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Abstract 
 
Design support systems should be able to handle a variety of Building Spatial Designs 
(BSDs), while at the same time considering multiple disciplines, to support the 
preliminary multi-disciplinary building design process. For this purpose, this paper 
presents a Triangulation Partitioning method (TP) to obtain a triangular prism 
conformal geometry for a wide variety of BSDs, however, limited to vertical walls 
and horizontal floors. It is shown that this method offers a generalized geometric basis 
for the definition of discipline specific models.  
 
Keywords: Automatic partitioning, Conformal geometry, Non-orthogonal building 
spatial design, Multidisciplinary optimisation and simulation, Design support systems 
 

1  Introduction 
 
The built environment consumes about 40 to 60 % of all energy and material resources 
[1,2], and serious reductions of this depletion must be reached [3]. In addition, the 
preliminary design process of buildings is highly interdisciplinary, and shows 
complex relationships between the disciplines. This may lead to sub-optimal 
decisions, whereas these will determine to a large extent the final performance of the 
building, different from decisions later in the design process [4]. Therefore, the 
preliminary design process should be understood, improved, and supported by 
appropriate design support systems. 
 

Design support systems should be able to handle the variety of Building Spatial 
Designs (BSDs) as currently seen in practice, while at the same time should consider 
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multiple disciplines. However, discipline related building representations often differ 
(e.g. [5-8]), which may result in discrepancies between the models. Therefore, here a 
general base geometry is proposed (for example using cuboids) to describe the BSD 
to be used for several disciplines [9-10]: cuboid surfaces can then be amended by 
discipline specific representations. 
 

Alongside the general base geometry, a conformal geometry representation can be 
developed. In such a conformal geometry representation, for all entities: the vertices 
of an entity are, if intersecting another entity, only allowed to coincide with this other 
entity's vertices, see figure 1 ("Conformal geometry") for an example. Such a 
conformal geometry of the BSD has multiple use-cases with respect to discipline-
specific model definitions, figure 1 and [11]. For instance, developing a finite element 
mesh, where the partitioned geometry allows for proper meshing of the partitions and, 
in case of conformal partitions, node coinciding meshing. This process is defined as 
the multi-block method [12] and is generally applied to partition a single complex 
body [13-16]. And although some of these methods can handle multiple bodies [17-
19], like the spaces in figure 1 of the BSD, none of these methods are able to make a 
conformal geometry for the wide variety of BSDs in practice. Therefore, here it is 
researched how to obtain a conformal geometry for a wide range of base geometries, 
however, limited to vertical walls and horizontal floors. 
 

 
Figure 1: Generation of discipline-specific models from a building spatial design or 

from a conformal geometry [11]. 
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2  Methods 
 
To obtain a conformal geometry from a BSD, three partitioning methods have been 
investigated [20], for which the so-called Triangulation Partitioning method (TP) was 
selected as the most promising. The TP method will be presented first, and thereafter 
a meshing strategy for triangular flat shell elements is introduced. Finally, it will be 
shown that the partitioning method together with the meshing strategy will enable the 
domain specific analysis of BSDs with vertical walls and horizontal floors. 
 

The TP method results in a conformal geometry as a collection of triangular prisms. 
As triangular prisms are the simplest possible geometrical entities with vertical walls, 
this implies that all polyhedron BSD base geometries with horizontal floors and 
vertical walls can be described. The conformal geometry is obtained as follows, see 
figure 2: (1) displace each quad-hexahedron along the z-axis so that its lowest values 
in the z-direction are at the z=0 plane. (2) Define all the points and constraint lines to 
perform a 2D constrained Delaunay triangulation in the z=0 plane. The points consist 
of all corner points on the ground plan (i.e. on the z=0 plane) and all intersections 
between the lines of the base geometries on the z=0 plane. The constraint lines are all 
lines along the border of the geometry. (3) Perform the constrained Delaunay 
triangulation. This is performed here with the 'FADE_2D' library [21]. The result is a 
collection of triangles. (4) Project along the z-axis back all triangles to fill the full 
original base geometry by generating a triangular prism between the z-values of all 
elevations for each triangle within the BSD generated in the constrained Delaunay 
solution. 

 

 
Figure 2: The triangulation partitioning method step by step. 

 
The meshing strategy for a triangular flat shell structural component, using four-

node quadrilateral flat shell elements, is self-explanatory, as shown in figure 3. By 
combining this strategy with the existing meshing approach for quadrilaterals [19], 
the triangular prism geometry can be meshed. 

 

3  Results 
 
The TP method results in a conformal geometry, as is demonstrated by the example 
of a complex BSD that consists solely out of a quad-hexahedron defined base 
geometry, see figure 4 on the left. From this conformal geometry, a structural model 
is defined by amending all base geometry surfaces of the BSD by flat shell structural 



4 
 

components (shear walls or floors), and subsequently meshed with the above strategy. 
Note that all finite element nodes along shared lines coincide and so are merged, due 
to the conformal geometry, see also figure 1. This process is performed fully 
automatic, among others with the help of structural grammars and meshing procedures 
[19].  
 

 
Figure 3: Meshing strategy for a triangular flat shell using quadrilateral flat shell 

elements. 
  

 
Figure 4: A BSD to a conformal geometry, to a structural model and finite element 

mesh: a fully automated procedure. 
 

A convergence study has been carried out, comparing the quality of the original finite 
element mesh (based on a conformal geometry made by an alternative method [19], 
only applicable to rectangular designs) with the mesh obtained via the TP method and 
above meshing strategy, see figure 5. Both meshes use the same quadrilateral flat shell 
elements, and the same loads and constraints are applied [19]. Table 1 shows that a 
mesh size equal to 2 is too course for the original strategy, mesh size 4 is fine, and 
using finer meshes (above 4) does not show further convergence. As such, it can be 
concluded that relatively large elements already provide a converged solution (for this 
specific model). Also, the triangular prism-based geometry, although having distorted 
elements, provides accurate solutions. This is advantageous, as the triangular prism-
based geometry results from non-rectangular geometries, which can handle the variety 
of Building Spatial Designs (BSDs) as seen in practice.  
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Figure 5: Automatically meshed structures having increasing mesh densities, based 

on either triangular prism or quad-hexahedron geometries. 
 
 

Number of 
elements 

New mesh; Total strain energy, 
triangular prism conformal 
geometry [Nmm] 

Original mesh; Total strain energy, 
quad-hexahedron conformal 
geometry [Nmm] 

2 1774 1472 

4 1799 1807 

8 1808 1814 

16 1806 1808 

Table 1: overview of total strain energy for meshes based on triangular prisms vs. 
quad-hexahedrons. 

 

4  Conclusions and Contribution 
 
In this paper, it has been shown that a base geometry in combination with a conformal 
geometry can serve as a good base to define a discipline specific model. Specifically, 
the conformal geometry, among others, offers a generalized platform to (1) define 
properties, loads and components in a correct manner, (2) solve finite element 
connections and intersection problems within a mesh, and (3) allows for the grouping 
of sub-parts of the BSD into zones for spatial layouts that are more logical from a 
discipline point of view [11]. 
 

Previous research indicated that the TP method is the most versatile method of all 
tested methods [20] to define such a conformal geometry. The method can be applied 
to any possible base geometry with horizontal floors and vertical walls, since a 
triangular prism is the most elementary polyhedron shape. Hence, it can be applied to 
a wide range of BSDs, thereby supporting simulation and optimization for multiple 
disciplines. 
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The definition of a finite element model with the help of a triangular prism 

conformal geometry has been demonstrated. Specifically for this application, a 
conformal geometry has been found very useful since it is difficult to define a 
functional mesh, and to correctly apply loads and constraints for complex multi-body 
geometries.  
 

A first indication of the related mesh quality has been given, by a comparison of 
meshes found for quad-hexahedron conformal geometries (found from a partitioning 
method and accompanying meshing strategy for rectangular BSDs [19]) and for 
triangle prism conformal geometries (which result by the new partition method that is 
also applicable to non-rectangular shapes). Both types of geometries result in similar 
mesh qualities, if measured for the total strain energy. 
 

Future research will first develop procedures to use the triangular prism conformal 
geometries for thermal and lighting discipline models. Then existing modification 
strategies for rectangular BSDs will be adapted and tested to see whether they work 
with non-rectangular BSDs. Finally, multi-disciplinary optimisations and design 
simulations will be carried out in a hybrid fashion, to study and support building 
design processes. 
 

Acknowledgements 
 
This work is part of the Open Technology Program with project number 18036, which 
is (partly) financed by the Netherlands Organization for Scientific Research (NWO). 
Moreover, the authors would like to acknowledge Dr. S. Boonstra and Dr. J.M. Davila 
Delgado for their contributions to the larger framework of this research. 
 

References 
 
[1] J. E. Anderson, G. Wulfhorst, W. Lang, “Energy analysis of the built 

environment - A review and outlook”, Renewable and Sustainable Energy 
Reviews, 44, 149–158, 2015. https://doi.org/10.1016/j.rser.2014.12.027 

[2] European Construction Technology Platform (ECTP). “Challenging and 
changing Europe's built environment: A vision for a sustainable and 
competitive construction sector by 2030”, Technical report. European 
Construction Technology Platform, 2005. 

[3] United nations, “Paris Agreement”, Technical report., United nations, 2015 
[4] L. Wang, W. Shen, H. Xie, J. Neelamkavil, A. Pardasani, “Collaborative 

conceptual design – state of the art and future trends”, Computer-Aided Design, 
34, 981-966, 2002. https://doi.org/10.1016/S0010-4485(01)00157-9 

[5] P. Sharafi, L. H. Teh, M.N. Hadi, “Conceptual design optimization of rectilinear 
building frames: A knapsack problem approach. Engineering Optimization”, 
47(10), 1303-1323, 2015. https://doi.org/10.1080/0305215X.2014.963068 

[6] L. Caldas, “Generation of energy-efficient architecture solutions applying 
GENE_ARCH: An evolution based generative design system”, Advanced 
Engineering Informatics, 22(1), 59–70, 2008. 
https://doi.org/10.1016/j.aei.2007.08.012 



7 
 

[7] Q. Q. Liang, Y. M. Xie, G.P. Steven, “Optimal topology design of bracing 
system for multistory steel frames”, Journal of Structural Engineering, 126(7), 
823–829, 2000. 

[8] Z. Li, H. Chen, B. Lin, Y. Zhu, “Fast bidirectional building performance 
optimization at the early design stage”, Building Simulation, 11, 647–611, 
2018. https://doi.org/10.1007/s12273-018-0432-1 

[9] E. Hoskins, “Design development and description using 3D box geometries”, 
Computer-Aided Design, 11(6), 329–336, 1979. https://doi.org/10.1016/0010-
4485(79)90033-2 

[10] P. Geyer, “Multidisciplinary grammars supporting design optimization of 
buildings”, Research in Engineering Design, 18(4), 197–216, 2008. 
https://doi.org/10.1007/s00163-007-0038-6 

[11] D.P. Claessens, S. Boonstra, H. Hofmeyer, “Spatial zoning for better structural 
topology design and performance”, Advanced Engineering Informatics, 46, 
101162, 2020. https://doi.org/10.1016/j.aei.2020.101162 

[12] P.J. Frey, P.L. George, “Mesh Generation”, Oxford ,HERMES Science, 2000. 
[13] C.G. Armstrong, H.J. Fogg, C.M. Tierney, T.T. Robinson, “Common Themes 

in Multi-block Structured Quad/Hex Mesh Generation”, Procedia Engineering, 
124, 70–82, 2015. https://doi.org/10.1016/j.proeng.2015.10.123 

[14] M. Whiteley, D. White, S. Benzley, T. Blacker, “Two and three-quarter 
dimensional meshing facilitators”, Engineering with Computers, 12(3-4), 144–
154, 1996. https://doi.org/10.1007/BF01198730 

[15] K. Xu, G. Chen, “Hexahedral Mesh Structure Visualization and Evaluation”, 
IEEE Transactions on Visualization and Computer Graphics, 25(1), 1173–
1182, 2019. https://doi.org/10.1109/TVCG.2018.2864827 

[16] M. L. Staten, R.A. Kerr, S.J. Owen, T. D. Blacker, M. Stupazzini, K. Shimada, 
“Unconstrained plastering-Hexahedral mesh generation via advancing-front 
geometry decomposition”, International Journal for Numerical Methods in 
Engineering, 81(2), 135–171, 2010. https://doi.org/10.1002/nme.2679 

[17] H.J. Fogg, C.G. Armstrong, T.T. Robinson, “Automatic generation of 
multiblock decompositions of surfaces”, International Journal for Numerical 
Methods in Engineering, 101(13), 965–991, 2015. 
https://doi.org/10.1002/nme.4825 

[18] N. Kowalski, F. Ledoux, P. Frey, “Automatic domain partitioning for 
quadrilateral meshing with line constraints”, Engineering with Computers, 
31(3), 405–421, 2015. https://doi.org/10.1007/s00366-014-0387-5 

[19] S. Boonstra, K. van der Blom, H. Hofmeyer, M.T. Emmerich, J. van Schijndel, 
P. de Wilde, “Toolbox for super-structured and super-structure free multi-
disciplinary building spatial design optimisation”, Advanced Engineering 
Informatics, 36, 86–100, 2018. https://doi.org/10.1016/j.aei.2018.01.003 

[20] Ezendam, T. “Two geometry conformal methods for the use in a multi-
disciplinary non-orthogonal building spatial design optimisation framework”  
MSC-thesis, Eindhoven University of Technology, Eindhoven, The 
Netherlands, 2021. 

[21] FADE 2D., “Delaunay Triangulation Libraries 2D/2.5D”, (n.d.). 
https://www.geom.at/products/fade2d/ 


