. For the EIM
Ontologies and the knowledge graph, this implies further content development to sup-
port logical reasoning. This requires constant development in terms of additional content
and in terms of updating existing content. What makes this a considerable challenge is
that domain-specific or multi-domain worldviews might change, i.e., fostered by the ad-
vancement of novel ecological approaches, which can entail significant changes in current
content, e.g., the redefinition of items and their relations. As such, this entails ongoing
conceptual and also technical developments of content, together with the computational
processes and components that operate on network relations as an input, for instance, in
the transition from the translational to the generative process. This is, in general, the case
with computational ontologies and can be addressed in various ways, i.e., by modularising
ontologies so that revisions or extensions can be apportioned in a more feasible manner.
Further research is needed to establish the most feasible and instrumental way forward.
We aim to pursue this research to deliver related computational components at a higher
technical readiness level.

Regarding the key concept “Urban LandForm”, several further developments are
needed. First, it will be necessary to develop the geometric approach in such a manner
that geometric articulation across several levels of hierarchy becomes possible. Since the
underlying logic of Topographic Patterns is not bound to a specific geometric resolution,
this is generally possible but will require further research into how one terrain form can
be nested within another without resulting in surface discontinuity in the process of
form generation. Second, an extensive library of relationships between different terrain
forms, their microclimate modulation capacities, and the capacities of microclimates to
cater to biodiversity needs to be set up. This presents a considerable challenge for two
reasons: (1) research into the relationship between geodiversity, microclimate variation, and
biodiversity is new and requires further development; (2) climate change impacts on how
terrain forms in specific local contexts might result in or modulate specific microclimates.
Addressing these aspects is a complex interdisciplinary undertaking that necessitates
considerable research efforts.
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Third, landscape dynamics need to be addressed and embedded within the overall
approach to Urban LandForm. Wood and Handley explained that “[l]andscape dynamics
refers to a process of landscape evolution, tracing the relationship between humankind
and the natural environment. Its study is related to, but not coextensive with, land-
use and land-cover change [60], and views landscapes as holistic entities which reflect
physical and cultural influence [61,62]. A systems perspective is helpful in understanding
the nature of landscape dynamics whereby a process of feedback complements a linear
relationship of inputs, process and outputs; in short, a group of parts interacting in manifold
processes” [63,64]. Marcucci elaborated that “[l]andscapes are constantly changing, both
ecologically and culturally, and the vectors of change occur over many time scales. To
plan landscapes, they must be understood within their spatial and temporal contexts. (. . .)
the inevitable dynamism in a landscape requires planning to explain and to deal with
change (. . .) planning has been slow to do this, in part because it is inadequately equipped
to analyse both rapid change and gradual evolution. A landscape history exposes the
evolutionary patterns of a specific landscape by revealing its ecological stages, cultural
periods, and keystone processes. Such a history can be a valuable tool as it has the
potential to improve description, prediction, and prescription in landscape planning” [62].
In principal terms, landscape dynamics run counter to the perceived mandate for urban
design and architecture to produce stable conditions. However, cities evolve over time,
and urban evolution and planning could be linked with landscape dynamics. This would
necessitate commencing an entirely new field of research with the intent to facilitate
urban and landscape hybrid conditions, likely leading to novel forms of hybrid land
use and related land cover arrangements that could be significantly more sustainable,
thereby operating on enhancing the linkages between SDG 11 on “Sustainable Cities and
Communities”, SDG 13 on “Climate Action”, SDG 15 on “Life on Land”, and SDG 6 on
“Clean Water and Sanitation”. Fourth, the question of how to construct an Urban LandForm
requires addressing. In parallel to the research portrayed in this article, we have made
the first steps in this direction by investigating construction approaches and methods in
landscape architecture and landscape engineering as a way of engendering architecture and
landscape architecture hybrid typologies that can incorporate much greater soil volume
than current architectures and state-of-the-art green buildings. We term this approach
geomorphic tectonics [65]. Initial research has commenced but needs to be related to the three
aforementioned points of developing the Urban LandForm approach. We will develop the
key concept of Urban LandForm further to provide an instrumental framework that can be
employed by urban planners and architects in different locations.

Overall, the ECOLOPES research project, and more specifically the task of our team,
has raised a series of fundamental questions that significantly challenge how urban plan-
ning and design and architecture are practised today. More research and development
efforts need to be invested in to commence a trajectory that is as inclusive and holistic as
described in the introduction. As part of this undertaking, it is necessary to communicate
and collaborate with people in governance, urban planners, and architects to generate
interest in and awareness of the presented approach and collaborate with domain experts
from geo- and life sciences towards a common goal. Finally, the general public needs to
be addressed since it cannot be taken for granted that urban dwellers will inherently see
an expanded urban human–nature interface as an advantage. Teaching new generations
of students is part of addressing many of the above-mentioned needs and will need to be
refined in the process of updating the professions of urban planning and architecture to be
better able to embrace complex questions concerning climate action and urban ecology.
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5. Conclusions
In this article, we portrayed the development of a conceptual framework for the

early-stage design of ecological building envelopes. We term this framework an ontology-
aided generative computational design process. In this context, we pursued two research
questions: (1) how to integrate architectural and ecological domain knowledge into a
conceptual and methodological framework to better integrate architecture and ecology
en route to greener cities and buildings and (2) how to define a computational design
workflow for the early design stage of ecological building envelopes. To pursue these
questions, we used a mixed-methods approach. The primary outcomes include two key
concepts: (1) “Networks, Nodes, and Relations” and (2) “Urban LandForm”. The two-
step computational design workflow includes (1) the translational process and (2) the
generative process. In the translational process, the designer analyses, correlates, and
locates spatially architectural and ecological requirements contained in a given design
brief as well as design-specific determinations while taking into consideration relevant
constraints (i.e., planning regulations). The generative process comprises two steps. In step
1, variations of spatial organisation are generated and evaluated. In step 2, specific surface
geometries are generated. The final design outputs combine 3D geometry in the Rhinoceros
3D software, datasets contained in the ECOLOPES Voxel Model, and ontological output.
Three key computational components were developed that include (1) the EIM Ontologies
that guide the design process in its different stages and can be queried by the designer,
(2) the ECOLOPES Voxel Model that integrates relevant datasets for the design process, and
(3) the ECOLOPES Computational Model that generates design outcomes in the Rhinoceros
3D environment.

Regarding the key concepts, further development is required for Urban LandForm,
with particular attention paid to the relationship between form and performance. Current
research on the relationship between geodiversity, microclimatic diversity, and biodiversity
offers a promising inroad to further development in the context of planning and design.
The key concept “Networks, Nodes, and Relations” relates strongly to the key component
of EIM Ontologies and needs to be further developed in conjunction with the ontologies,
especially when the scope of different domain knowledge is expanded. The ontology-aided
generative computational design process, in terms of the outlined computational workflow
and the key computational components, has been developed to the extent that all address
the needs of data-driven design of ecological building envelopes. Further development
steps include both technical development to higher technology readiness levels and the
further integration of datasets pertaining to the different knowledge domains required.
The latter is an ongoing process for both the EIM Ontologies and the ECOLOPES Voxel
Model and the rule-based generative design process. One critical element is to maintain
throughout further development steps a constant dialogue with practitioners and domain
experts to (1) ensure the relevance of both content and processes and (2) perpetually
develop key performance indicators to evaluate design outputs. In terms of the overall
ECOLOPES research project, it will also be necessary to initiate and maintain a constant
dialogue with governance to implement a necessary legal and regulatory framework that
supports the implementation of ecological building envelopes as well as a constant dialogue
with the general public to address the acceptance of and expectations regarding a shared
multi-species environment.
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