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EXECUTIVE SUMMARY 

This report outlines the development of the ECOLOPES Voxel Model as a component of the 
ontology-aided generative computational design process for the design of ecological building 
envelopes. This report is closely related to the simultaneously submitted reports on D4.2 
Interim EIM Ontology, D5.2 ECOLPES Voxel Demo, and D5.4 ECOLOPES Computational Model. 
Together these deliveries describe the ontology-aided generative computational design 
process. 

In the context of this research project, which requires correlating and spatializing multi-
domain data, focus is placed on the use of voxels as spatial-knowledge representation 
schemata (Srihari 1981) for use in planning and design. According to Kaufman, “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” (Kaufman 
1993). This understanding implies that voxel models can be utilized as spatial data structures 
that encode different representations of domain-specific knowledge. 

Project specific data for the generative design process is contained in the ECOLOPES Voxel 
Model and in the CAD model. The ECOLOPES Voxel Model consists of a SQL database. Only 
data that can be expressed spatially is contained within the voxel model. The data contained 
in the voxel model is derived from (1) open and expert databases, (2) the ecological model 
(See report D4.1 Preliminary EIM Ontology), (3) the knowledge generation framework (See 
report D3.2 Draft ECOLOPES platform architecture), (4) the EIM Ontologies (see report D4.2 
Interim EIM Ontologies), and (5) computational simulations, generated in preparation of or as 
part of the generative phase of the process. 

Section 1 describes the role of the ECOLOPES Voxel Model in the ECOLOPES Computational 
Framework. Furthermore, we elaborate the conceptual and technical characteristics of the 
ECOLOPES Voxel Model. Voxel models emerged in the field of computer science in the 1960s 
and were named “spatial knowledge representation schemata'' according to Srihari (1981). 
Single voxel unit can be seen as an 3D equivalent of a 2D pixel in an image. Although, voxel 
models can contain multiple numeric values assigned to a single voxel unit and are able to 
represent objects in multiple scales “ranging from organs interior to the human body to rock 
microstructures” (Srihari 1981, 399). From a technical perspective, the presented approach to 
voxel modeling utilizes the RDB environment (PostgreSQL) to enable adequate integration 
with external components and to implement basic computational procedures, such as 
reprojection and scaling within the RDB framework. A multi-scalar approach is introduced by 
the inclusion of voxel model levels, allowing the voxel data to be stored once and 
transparently queried in different coordinate systems and spatial resolution. 

Section 2 describes the interactions of the ECOLOPES Voxel Model with the Designer and other 
components in the ECOLOPES Computational Framework. This includes (1) interactions with 
the components of the ontology-aided generative computational design process, namely the 
EIM Ontologies and the CAD environment / algorithmic design processes, and (2) interactions 
with other components of the ECOLOPES computational design framework (Databases, 
Ecological Model, Knowledge Generation Framework). 

Section 3 elaborates the ECOLOPES Voxel Model data transferred to the optimization process 
(WP6). At that stage, the ontology-aided design process is completed, and the results are 



                                                                                      Deliverable 5.3 Version 1 

 

 Page 4   

expressed as static CAD geometry. This geometric representation is converted into a voxel-
based representation and data describing environmental conditions is generated and 
exported as a single SQLite database file. 

Section 4 addresses validation, TRL, FAIR principles, and open questions and future research. 

Section 5 provides the publication plan for the ECOLOPES Voxel Model.



                                                                                      Deliverable 5.3 Version 1 

 

 Page 5   

ABBREVIATIONS AND ACRONYMS 
ASP                Answer Set Programming 

CAD               Computer Aided Design 

DEM               Digital Elevation Model 

DSM               Digital Surface Model 

EA               Evolutionary Algorithm 

EIM              ECOLOPES Information Model 

EM              ECOLOPES Ecological Model 

GA                Genetic algorithm 

GCD                Generative Computational Design 

GH               Grasshopper 

JSON              JavaScript Object Notation 

KGF             Knowledge Generation Framework 
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OWL             Web Ontology Language 

RDB             Relational Database 

RDF             Resource Description Framework 

SQL             Structured Query Language 

WP             Work-package 

PFGs  Plant Functional Groups 

AFGs  Animal Functional Groups 
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1 INTRODUCTION 

The ECOLOPES computational framework, its technical components, and data flow between 
the latter (computational workflow) was elaborated in WP3 and the updated version 
presented in D3.3. (M29) (Fig. 1). 

The ECOLOPES Computational Framework facilitates informed multi species design for 
ecological building envelopes, that we term ecolopes (Fig. 1) (D3.3, Weisser et al. 2022). It 
includes technical components such as the Ecological Model, the Knowledge Base, the design 
generation environment, which we term “ontology-aided generative computational design 
process”, the Optimization Environment (D6.1), and components for validation. The Ecological 
Model, developed in WP4 (D4.1, D1.5), simulates plant, animal and soil dynamics. The 
Ecological Model was integrated in a 3D CAD system (Rhino/ Grasshopper) (D3.3 Chapter 3), 
which facilitated the generation of relational data (architecture, environmental, and ecology) 
for building envelopes in a resolution of 1 cubic metre. In the next step, this data was stored 
in the Knowledge Base (D3.3. Chapter 4). The KB was then analysed using a ML model which 
extracts rules for decision making for WP5 (D3.3, Chapter 4). The design generation 
environment (ontology-aided generative computational design process), which is developed 
in WP5 (D5.2 ECOLOPES Voxel Model and D5.3 ECOLOPES Computational Model) facilitates 
design generation and the generation of design search space populated with alternative 
solutions that can be analysed, evaluated, and ranked. The optimization environment, which 
is developed in WP6 aims to facilitate optimization based on the search space produced by 
the ontology-aided generative computational design process (WP5) and selection of the final 
ecolope design solution based on KPIs (D6.1). The ECOLOPES Computational Model provides 
input for optimization, the output of which provides the basis for the overall validation (WP7) 
of the ECOLOPES Computational Framework. 

During development it became clear that the Ecological Model output is far too complex for 
integration into the design generation algorithms, and that the development of a 
comprehensive EIM ontology takes time. It was therefore decided to pursue parallel 
workflows: One workflow focuses on the development of the ontology-aided generative 
computational design process and the EIM Ontologies (TU Vienna), while the second workflow 
uses the Knowledge Generation Framework (KGF, D3.3) to provide correlational (ecology-
architecture) information for design decision support (MCNEEL, TUM, SAAD). The KB is the 
joint interface of the two workflows. 

In this report we describe the development of the ECOLOPES Voxel Model for the ontology-
aided generative computational design process for designing ecological building envelopes. 
The ontology-aided generative computational design process is a key element of the Ecolopes 
computational framework. As described in the D3.3 the computational workflow consists of 
different technical components: Open and expert databases (WP3-WP7), Environmental 
models (WP3), Ecological model (WP4), Knowledge base (KB) (WP3), Voxel model for 
interoperability (WP3), Ecological analysis in CAD (WP3-WP4), Ontologies (WP4), design 
generation environment and algorithms (WP5), Design optimization environment (WP6), and 
Validation (WP7).  
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Fig. 1: Ecolopes computational framework showing integrated (black frame) and non-
integrated technical components (yellow frame) (D3.3). 

The ontology-aided generative computational design workflow comprises three key 
components: (1) the EIM Ontologies that guide the design process in its different stage and 
can be queried by the designer, (2) a voxel model that integrates relevant datasets for the 
design process, and (3) the CAD environment in which a number of algorithmic processes are 
implemented that are linked with and guided by the EIM Ontologies. In the generative 
computational design process data is collected from different sources, including databases, 
the ecological model, KGF, simulations, etc. This data is utilized in the ontology-aided data-
driven algorithm design process with the purpose to generate design variations for a context-
specific ecological building envelope. 
 
The ECOLOPES Voxel Model offers a key utility for the different stages of the generative 
computational design process, which includes the translational process and (2) the generative 
process. The translational process serves to lay out the project-specific problem space for 
design. In this process requirements of the design brief for a given project and site and 
additional requirements are analyzed, correlated, spatialized, and prepared for design 
generation. This process is ontology-aided and involves the preparation of the datasets 
referred to as maps and networks (D5.1 Development Process for ECOLOPES Algorithms). The 
generative process serves to extend the solution space for design, which entails generation of 
a range of design outputs that can be evaluated and ranked. This iterative process is ontology-
aided and culminates in the generation of (1) spatial organization expressed as the dataset 
volumes, and (2) site and building geometry expressed as the dataset landform (D5.1 
Development Process for ECOLOPES Algorithms). Each design outcome will consist of (1) a CAD 
model, (2) corresponding datasets contained in the voxel model, and (3) ontological output. 
 
In the interdisciplinary ECOLOPES research project researchers have different disciplinary 
expertise and approaches, as well as varied computational proficiency. For this reason, a self-
explanatory and technology agnostic solution was chosen. Relational Databases (RDBs, such 
as SQL databases) are widely implemented and most contemporary programming languages 
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contain well developed bindings for RDBs. User interaction will be realized through the 
ECOLOPES front-end tools (WP3) based on Rhino/Grasshopper, a 3D CAD software widely 
used in the context of architectural design. 

1.1 The Role of the ECOLOPES Voxel Model in the Ecolopes 
Computational Framework 

In the context of the Ecolopes research project it is necessary to correlate and spatialize data 
pertaining to different disciplines, including ecological, environmental, and architectural data, 
as well as data pertaining to landscape architecture. 

In this project we pursue an understanding of voxels as spatial-knowledge representation 
schemata (Srihari 1981) for use in planning and design. The use of voxel models commenced 
in the 1960s. However, their convergence with the field of CAD only commenced in the late 
1980s (Granholm et al. 1987; Jense et al. 1989). Early experiments involving voxel models were 
constrained by the computational performance of hardware available at the time. Constant 
improvement of computer hardware led to numerous developments of voxel-based methods 
in the field of computer graphics. These developments are present in the work of Arie 
Kaufman (Kaufman et al. 1987; Kaufman et al. 1988; Kaufman et al.  1993). Research 
conducted at that time focused on efficient processing and visualization of voxel models 
derived from MRI-based 3D scans. Kaufman stated that a “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.” (Kaufman et al 1993, 52). This 
definition underlines the analytical property of the voxel models, where the values encoded 
in the voxel model are representative of real-world properties of the studied object. 

Srihari discussed voxel models as spatial-knowledge representation schemata (Srihari 1981). 
His research primarily addressed the disciplines of computational forensics, machine learning 
(ML) and pattern recognition. Srihari stated that “developing systems for processing and 
displaying these [3D] images has revealed the need for developing new data structures, and 
more generally, for developing spatial-knowledge representation schemata” (Srihari 1981, 
399). In so doing, Shrihari shifted the focus of the research on voxel models from visualization 
and processing of 3D image data towards the applications of voxel models as spatial structures 
able to represent knowledge pertaining to real-world objects. Jense observed that: “it is useful 
to note (...) the duality that exists between the interpretation of voxel models as sets of cuboid 
volume cells, or as sets of 3D points, each representing a discretized point sample, taken from 
some continuous space” (Jense 1989, 529). Currently, the dominant understanding of a voxel 
model is a collection of 3D boxes, stacked in the digital space of a computer game. Due to this 
dominant understanding, the potential of voxel models understood as spatial-knowledge 
representation schemata is currently receiving much less attention. We shed light on this 
discourse in a recently published scoping review of voxel model applications in the field of 
architectural design and urban planning (see Appendix B). 

The voxel model receives data from different sources including relevant databases, the 
ecological model, the knowledge generation framework, and, if required, from various 
simulations executed in Geographic Information Systems (GIS) software. Relevant data can be 
indicated and / or called via the EIM Ontologies. Data contained in the voxel model can then 
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be utilized in the data-driven generative computational design process through which design 
outputs are created that consist of (1) geometry contained within the CAD model, (2) design 
specific data contained in the voxel model, and (3) ontological output. The resulting data 
package can then be used within the optimization process to derive design outputs with 
optimized architectural and ecological performances. In the following subsections we deliver 
a conceptual and technical characterization of the Ecolopes Voxel Model. 

1.2 Conceptual characterization of the ECOLOPES Voxel Model 

Conventionally, 3D CAD models in the field architecture contain geometry that describes 
architectural objects created by architects. In recent years, a growing interest in the 
application of diverse environmental simulation methods in architectural design can be 
observed. Different aspects of solar performance have been integrated into architectural 
planning activities, with the earliest attempts dating back to 1963 (Brown 1990). Currently, 
tools such as Ladybug Tools (Sadeghipour Roudsari et al. 2013) and Climate Studio 
(ClimateStudio 2023), have become an integral part of parametric design processes. Currently 
those approaches exist within their own technological and conceptual boundaries, with 
considerably less effort invested into conceptualizing and implementing overarching data-
integration strategies. Tools promoting more holistic simulation and analysis approaches, such 
as Ladybug Tools in GH, including for instance Dragonfly (Dragonfly-Grasshopper 2019/2022), 
as well as Envi-met (High-Resolution 3D Modeling of Urban Microclimate with ENVI-Met 
Software 2023) are emerging within the research-oriented, architectural design community. 
Yet, more holistic approaches that address diverse disciplinary approaches for simulation and 
analysis of the built environment are rarely found. Such integrative approaches are necessary 
to address the contemporary challenges related to climate change and sustainable 
development goals.  

The approach presented in this report builds on the Composite Voxel Model (CVM) 
methodology that addresses data-integrated, performance-oriented computational design 
processes to advance the understanding of socio-ecological systems (Tyc et al, 2022). Initially 
the CVM spatial data integration approach was tested by the utilization of self-acquired, high-
resolution, point cloud data (Tyc et al 2021). Application of the Composite Voxel Model 
methodology was further extended to support data-driven design activities. This approach 
was validated in a case study (Tyc et al 2022).  

The approach introduced in the ECOLOPES Voxel Model differs from our previous 
experiments, since it is conceptualized as an element of a larger data integration activity. The 
data integration approach currently implemented in Tasks T5.1, T5.2 and T4.7 supports the 
ontology-aided generative computational design process for designing ecological building 
envelopes. A conceptual overview of this data integration approach is shown in Figure 2. In 
this process, multiple components are introduced and dedicated interfaces are developed to 
support the designers’ decision-making processes. The ECOLOPES Voxel Model stores multi-
scalar data that describes geometry and chosen environmental conditions. The EIM Ontology 
implemented in the GraphDB environment integrates external datasets, such as species 
occurrence data with spatial data contained in the RDB-based voxel model. The GCD process 
is initiated by user interaction translated into the Dataset Networks and the computational 
components are providing feedback based on the GraphDB reasoning capacities. Moreover, 
in the presented voxel modeling approach, openly available datasets are used to generate the 



                                                                                      Deliverable 5.3 Version 1 

 

 Page 11   

initial datasets contained in the voxel model. To enable integration of the diverse disciplinary 
datasets the concept of multi-scalar data has been conceptually introduced by the inclusion 
of levels within the voxel model structure. This concept was previously described in the D5.1 
Development Process for ECOLOPES Algorithm in section 6.2. Each level is introduced into the 
ECOLOPES Voxel Model to facilitate interaction with an external computational procedure. 
Other commonly used terms, such as extent or resolution appeared unsuitable, since multiple 
computational procedures might require different data inputs, while utilizing the same 
geometric resolution and extent. The detailed technical description of this feature is presented 
in section 1.3.2. 

 
Fig. 2: This updated version of Figure 20 from Deliverable D5.1 illustrates the conceptual 
approach for systematic data integration and structuring. This approach is being implemented 
to support the ontology-aided design process. The GraphDB component stores the EIM 
Ontologies and establishes interfaces with external datasets and the Ecolopes Voxel Model by 
utilizing Ontop GraphDB virtualization and mapping techniques.  

1.3 Technical characterization of the ECOLOPES Voxel Model 

The ECOLOPES Voxel Model uses a range of technologies to link the voxel data encoded in a 
RDB-based voxel model with the Rhinoceros / Grasshopper interface. Figure 3 shows how the 
chosen software technologies are used in the ECOLOPES Voxel Model implementation. This 
implementation builds on the technologies readily available within the McNeel Rhinoceros 
software ecosystem. Rhinoceros and Grasshopper are one of the most widely used tools in 
architectural design. Originally, McNeel introduced GHPython components into the 
Grasshopper environment, based on the IronPython (IronPython, 2017). To overcome some 
of the limitations posed by the IronPython, we used the Grasshopper Hops components, 
which adds external functions to Grasshopper through Rhino.Compute. Hops integrates a 
modern Python interpreter (CPython 3.9) with the Rhinoceros/ Grasshopper environment 
through a REST API based interface. ECOLOPES Voxel Model Grasshopper definitions are 
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written as Hops components to establish an interface with the RDB. SQLAlchemy Python 
library (SQLAlchemy, 2018/2023) is used to provide an SQL-dialect agnostic solution for 
integrating RDBs with the digital design process implemented in the Rhinoceros software. For 
the RDB-based ECLOPES Voxel Model, different types of RDBs, including SQLite, MariaDB and 
PostgreSQL, have been prototyped and tested. Python technology was chosen, among others, 
due to its wide compatibility. Python version 3.9 is compatible with McNeel libraries. The 
Python Hops application has been packaged into a single executable file for internal 
distribution. The presented application has been successfully tested on both Windows and 
MacOS platforms, including the ARM based M1 architecture. Data contained in the voxel 
model has been created with a range of open-source geospatial analysis tools, such as QGIS 
(Open-Source Geospatial Foundation Project 2020), Whitebox Tools (Lindsay 2016) and SAGA 
GIS (Conrad et al. 2015).  

 

Fig. 3: Technologies utilized to implement the ECOLOPES Voxel Model were linked in a 
sequence. RDB-based voxel data can be queried through the McNeel Python Hops application 
packaged into a single executable file. This Python application exposes voxel data in the 
McNeel Rhinoceros/ Grasshopper environment for user interaction. 

1.3.1 Datasets encoded in the ECOLOPES Voxel Model 

Datasets currently contained in the ECOLOPES Voxel Model are based on the open-access data 
provided by the Vienna municipality. This exemplary data was chosen to be representative for 
the Vienna Case Study experiment, prepared for the validation of the selected ECOLOPES 
components (see D5.4 ECOLOPES Computational Model). The Vienna Case Study is a design 
experiment that builds on the large-scale city planning project “Nordbahnhof Freie Mitte” 
(Vlay et al. 2015). This urban project repurposes a large area that was until recently used as a 
railyard for a large area of mixed-use housing. The unique quality of this project is related to 
its aim of supporting local ecosystems that exist on the site of the current railyards and to 
promote innovative design approaches that support biodiversity.  
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For the case study geometric data pertaining to the site was constructed from the DEM and 
DSM data products available as a part of the Open Government Data (OGD) initiative, 
introduced by the Vienna municipality. This data represents real-world site conditions at a 
point in time when the datasets were physically acquired (ca. 2015; the location of the current 
Nordbahnhof Freie Mitte project is undergoing intense development). For the Vienna Case 
Study, a dataset that represents site conditions aligned with the status of the current stage of 
city development was required. This was accomplished by conventional geospatial processing 
techniques, such as Digital Surface Model (DSM) ground point filtering. Additional refinements 
were required, such as manual deletion of points that describe buildings that were demolished 
in preparation of this urban development project. In this preliminary phase, base data was 
stored in georaster files and conventional geospatial data processing methods were applied. 
Base layers such as DEM, DSM, and multi-purpose map containing land-use classification (MZK 
- Mehrzweckkarte) were manually processed in QGIS (QuantumGIS version 3.22.4 Białowieża) 
to reflect current conditions found on site. The results of this data preparation were exported 
into the RDB-based voxel-model environment. Resulting dataset represents a 3D environment 
in a resolution constrained by the resolution of the base data layers (DEM and DSM). 
Information content of the geometric data was extended through the application of a range 
of geospatial analysis techniques, published in the open-source domain. Selection of datasets 
describing environmental conditions that could be found on the site and in its immediate 
surrounding was chosen. Figure 4 shows the datasets that are currently encoded in the 
ECOLOPES Voxel Model. 

 

 



                                                                                      Deliverable 5.3 Version 1 

 

 Page 14   

Fig. 4: Datasets contained in the ECOLOPES Voxel Model include geometric and classification 
data. This includes environmental performance data such as, for instance, topographic 
wetness index, as well as time series data describing insolation time and wind exposure.  

The selected datasets are representative of different aspects of environmental performance 
and are often utilized in urban planning activities (Wilson & Gallant, 2000; Conrad et al., 2015). 
The datasets include solar and wind exposure, as well as topographic water-related 
conditions. For solar exposure the average insolation time for each month in a year was 
computed. This parameter, often described as sunlight hours, is commonly used to evaluate 
sunlight availability in urban contexts. Topographic wetness conditions were evaluated using 
the Topographic Wetness Index (TWI). This metric is one of the simplest methods to quantify 
soil moisture variation based on surface geometry. For each grid point on the surface, the TWI 
calculation entails the local upslope area and the local slope of the surface. The local upslope 
area is the area from which water flows into each point in the grid, while slope is a measure 
of surface inclination at each point in the grid. Furthermore, the surface exposure to wind was 
calculated based on the dominant wind direction for each month in the year. The dominant 
wind directions were identified using the Grasshopper Ladybug plugin (Sadeghipour Roudsari 
et al., 2013) and the EnergyPlus weather file representative for this location. The Ladybug 
Grasshopper plugin natively supports EnergyPlus weather files and generates a graphical 
representation of the seasonal wind conditions in the form of Wind Rose. This technique is 
widely used in parametric design approaches in architectural design. Wind Rose diagrams 
show the directional distribution of wind for a chosen amount of time, based on the 
standardized wind data contained in the EnergyPlus weather file. Raw data describing 
directional distribution of wind can be extracted in the Grasshopper interface to identify 
dominant wind directions for each season in the year.  

1.3.2. Multi-scalar 3D point data expressed as levels in the ECOLOPES Voxel Model 

The role of levels within the structure of the voxel model is described conceptually in section 
1.2. Each level facilitates a specific functionality in the GCD process. On the technological level, 
data expressed as levels in the voxel model is materialized in the PostgreSQL environment 
either as SQL tables or as SQL table views.  This enables multiple external components to 
interact with the RDB-based voxel model by querying the voxel data from the chosen level. 
The requirement of the GCD processes to operate in different scales, necessitates changes of 
extent and resolution to be handled within the RDB environment. The architecture of the SQL 
database was planned considering performance and efficiency, and repeated storage of the 
same data was avoided. Data can be visualized and queried from the McNeel Grasshopper 
interface by using dedicated Grasshopper components, developed to accommodate required 
functionalities. An example application of the developed components was evaluated through 
the definition of Grasshopper component sequences. Each sequence is constructed to 
facilitate a specific functionality, and the intended functionality is tested by the designer. 
Furthermore, the designer can filter the data contained in the voxel model by executing a 
predefined SQL query and interactively evaluate the outcomes of the query. Lastly, multi-
scalar voxel model data can be transformed into a graph-representation that can be queried 
through the GraphDB endpoint. In result, simple SPARQL-based reasoning queries can be 
executed directly on the data contained in the ECOLOPES Voxel Model. Figure 5 shows the 
different levels in the ECOLOPES Voxel Model that facilitate interactions between different 
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processes implemented within the GCD process. A detailed description of the Grasshopper 
components developed to enable interaction with the ECOLOPES Voxel Model is provided in 
section 2.1.1. A tabular overview of the implemented Grasshopper components is included in 
Appendix A in this report. 

 

Fig. 5: Overview of the selected levels contained in the ECOLOPES Voxel Model and their 
relation to the computational procedures implemented in the three loops of the GCD process. 
Outcomes of each loop can be merged with the input data and written to a separate table 
(e.g., vox_lvl30_09_upd). This updated voxel-based representation can be merged with the 
large-scale data (vox_lvl40) and visualized in Rhinoceros. 
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1.3.3. Site-aligned coordinate systems implemented in the RDB environment 

To achieve the goal of multi-scalar data integration within the RDB environment, the concept 
of a site-aligned coordinate system needs to be implemented. The role of the ontology-aided 
generative computational design process is to generate site-specific design proposals. The 
coordinate space of the data to be queried by EIM Ontology 2 and EIM Ontology 3 is aligned 
with the site boundary dimensions and the rotation of the site outline. These site-specific 
conditions can be described as a 2D rectangle with fixed dimensions and rotation. By extruding 
this 2D boundary by a fixed distance, a 3D bounding box that describes the site geometry is 
created. To support the operation of EIM Ontology 2 and EIM Ontology 3, an interactive 
reprojection of the RDB-based voxel model data from the original coordinate system to the 
site-aligned coordinate space was required. The implementation of geometric operations such 
as translation and scaling in the RDB environment is relatively straightforward. Inclusion of 
the rotation component was required since it would not be reasonable to limit the generative 
design process to operate exclusively on north-south oriented volumes for any given site. To 
include the rotation component in the internal transformation function executed in the RDB 
environment, custom SQL functions were developed. Those functions are used to map the 
coordinates between the large-scale voxel data and the site-scale coordinate system. Since 
the vertical location is not influenced by such a transformation, this problem is reduced to a 
composite transformation in 2D. In computer graphics, geometric transformations are 
conventionally utilizing homogeneous coordinates since all common transformation 
operations can be expressed as 3x3 matrices. In result, these operations can be combined by 
a simple vector multiplication operation. For this reason, the implemented transformation 
function required the voxel nodal point coordinates to be expressed as homogeneous 
coordinates. In homogeneous coordinate space a single point is expressed in a 3x1 matrix. 
Geometric operations of translation and rotation are represented as 3x3 matrices. 
Transformation between the two coordinate spaces is presented below as Equation 1. 
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Equation 1: Matrix representation of the transformation required to transform the large-scale 
voxel data into the site-scale coordinate system space. 

 

The coordinate transformation needed to be implemented within the RDB environment. Since 
matrix operations are not implemented as a part of the SQL function syntax, coordinate 
transformation needs to be expressed as a system of linear equations. Linear equations are 
presented as Equations 2 and 3 below. 

 

Equations 2 and 3: Transformation of the large-scale voxel data into the site-scale coordinate 
system space expressed as a set of linear equations. 

The equations presented above were implemented as SQL functions in the RDB environment. 
For each required level a new SQL table view utilizing these functions was created. Finally, 
different site-aligned coordinate systems contain data in different resolutions. To facilitate 
this functionality, a simple aggregation function was used in the definition of the SQL table 
view. In result, datasets contained in the ECOLOPES Voxel Model can be queried in multiple 
resolutions and coordinate systems, both directly in the GH environment and indirectly 
through the EIM Ontologies implemented in the GraphDB environment.  

1.3.4 Integration of voxel data and EIM Ontologies through GraphDB SQL virtualization 

The integration of the ECOLOPES Voxel Model and the EIM Ontology is facilitated through the 
Ontop Virtualization technology, which is integrated in the GraphDB software solution. This 
technique is widely applied in commercial applications of GraphDB technology where the 
graph reasoning capabilities need to be utilized on pre-existing data stored in an RDB 
environment. In such cases, the effort of data migration from RDB to GDB is minimized by the 
application of the SQL virtualization technique. The main task in such a virtualization-based 
workflow is related to the description of how the tables, columns, and primary keys in the RDB 
map onto graph structure in the GDB environment. On the technological level, such mapping 
is declared as a set of ODBA/R2RML mappings, written in a single file. This file is uploaded into 
the GraphDB instance when the RDB/GDB connection is created. This process has been tested 
to enable the integration between the RDB-based voxel model and EIM Ontology stored in the 
GraphDB environment. Initial tests showed that for performance reasons file-based SQL 
databases, such as SQLite, should be avoided. PostgreSQL and GraphDB server instances 
hosted on the same machine have shown sufficient performance to execute the operations 
required for the integration between the ECOLOPES Voxel Model and the EIM Ontology. 
Currently, each voxel model level contained in the RDB can be interactively linked with the 
GraphDB instance, based on the provided OBDA/R2RML mappings. As a result, the data 
contained in the RDB-based voxel model can be transparently queried and reasoned using 
techniques implemented in the GDB environment. Located on the left side of Figure 6 is a 
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screenshot of the GraphDB interface representing the contents of virtualized voxel data. 
Located on the right side of Figure 6 is a file that contains exemplary OBDA mappings. 

 

Fig. 6: Left: Screenshot of the GraphDB interface, showing how data contained in the 
ECOLOPES Voxel Model can be queried and represented in an ontology-based format (RDF 
triples) Right: Data saved in the RDB-based voxel model can be virtualized in GraphDB, by 
defining the mapping between the RDB and GDB data structure in an OBDA / R2RML file. 

2 INTERACTIONS OF THE ECOLOPES VOXEL MODEL WITH THE 
DESIGNER AND OTHER COMPONENTS OF THE ECOLOPES 
COMPUTATIONAL DESIGN FRAMEWORK 

The interactions between ECOLOPES Voxel Model, designer and the GCD components are 
divided into three loops.  

Loop 1 facilitates the configuration of Networks in a voxelized 3D space, materialized in the 
Rhinoceros CAD environment. It involves EIM Ontology 1, Rule-Based System 1 (associated 
algorithms i.e., ASP), and CAD Model 1 as its main components of interaction in the 
Translational Design Process of selection and distribution. Defining and spatially locating 
design objectives and implementing design instructions derived from EIM Ontology 1, based 
on feedback from Loop 2 and Loop 3, are some of the tasks that are addressed.  

Loop 2 facilitates the distribution of Volumes in a voxelized 3D space, materialized in the 
Rhinoceros CAD environment. It involves EIM Ontology 2, Rule-Based System 2 (associated 
algorithms i.e., ASP), and CAD Model 2 as its main components of interaction in the Generative 
Design Process 1 of volume specification. Guiding the changes in maps (volumetric voxel data) 
and 3D configuration of volumes, and implementing design instructions derived from EIM 
Ontology 2, based on feedback from Loop 1 and Loop 3, are some of the tasks that are 
addressed.  

Loop 3 facilitates the generation of landform geometry in a voxelized 3D space, materialized 
in the Rhinoceros 3D CAD environment. It involves EIM Ontology 3, Rule-Based System 3 
(associated algorithms i.e., ASP), and CAD Model 3 as its main components of interaction in 
the Generative Design Process 2 of landform generation. Guiding the geometric articulation 
of the volume object and implementing design instructions derived from EIM Ontology 3, 
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based on feedback from Loop 1 and Loop2, are some of the tasks that are addressed. Detailed 
elaboration of the functionalities implemented within these three loops is presented in the 
report on D4.2 Interim EIM Ontology. 

The generative computational design algorithms utilize datasets encoded in the voxel models 
either by directly querying the data in the RDB or by retrieving the virtualized RDB data 
through the GraphDB interface. The required functionalities implemented in the Loops 1,2 
and 3 are described in the following sections.  

2.1 Interactions between ECOLOPES Voxel Model, Designer and 
GCD components 

Architectural designers can interact with the ECOLOPES Voxel Model both directly through the 
dedicated Grasshopper interface and indirectly, while working with other GCD components 
which are accessing ECOLOPES Voxel Model data in background. Different GCD components 
are implemented in the three loops, as described in the Deliverables D4.2 Interim EIM 
Ontology and D5.3 ECOLOPES Computational Model. 

2.1.1  Translational Process: Loop 1 

In the first loop, the designer configures networks in the 3D viewport of McNeel Rhinoceros 
software (see report D5.1 Development Process for ECOLOPES Algorithm). The node-based 
programming interface of Rhinoceros software is Grasshopper, which is widely used in 
architectural design. Continuous validation of the network structure is handled in the 
background by EIM Ontology 1 (O1), utilizing the GraphDB reasoning functionality (see report 
D4.2 Interim EIM Ontologies). Firstly, the internal constraints related to the spatial 
configuration of the User Networks and the Ecological Networks are validated. This process is 
informed by multiple data layers that are interactively queried from the ECOLOPES Voxel 
Model (Dataset Maps). Components implemented in the first loop and the role of ECOLOPES 
Voxel Model in this process is shown in Figure 7.  
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Fig. 7:  Illustration of the role of the ECOLOPES Voxel model in the first loop of the Generative 
Computational Design (GCD) process. The collection of 3D maps (Dataset Maps) is provided 
through the Ontop SQL Virtualization technology.  

The process of creation and modification of User Networks is conducted by the designer and 
the role of the ECOLOPES Voxel Model is to provide relevant spatial data representing 
environmental conditions on site at the beginning of the design process. As elaborated in 
report D4.2 Interim EIM Ontology, the designer places architectural, ecological, and 
environmental nodes in the Rhinoceros environment. Ecological and architectural nodes 
represent planned spatial provisions related to the architecture and ecology. For example, an 
ecological provision might require high shading availability. In this example, EIM Ontology 1 
retrieves the value related to the solar exposure in this location from the ECOLOPES Voxel 
Model utilizing the SQL virtualization technique. In result, feedback is returned to the designer 
indicating that the chosen node location does not fulfill the specified requirements for the 
defined type of provision. 

Moreover, to support the designers in the spatial configuration of networks, the possibility to 
directly interact with the ECOLOPES Voxel Model was implemented. Designers can 
interactively explore datasets contained in the voxel model by visualizing the individual data 
layers in the Rhinoceros interface. This interface was implemented as a collection of 
Grasshopper components, presented in Figure 8. 

 

Fig. 8: Example of Grasshopper Hops components implemented to enable the interaction 
between the designer and the ECOLOPES Voxel Model through the McNeel Grasshopper 
interface. 

The initial integration between the ECOLOPES Voxel Model and the EIM Ontology 1 
(introduced technically in Section 1.3.4) has been tested. Placeholder plant data describing 
three types of plants and their sunlight requirements has been loaded into GraphDB. The left 
side of Figure 9 shows this dataset consisting of aSunnyPlant, aHalfShadyPlant and 
aShadyPlant, manually loaded in the GraphDB interface. On the right side of Figure 8a, the 
representation of the ECOLOPES Voxel Model data in the GraphDB interface is shown. In the 
middle of Figure 9, an exemplary SPARQL query that utilizes both the dummy plant data and 
ECOLOPES Voxel Model data is presented. The SPARQL endpoint federation functionality 
needed to be utilized to enable simultaneous query of two datasets in the GraphDB system. 
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Fig. 9: Initial test of the integration between ECOLOPES Voxel Model and GraphDB. In this 
example, placeholder data describing sunlight requirements of three types of plant is linked 
with the data stored in the ECOLOPES Voxel Model. Internal SPARQL federation functionality 
enables simultaneous query of the two datasets.  

This initial test was conducted to determine whether the ECOLOPES Voxel Model can be 
extended with the query and reasoning capabilities of the SPARQL endpoint, provided by the 
GraphDB technology. This implies that the results of such an extended query would need to 
be returned in the format aligned with the structure of the ECOLOPES Voxel Model. This 
integration was tested via the implementation of a temporary Hops Grasshopper component, 
which executes a predefined SPARQL Query, presented in Figure 9 above. At the same time, 
this temporary Grasshopper component transforms the data returned by the SPARQL query 
into a representation that can be utilized by other components implemented for the 
interaction with the ECOLOPES Voxel Model. The upper part of Figure 10 shows how the 
previously introduced components used to visualize ECOLOPES Voxel Model data can be 
extended with the temporary SPARQL Query component. The lower part of Figure 10 shows 
how the components shown above can be used to generate a set of 3D voxel maps that 
illustrate preferential plant locations, based on their solar exposure requirements. From the 
left, preferential locations for (a) aHalfShady plant, (b) aShadyPlant and (c) aSunnyPlant types.  



                                                                                      Deliverable 5.3 Version 1 

 

 Page 22   

 

Fig. 10: Integration between the ECOLOPES Voxel Model and an exemplary dataset stored in 
the GraphDB. Query and reasoning functionalities provided by the SPARQL endpoint can be 
implemented within the computational setup of the ECOLOPES Voxel Model. Systematic, voxel-
based data structuring enables interoperability between the two components, implemented 
by Grasshopper and Hops. 

As mentioned above Grasshopper is a node-based programming interface of Rhinoceros 
software. Individual components are representing basic functionalities and dedicated 
algorithms can be built by chaining multiple components together to implement a complex 
functionality for a given design task (Rutten, 2023). ECOLOPES Voxel Model implementation 
consists of multiple components that are executing predefined operations in the external 
Python interpreter and in the RDB environment. Currently, four sequences of components 
have been outlined for the interaction with the voxel model. Components implementing basic 
operations, such as listing column names available in an SQL table are utilized in multiple 
sequences. Given the modular character of this approach, designers can create new 
component sequences and link the processes outlined in the exemplary sequences with 
external Grasshopper components. The first sequence implements the functionalities 
required to read and visualize voxel data as 3D points in real-world colors. The second 
sequence enables listing, reading and visualizing data layers from a chosen level in a 3D false-
color visualization. The third sequence allows the designer to update and insert new data into 
the ECOLOPES Voxel Model. The fourth sequence introduces the possibility to select and run 
an SQL query chosen from the predefined set. Implemented SQL queries were constrained to 
a predefined set, to avoid user mistakes and implement security best practice, related to SQL 
injection attacks possible in web-facing SQL servers. Advanced users can define new SQL 
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queries in the dedicated configuration file. Those queries are instantly available for execution 
in the Grasshopper interface. 

The introduction of SQL queries enables designers to experiment with the voxel-based data 
representations and identify promising applications of the voxel modeling approaches. For 
example, the possibility to efficiently generate 2.5D raster representations of the voxelized 
geometry was identified. Further applications of filtering and aggregation queries were 
studied. Notable advantage of this approach is the computational performance of the SQL 
queries. For example, generation of a 2D top view from a voxel dataset containing 163.812 3D 
points stored in an SQLite database required only 462ms as compared with an initial 
Grasshopper implementation that requires multiple hours for completion. This approach was 
extended to utilize SPARQL queries in the GraphDB environment. The advantage of this 
extended approach is the possibility to include data that is not available in the voxel model as 
a part of a query. For example, locations suitable for a plant species described in the GraphDB 
environment can be queried in a form representing a 2D top view. These possibilities have 
been further studied in the context of research addressing the role of EIM Ontologies in the 
design process. Tabular overview of Grasshopper components that were implemented to 
facilitate the interaction with the ECOLOPES Voxel Model contained in the RDB is presented 
in a table in Appendix A. 

2.1.2  Generative Process: Loop 2 Spatial Organization (Dataset Volumes) 

As stated above, the generative design process is configured as linked process loops. Loop 2 
aids the generation of the spatial organization (volume distribution) for design cases 1 and 2 
(D4.2 Interim EIM Ontology). Case 1 entails the design of a master plan for the development 
of a given site. Spatial organization is generated through the distribution of architectural, 
biomass and soil volumes, which we term for case 1 primary volumes. Case 2 entails the design 
of an individual building for which all constraints are given by a municipal master plan. Since 
the maximum allowed primary volume is already given by the masterplan, the task is to 
partition the primary volume into secondary and tertiary architectural, biomass and soil 
volumes (see reports D5.1 Development Process for Ecolopes Algorithm and D4.2 Interim EIM 
Ontology). 

For instance, in case 1 volumes are distributed on the selected site for which the ECOLOPES 
design process is executed. Volumes distributed in Loop 2 are considered as generic and are 
articulated as cuboid geometry with a fixed edge length that is defined by the designer. Each 
volume is assigned a predefined class (e.g., architectural volume, biomass volume, etc.). The 
site is defined as a 3D bounding box, the dimensions of which are defined as multiples of the 
volume edge size. A detailed description can be found in reports D4.2 Interim EIM Ontology 
and 5.3 ECOLOPES Computational Model. 

The ECOLOPES Voxel Model supports the volume distribution process with data describing 
pre-existing environmental conditions on the selected site. The datasets contained in the 
ECOLOPES Voxel Model can be accessed by EIM Ontology 2 through the GraphDB Ontop SQL 
Virtualisation interface (see section 1.3.4). In the Volume Distribution process, EIM Ontology 
2 generates the rules that are translated into an ASP program, executed in the Potassco ASP 
environment (see reports D4.2 Interim EIM Ontology and D5.3 ECOLOPES Computational 
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Model). The rules generated in the process capture (1) constraints derived from dataset 
networks that result from Loop 1, (2) site constraints and (3) dataset maps, which is voxel data 
that is interactively queried from the ECOLOPES Voxel Model. The interface between EIM 
Ontology 2 and the Potassco ASP environment translates the representation of environmental 
data contained in the ECOLOPES Voxel Model into a format required by the ASP program. This 
data is merged with other design constraints and sent to the ASP environment to initiate the 
computation of the possible volume distributions (answers contained in the set). For example, 
distribution of biomass volumes can be informed by the shading availability, retrieved from 
the ECOLOPES Voxel Model. Figure 11 shows the role of the ECOLOPES Voxel Model in this 
process. Further details can be found in report D4.2 Interim EIM Ontology. 

 
Fig. 11: Illustration of the role of the ECOLOPES Voxel Model in Loop 2 of the Generative 
Process. The data available in the voxel model is mapped onto the site-specific coordinate 
system and exposed to Ontology 2 through the Ontop SQL Virtualization interface. 

Spatial organization via distribution of the different types of volumes operates within the site 
boundaries (3D bounding box) and is constrained by the resolution, which is defined by the 
designer. Data provided by the ECOLOPES Voxel Model needs to be matched with the 
dimensions and resolution of the site bounding box. Based on the 3D bounding box 
dimensions and constraints of the design process outlined for the Vienna Case Study, four 
resolutions (3, 6, 9 and 12 meters) were selected. To accommodate for this functionality a 
range of dedicated voxel model levels were introduced. Figure 12 shows the levels 
implemented in the ECOLOPES Voxel Model and the computational techniques that enable 
interoperability between the ECOLOPES Voxel Model, EIM Ontology 2 and Algorithm 2. 
Integration of the three components required the introduction of computational procedures 
to map the voxel data onto the site aligned coordinate space in a chosen resolution. For 
example, a resolution of 3m can be chosen to test how the volume distribution process 
translates a designer-created set of User Networks into a distribution of generic cuboid 
volumes. The designer indicates in the User Network, that a particular location needs to 
contain an ecological provision related to a tree species that requires high sun exposure. In 
this process the role of ECOLOPES Voxel Model is to provide the data describing environmental 
conditions related to solar exposure, which is interactively recomputed to match with the site-
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aligned coordinate space at the selected resolution. The detailed description of the 
computational procedure required for this functionality is described in section 1.3.3.  

 

Fig. 12: Detailed representation of the computational process that was developed to enable 
multi-scalar integration of voxel data, linking base datasets written in the global coordinate 
system (vox_lvl40) and site-specific coordinate system required for the Volume Distribution 
process (vox_lvl30_03, vox_lvl30_06 etc.). This figure illustrates how the methods for 
systematically updating and merging voxel levels described in Figure 5, are applied in the 
context of Loop 2. 

2.1.3  Generative Process: Loop 3 Geometric Articulation (Dataset Landform) 

Loop 3 aids the generation of the geometric articulation (dataset landform) for design cases 1 
and 2. Case 1 entails the design of a master plan for the development of a given site. In the 
context of this research this entails geometric articulation of site and buildings leading to what 
we term primary landform. Landform can therefore be coherently designed across the entire 
site, with all volumes adhering closely to the landform scheme. For Case 2 this entails 
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secondary and tertiary landform (hierarchical nesting of terrain features) to enable 
accessibility and appropriate provisions for specified species to specified parts of the building 
envelope (see reports D5.1 Development Process for Ecolopes Algorithm and D4.2 Interim EIM 
Ontology). A detailed description of this functionality is provided in report D4.2 Interim EIM 
Ontology. Figure 13 shows the components implemented in the third loop and the role of 
ECOLOPES Voxel Model in this process. 
 

 

Fig. 13: Illustration of the role of the ECOLOPES Voxel Model in Loop 3 of the Generative 
Process. The data available in the voxel model is exposed to EIM Ontology 3 through the Ontop 
SQL Virtualization interface. Datasets provided by the ECOLOPES Ecological Model and 
ECOLOPES Regional Model can be included in the ECOLOPES Voxel Model and exposed to EIM 
Ontology 3. 

The integration between the ECOLOPES Voxel Model and the EIM Ontology 3 implemented in 
the Ontop GraphDB environment is facilitated through the Ontop SQL virtualization 
technique, described in section 1.3.4. Data available in the ECOLOPES Voxel Model can be 
accessed by EIM Ontology 3 to facilitate the generation of geometric articulation of sites and 
buildings (dataset landform). This algorithmic procedure is operating at multiple levels of 
hierarchy (primary, secondary, and tertiary landform). For this reason, data contained in the 
voxel model needs to be queried at multiple resolutions. The technical description of the 
multi-scalar data available in the ECOLOPES Voxel Model is described in section 1.3.2. It has 
not yet been determined at which resolutions and in which coordinate system this algorithmic 
procedure will be executed. A collection of voxel model levels (vox_lvl20_x) has been reserved 
for the algorithm implemented as a part of Loop 3. Currently the functionality related to the 
custom coordinate spaces functionality is flexible enough to accommodate for a later choice 
of resolution and orientation that is required by the algorithm implemented in Loop 3. 
Technical details of this functionality are described in section 1.3.3. 

The primary role of the ECOLOPES Voxel Model in the third loop is to align the outputs of the 
GCD process with the structure of the inputs used to initiate the GCD process. After the final 
outcomes of the GCD are generated, their geometric representation will be converted to 
match the structure of the ECOLOPES Voxel Model. Corresponding environmental analysis 
data needs to be generated to match the information content of the inputs retrieved from the 
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ECOLOPES Voxel Model. For this reason, an analogous geospatial analysis workflow needs to 
be executed, based on the voxel data that describes site conditions resulting from the GCD 
process. Finally, voxel data representing the geometric and environmental conditions of the 
design outcomes produced by the GCD will be exported. This exported data will be made 
available for the ECOLOPES components that are implemented in the next steps of the 
ECOLOPES computational framework (see Fig. 1 and deliverables D3.1 Prototype technical 
requirements report, D3.2 Draft ECOLOPES platform architecture, and D3.3 Interim ECOLOPES 
Platform Architecture). 

2.2 Interactions between ECOLOPES Voxel Model and other 
computational components 

Interactions between the ECOLOPES Voxel Model and other components implemented as a 
part of the ECOLOPES computational framework are facilitated by a range of dedicated 
interfaces. A description of different datasets and methods required to convert the data into 
the representation compatible with the ECOLOPES Voxel Model is provided in the following 
section. The underlying data integration approach partially utilizes interfaces allowing for 
interaction between the ECOLOPES Voxel Model and EIM Ontology, described in detail in D4.2 
Interim EIM Ontology. Furthermore, the Ecological Model and KGF are introduced and future 
directions to initiate possible integration between these components and the ECOLOPES Voxel 
Model are discussed. 

2.2.1 ECOLPES Voxel Model and Databases 

Datasets contained in external databases can be converted into a representation compatible 
with the ECOLOPES Voxel Model. Geospatial datasets in the form of continuous and discrete 
grids are best suited for such conversion. For example, geospatial simulation and analysis data 
describing environmental conditions found on site can be easily represented in the ECOLOPES 
Voxel Model. Open-source GIS software packages, such as SAGA GIS (Conrad et al., 2015) or 
QGIS (Open-Source Geospatial Foundation Project, 2020), can be used to generate geospatial 
analysis datasets representing solar exposure, topographic wetness conditions or seasonal 
wind exposure conditions. The voxel modeling approach has in this case both advantages and 
limitations. The voxel-based data integration approach is efficient when large quantities of 
homogenous 3D-grid based spatial data is available. For datasets of other types, direct import 
into the GraphDB environment might be a better possibility. Figure 14 illustrates different data 
structuring approaches implemented as a part of tasks 5.1, 5.2, 5.3 and 4.2. 
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Fig. 14: Heterogeneous data is mapped and converted into a graph form in KG (ABox) by using 
different mapping languages such as RML, Ontorefine and OBDA. Some of the data is 
virtualized meaning data is not copied (Voxel model), while some data is copied/materialized. 
The user can query the KG as a unified interface that encompasses and integrates different 
datasets combining the results, and, if required, reasoning on top using TBox statements.  

The integration of different disciplinary datasets within the RDB structure enables performant 
queries, utilizing extensively tested logics of SQL language. At the same time, a few limitations 
of the voxel-based modeling approach have been identified. Firstly, non-continuous data sets 
(3D grids with only a few points containing data) are not suited for the inclusion in the 
ECOLOPES Voxel Model. Missing data needs to be explicitly handled, which negatively impacts 
the performance of the RDB / GDB environment.  When the available data is small in quantity 
(hundreds to tens of thousands) and is not structured as a continuous 3D grid, the advantages 
of voxel-modeling cannot be fully utilized. The ECOLOPES Voxel Model enables the designer 
to interactively explore data layers encoded in the RDB, by applying false-color mapping (heat 
maps) on the 3D points in the Rhinoceros 3D environment. Data that is not suitable for the 
continuous 3D heat map visualization is not suited to be encoded in the ECOLOPES Voxel 
Model. Such datasets are better suited to be directly imported into the GraphDB, when the 
data is directly linked to concepts already represented in the EIM Ontologies. Examples of the 
datasets that are better suited for direct inclusion in the GraphDB are Regional Plant Pool, 
Regional Animal Pool, Local Plant Pool, and Local Animal Pool. Further details are presented 
in report D4.2 Interim EIM Ontology. 
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2.2.1 ECOLOPES Voxel Model and Ecological Model 

The implementation of the ECOLOPES Ecological Model was reported in Deliverable D4.1 
Preliminary EIM Ontology. The ECOLOPES Ecological Model integrates a modified version the 
FATE-HD plant model (Boulangeat et al., 2012, 2014, 2021) with an original implementation 
of both animal and soil-microbiota sub-models (see report D4.1 Preliminary EIM Ontology). 
Moreover, definition of PFGs and AFGs based on functional traits data was required to 
produce exemplary input data. Execution of the Ecological Model requires inputs related to 
soil classification (see report D4.1 Preliminary EIM Ontology), PFGs and AFGs (see report D4.1 
Preliminary EIM Ontology), as well as the spatial description of site conditions, including 
geometry, shading and soil depth values. It is already integrated in the 3D CAD Rhino/ 
Grasshopper, thus ecological analysis of 3D building envelopes is possible now (see report D3.3 
Interim ECOLOPES platform architecture). It should be noted that data exchange between the 
Ecological Model and other technical components is made possible through the Knowledge 
Generation Framework experiments (see report D3.3 Interim ECOLOPES platform 
architecture). The following section discusses similarities between the data structures 
required to run the Ecological Model and the data contained in the ECOLOPES Voxel Model. 
Currently the ECOLOPES Voxel Model contains data describing site-specific conditions of the 
location chosen for the Vienna Case Study. At the end of the ontology-aided generative 
computational design process, the data in the ECOLOPES Voxel Model is updated to reflect 
the outcomes of the design process. A detailed description of the datasets contained in the 
ECOLOPES Voxel Model is available in section 1.3.1. The datasets allowed all ECOLOPES 
partners to evaluate and experiment with the structure of the RDB-based voxel model, i.e., 
importing discipline specific data. Initial tests were conducted in the early stages of developing 
the RDB-based voxel model. Experiments were conducted to evaluate if the overall structure 
of the data utilized for local and regional ecological modeling implemented in the WP4 can be 
aligned with the structure of the RDB-based voxel model. Currently, both the Ecological Model 
and Regional Model are being developed. These two models are addressing different 
resolutions and are using partially different types of input and output data. Based on the 
existing specification of data structure implemented so far, a first technological evaluation of 
the possibility to establish an interface between the Regional Model and ECOLOPES Voxel 
Model has been discussed. 

As discussed in deliverables D4.2, D3.3 and the current progress of the tasks T4.1 – T4.4, T3.3 
and T3.4, the Ecological Model is implemented 1) in a 3D CAD system (Rhino/ Grasshopper) 
by McNeel, SAAD and TUM, and 2) as a standalone executable file, generated from the source 
code written in the C++ programming language (see report D4.1 Preliminary EIM Ontology). 
The Ecological Model requires as inputs (1) spatial data from a 3D building envelope, such as 
soil classification, soil depth, shading, parameters linked to the form of the building (2) and 
definition of PFGs and AFGs. Outputs are biomass and PFGs in a resolution of 1 cubic meter 
over time. D3.3 reported that soil depth, soil type, shading, inclination, biomass and PFG data 
is stored in the JSON file format to be analyzed by a Machine Learning Model developed by 
McNeel. Data structure was optimized and transformed for the ML model that reveals 
patterns between different input parameters as well as it can make predictions.  Further 
details can be found in Deliverables D4.2, D3.2, D3.3, as well as in the future reports and 
scientific publications.  
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2.2.2 ECOLOPES Voxel Model and Knowledge Generation Framework 

The ECOLOPES Ecological Model and the Knowledge Generation Framework have been 
developed in close collaboration by TUM, SAAD, MCNEEL, UNIGE, and TECHNION. The 
following section briefly introduces the current state of the KGF (reported in D3.3 Interim 
ECOLOPES Platform Architecture) and a roadmap towards a connection between ECOLOPES 
Voxel Model in the KGF. The KGF is a series of computational experiments that link 
architectural, environmental, and ecological parameters to generate knowledge about the 
relationships between architectural form, the environment and ecological performance. The 
ECOLOPES Grasshopper plugin enables KGF experiments (D3.3). These experiments use as an 
input a 3D model of a building envelope and output species abundance (soil, plants, animals) 
in a resolution of 1 cubic meter. Furthermore, metadata such as shading values, soil depth, 
building geometry (e.g., surface inclination) and biomass, etc. are computed and correlated in 
a Machine Learning model (D3.3). Thus, the KGF approach aims at defining computational 
rules and thresholds of Key Performance Indicators (KPIs) for decision support to be used in a 
generative design and optimization process.  

ECOLOPES Voxel Model and the EIM Ontologies have the potential to support each other, for 
instance, by way of KGF output (rules for design) that can be utilized by the EIM Ontologies 
and ECOLOPES Voxel Model. Currently both the KGF, the EIM Ontologies and ECOLOPES Voxel 
Model are further developed and there are possibilities for a future integration for the 
ECOLOPES platform (WP3). 

3  VOXEL DATA FOR THE OPTIMIZATION PROCESS 

The datasets contained in the voxel model can be utilized in the processes implemented within 
the optimization workflow (WP6). At the end of the process implemented in the WP4 / WP5 
workflow, both CAD-based and voxel-based representation of the geometry will be saved and 
passed to the components positioned later in the ECOLOPES Computational Design Workflow 
(Fig. 1). The results of the GCD process will be exported as a 3D CAD model in the Rhinoceros 
format (.3dm). Detailed description of the outcomes generated in the GCD process is 
described in D5.3 ECOLOPES Computational Model. Corresponding voxel-based data will be 
exported as a single SQLite database file, containing domain-specific data related to the 
environmental and ecological properties of the design outcome at the end of the ontology-
aided generative computational design process. This numerical information can be computed 
as fitness objectives for the multi-objective optimization. As described in the sections above, 
these fitness objectives are the KPIs that have been computed in the KGF (WP3). Additionally, 
the ontological correlations will aid in the definitions of KPI priorities and design strategies. 
The resulting optimized 3D design alternatives and metadata could also be appended into the 
database file to enable an iterative process between the generative and optimization design 
phases. 
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4  VALIDATION, TRL, FAIR PRINCIPLES, OPEN QUESTIONS AND 
FUTURE RESEARCH 

This section addresses validation of the ECOLOPES Voxel Model, the required TRL, adherence 
to the FAIR principles, as well as open questions and future research. 

4.1 Validation 

The different components of the ontology-aided generative computational design process 
(EIM Ontologies, ECOLOPES Voxel Model, ECOLOPES Computational Model including all 
algorithms) are closely linked through numerous interfaces. For this reason, we have included 
a detailed elaboration of the validation process that is described in report D5.4 ECOLOPES 
Computational Model. To avoid considerable repetition across current reports this subsection 
only summarily addresses the validation of the ECOLOPES Voxel Model and the directly related 
datasets. 

The following aspects were or will be validated: 

1. ECOLOPES Voxel Model functionality 
2. Interfaces between the components of the ontology-aided generative computational 

design process: functionality and interoperability  
3. Designer & ECOLOPES Voxel Model: Usability of the dataset maps in the context of a 

design project 
4. Designer & ECOLOPES Voxel Model: Usability of the conceptual approach in a practice 

context 
5. Designer & ECOLOPES Voxel Model: Usability of the technical approach in a practice 

context 

The functionality of the ECOLOPES Voxel Model was tested internally by the development 
team throughout the stages of the development of the voxel model, including the alpha 
version to ensure that the required TRL was reached (see section 4.2). A final validation step 
is currently in preparation in the context of the Vienna Case Study, which will be undertaken 
in the period from October 2023 to the end of January 2024. 

The functionality of and interoperability/interfaces between the components of the ontology-
aided generative computational design process have been tested, in as far as these interfaces 
have already been technically developed. Some of the interfaces are still in development and 
will need to be tested internally by the development team when they have reached a testable 
state. Validation of all key interfaces will take place in the context of the Vienna Case Study, 
which will be undertaken in the period from October 2023 to the end of January 2024. 

Since the ECOLOPES approach, concepts, methods, and computational tools are developed 
for robust use in practice a series of validation steps needed to be developed that concern the 
interaction between the design and the components and the entire process of the ontology-
aided generative computational design process. The coverage of validation related to the 
software implementation is representative of Technology Readiness Level 4. According to the 
BRIDGE2HE H2020 TRL self-assessment tool (TRL Assessment | NCP Portal Management | 
Horizon Europe NCP Portal, 2022) this level is defined as the alpha version of the software 
tested by the software development team. Further development of this approach is 
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considered and for this reason, conceptual and methodological validation of the approach 
might be extended. Conceptual and methodological validation might extend beyond the scope 
of the software implementation to include a selected group of end-users (master-level 
architecture students). This advancement of validation on the conceptual level is intended to 
support the possible future development of the software components to address higher TRLs 
after the completion of the ECOLOPES Project. 

Currently the GCD approach is being validated in a master-level design studio context at TU 
Wien, realized in distance learning mode. Participants are working in an uncontrolled software 
environment, facilitated by individual laptop computers and residential-grade internet 
connections of unknown geographic spread. For these reasons, extensive validation of the 
software implementation is constrained by a range of technological challenges spanning 
beyond the TRL 4. According to the BRIDGE2HE H2020 TRL self-assessment tool (TRL 
Assessment | NCP Portal Management | Horizon Europe NCP Portal, 2022), the inclusion of 
selected end-users in controlled environments is assigned to TRL 6, while the inclusion of end-
users in non-controlled environments is representative TRL 7. For example, to facilitate higher 
TRLs controlled remote access to the functionalities implemented as a part of the software 
solution is necessary. This would require introduction of dedicated computational 
infrastructure, facilitating data encryption and user authentication at a level of individual 
interfaces between the GCD components. 

Some technological constraints of the software implementation are related to the current 
state of the development represented by McNeel Hops software components. Currently 
McNeel Hops technology is primarily developed for internal use in controlled environments of 
a single institution. For example, the current implementation of McNeel Hops component 
allows external computation within a local network (LAN), based on unencrypted 
communication with a group of servers, identified by their IP addresses. This communication 
is facilitated through an unsecured HTTP endpoint and the Hops client implementation 
(distributed as compiled binary through McNeel Package Manager) does not facilitate any 
form of authentication or enforce data-in-transit encryption. It needs to be noted that such 
implementation is representative for the main use case of the McNeel Hops component and 
introduction of functionalities spanning beyond the main use case would need to be 
evaluated. Alternatively, functionalities such as SSL data-in-transit encryption of user 
credential validation could be handled at the level of computational infrastructure (e.g., 
multiple levels of HTTP proxying). Such infrastructure-related implementation would need to 
be separately investigated and would require substantial investment in terms of the 
computational infrastructure, expert knowledge and personal costs required to implement 
and continuously operate such infrastructure. The described implementation would be 
representative of TRL 6-7 and might be addressed in future research to be conducted after 
the completion of the ECOLOPES project. 

This concerns the dataset maps from a conceptual perspective (see D5.1 Development Process 
for ECOLOPES Algorithm and D4.2 Interim EIM Ontology). Here the question is whether 
architects with a first degree (BA) can conceptually access and incorporate the dataset maps 
in their designer workflow. Since site analysis and the use of related software i.e., various 
simulation tools in GIS and CAD environments are already part of common practice in 
architecture, it seems reasonable to assume that there will be no major conceptual problems. 
Nevertheless, the conceptual integration of the dataset maps in the ECOLOPES design 
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workflow for design generation was successfully tested in the context of a series of master-
level design studios at TU Wien (see D5.4 ECOLOPES Computational Model Validation). While 
the workflow used in the master-level design studios increasingly involved aspects of data 
structuring and correlation i.e., between architectural, environmental, and ecological data, 
the full ECOLOPES Voxel Model has yet not been tested in these studios. The aim is to first test 
and validate the components of the ontology-aided generative computational design process 
in the context of the Vienna Case Study, as an extended form of alpha testing representative 
of TRL4 conducted by the software development team. Upon successful conclusion of the 
Vienna Case Study the ECOLOPES Voxel Model will be conceptually and methodologically 
introduced to the curriculum of the master-level design studios in the final two runs during 
the summer semester 2024 and the winter semester 2024-25 (see D5.4 ECOLOPES 
Computational Model Validation). Given the technological constraints described in the 
previous paragraphs and the formal requirements related to the TRL4, only the elements that 
are required to introduce the ECOLOPES Voxel Model on the conceptual and methodological 
level were introduced in the distance learning environment of the ECOLOPES Design Studio. 

4.2 Technology Readiness Level 

The research outcomes presented in this report are based on software implementation of the 
alpha version that was tested internally by the development team. The researchers that were 
involved in the development of components directly interfacing with the ECOLOPES Voxel 
Model have been continuously evaluating the implemented functionalities. The interaction 
with the EIM Ontologies has been implemented through the SQL visualization technique 
available in GraphDB (see section 1.3.4). Interactions between the ECOLOPES Voxel Model and 
designers are primarily implemented utilizing the McNeel Rhinoceros 3D / Grasshopper 
ecosystem. An Overview of currently implemented components and their description is 
presented in Appendix A. Consortium participants who are not directly involved in work that 
utilizes the data contained in the ECOLOPES Voxel Model have been contacted and invited to 
participate in the process of testing the components at key development stages. Their 
contribution provided an interdisciplinary perspective and shaped the direction of the 
ECOLOPES Voxel Model development. According to the TRL self-assessment tool implemented 
as a part of the BRIDGE2HE H2020 project (TRL Assessment | NCP Portal Management | 
Horizon Europe NCP Portal, 2022), this level of technological advancement is representative 
of the Technology Readiness Level 4.  

4.3 Adherence to FAIR Principles 

To adhere to the FAIR principle and promote research reproducibility, datasets produced 
during this study will be published in one of the most recognizable open access data 
repositories. According to the practices observed in the field, the Zenodo repository 
(European Organization for Nuclear Research & OpenAIRE, 2013) has been identified as a 
repository that promotes discoverability of datasets published in the field of architectural 
design. The effort related to ensuring data interoperability has been initiated as a part of the 
data exchange functionality required for the integration of the ECOLOPES Voxel Model data 
with the components implemented in the later in the ECOLOPES computational workflow (Fig. 
1). The initial dataset described in section 1.3.1 and the voxel-based representation of the 
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results created at the end of GCD process (see section 3) will be published in the Zenodo 
repository.  

4.4 Open questions & Future Research 

While some interfaces with other components of the ontology-aided generative 
computational design process still need to be finalized, the ECOLOPES Voxel Model has 
reached the intended stage of its development. The open questions offered below therefore 
consider open questions in the context of future research after the completion of the 
ECOLOPES research project. 

The Ecolopes Voxel Model currently contains data from several specified sources in specified 
formats pertaining to a limited number of disciplines or domains. The related datasets are 
contained in the voxel model as (1) inputs to the design process and (2) outputs of the design 
process for each design variant.  

4.4.1 Inputs into the Design Process: Data-sources, Domains and Data Correlation 

With an increasing understanding of the complexities involved in environmental and 
ecological planning and design it is likely that the range of data sources, data formats, and 
involved disciplines and domains will increase. This may impact on the way the data is 
structured within the voxel model and introduce a greater complexity to data correlation as a 
distinct functionality of the voxel model as a custom-configured project-specific database. In 
the steps succeeding the ECOLOPES Project, ongoing search for further fields of study able to 
support data-integrated design processes will be continued. Research disciplines that are able 
to contribute insights related to the understanding of complex relations between the data-
informed processes in design and planning across different scales will be considered. Research 
disciplines are often using distinct representations of data and its integration with the 
structure of the voxel model might pose a challenge. Identification of a promising field of study 
will be followed by the evaluation of disciplinary analysis and simulation methods. Next, an 
evaluation aimed at investigating whether the disciplinary methods are providing spatially 
explicit data that could be represented within the structure of a voxel-based system will be 
conducted. Finally, initial experiments related to the integration of such datasets in the data-
integrated voxel-based design workflows will be executed. 

4.4.2 Outputs of the Design Process: Informed Local Databases 

Currently, the design output for each design variant consists of a CAD Model, related voxel 
data, and ontological outputs. Upon completion of the ontology-aided generative 
computational design process, the data related to the design variants selected for 
optimization is passed on to the next step in the process. Design variants that are not selected 
are currently not considered in terms of potential further use. Given that the generated data 
is representative of possible solutions that could satisfy a different set of benchmarks, 
requirements or KPIs, it would seem useful to store this data and keep it accessible for further 
use. In future steps succeeding the ECOLOPES Project, reproducibility and computational 
effort related to the generation of large amounts of design variants will be evaluated. This 
computational effort will be evaluated against the storage requirements needed to represent 
a large collection of design outcomes and the related voxel-based representation of their 
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environmental performance criteria. Regarding the design generation process, performance 
of the design generation, analysis and evaluation algorithms will be evaluated, and areas of 
possible improvement will be indicated. Regarding the combined CAD and voxel-model 
storage requirements, alternatives and possible improvements will be studied. The 
comparison of the two evaluations is expected to lead to the establishment of strategies for 
systematic recording of the intermediate design solutions emerging from the ontology-aided 
generative computational design process. One of the considered possibilities is a hierarchically 
structured set of databases that are included within or closely linked with the ECOLOPES Voxel 
Model. 

5  PUBLICATION PLAN 

We recently submitted a scientific article for peer-review to Frontiers of Architectural 
Research journal that focuses on the conceptual framework for an ontology-aided generative 
computational design process for ecological building envelopes. In the article we describe the 
conceptual approach and the development of the related components of the ontology-aided 
generative computational design process (EIM Ontologies, ECOLOPES Voxel Model, ECOLOPES 
Computational Model). 

Secondly, we are in the process of preparing a scientific article on the specific development 
and utilization of the “ECOLOPES Voxel Model as a spatial-knowledge representation 
schemata in the context of an ontology-aided generative computational design process for 
ecological building envelopes”. We aim to submit this article to Architectural Science Review 
(Taylor & Francis) or to Technology | Architecture + Design (Taylor & Francis). 

Finally, we will prepare a scientific article on “Validation of the ECOLOPES ontology-aided 
generative computational design process for ecological building envelopes”, which will report 
the results of the Vienna Case Study, which will commence in October 2023 and be finalized 
in January 2024. 
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APPENDICES 

Appendix A 

Overview of the implemented Grasshopper component
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Appendix B 

Published literature review on the applications of voxel models 














































































