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Application of physical models did not determine the final geometry, but rather 
for its approximation and studying of the representation scheme that was further 
elaborated and applied in a computational environment. Respectively, the follow-
ing step was the definition of algorithms and their implementation, which involved 
creating Grasshopper definitions for autonomous productions of compositions.  For 
constructing definitions, we applied Wasp’s 49 and Fox 50 components. The devel-
oped codes (GH definitions) include components that enable generating architec-
tonic structures from one or multiple elements, based on predefined rules, by ap-
plying stochastic, field-driven, or graph-grammar aggregation. The basic algorithm 
must include components that define elements, composition rules, aggregation, 
and visualization, while the constraints could be used optionally to introduce more 
control in the composition growth.

The mesh geometry applied for the component’s representation can be drawn in 
Rhinoceros. Each component must include topological information on connections. 
The set of connections determines the module’s topological graph, which is then 
used to define the composition possibilities with other modules. The rules are in-
structing which connections are allowed to be made during composition. The rules 
could be generated from parts names and connection ids or text springs. There is 
also an automated rule generator that creates rules between connections of the 
same type (if no grammar is provided), or between connections of different types, 
according to the specific grammar rules. Automated rule generation creates versa-
tility; however, sometimes, it can produce spatial solutions that are hard to interpret 
architecturally, so, in order to introduce more control to the form-finding process, 
in some instances, it is more convenient to specify rules that will limit undesirable 
connections. Rule definition, along with the specification of the number of elements 
in the composition, regulates the generation process. 

49  �Ibid. 44.
50  �Ibid. 47.

Fig. 2
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The constraints could be represented by 2D plane geometry, limiting the com-
position growth to space on its selected side (positive or negative), 3D volume 
represented by mesh geometry, limiting the growth inside or outside the body, or 
iso-surface. The boundary constraint could be imposed as hard or soft. In the first 
case, the entire component must be within the boundary, while only its center is in 
the second. Aggregation procedures are composed of strategies for selecting simple 
composition rules, defined as an instruction to orient one component over another 
component’s selected connection. Visualization of the results (a set of information) 
of these additive composition processes based on randomization represents emer-
gent composition geometry. Custom GH definitions using Wasp or Fox components 
were developed (Fig. 3) to conduct design explorations (Fig. 4). 

Fig. 3

Fig. 4
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Design Evaluation 
The design was evaluated using FEM; this method is standardly applied to ana-
lyze performances in the design of spatial structures 51, 52. A custom GH definition 
was created for the structural analysis using Millipede 53, Grasshopper plug-in for 
structural analysis and optimization. This plug-in enables linear elastic analysis of 
frame and shell elements in 3d or 2d plate elements for in-plane forces and 3d 
volumetric elements. The GH definition for structural analysis contains segments 
of conventional FEM algorithm – preprocessing, processing, and postprocessing. In 
preprocessing finite element mesh, boundary conditions, cross-sections, and mate-
rial properties are defined. The analysis was conducted for the self-weight of struc-
tures made of linear elements with rectangular cross-sections. The results of the 
linear elastic analysis conducted by the solver are numerical values of deflections 
(but also bending moments and stresses values) and diverse options for visualiza-
tions of results. Based on structural analysis, results informed modifications and 
improvement of the proposal in the iterative design process (Fig. 5).

The construction of a small-scale prototype enabled us to evaluate the architectur-
al qualities of the selected design proposal and verify, to a certain extent, structural 
efficiency and construction approach. A 90 x 60 cm segment of the spatial structure 
was constructed with 461 identical parts, each measuring 8.5 cm in length and laser 
cut from carboard (Fig. 6). The digital model and custom GH definition were applied 
for considerations of construction strategy and the model preparation, and the ele-

51  �M. Nestorovic, P. Nestorovic, J. Milosevic, “Performance Based Approach in Design of 
Freeform Space Structures”. In: Facta Universitatis, Series: Architecture and Civil Engi-
neering, vol. 15, no. 2, 2017, 153 – 166.

52  �J. Milosevic et Dj. Nedeljkovic “Computational Design and Analysis of Tensegrity 
Structures”, In: Serbian Architectural Journal – SAJ, vol. 9, no. 1, 2017, 1 – 20.

53  �Grasshopper Docs, Millipede. Available online: https://grasshopperdocs.com/addons/
millipede.html

Fig. 5
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ments were assembled manually. Although modularity introduced effectiveness in 
the construction process, further research in automation of this process is needed 
to increase productivity.

DISCUSSION

The presented design research has two types of results:  
•	 process – the digital design framework, and  
•	 products – form explorer and discrete compositions.  
We can make an analogy between these outcomes and concepts used in Object-

oriented design (OOD). Respectively, the process could correspond to the object-ori-
ented design strategy, form explorer is equivalent to the objectile, while the com-
position is an actual artifact and matches the object. Furthermore, listed research 
outcomes have a different degree of usability. While the process is an experience 
that can be re-used in another design situation, form explorer (objectile) should be 
re-cycled and adopted to a different problem, and compositions (objects) are integral 
to the particular design (re)search.  

Allocation of autonomous computational systems in the creation process and 
different types of results introduce, correspondingly, a possibility for multi-level 
authorship in design research, discussed by Carpo 54. In contrast to the conven-

54  �Ibid. 7.

Fig. 6
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tional approach in which the relationship between the subject (designer) and 
the object (artifact) is mostly direct, the process of generative design requires 
creating a generative mechanism that mediates the object’s creation. In other 
words, it is possible to recognize authorship on the level of design research strat-
egy proposal, then on the level of production of the exploratory system (e.g., 
algorithm or code), and on the level of design/artifact produced by manipulating 
code parameters.  

This study demonstrates that proposed framework could be a suitable method 
for synthesizing architectonic structures. Applied generative procedure facilitate 
production of diverse outcomes expressing geometrical relations between discrete 
components. The geometric output is flexible in its variation, sizes, number of units. 
Architectural qualities are accomplished through the friction and overlap of compo-
sitional elements and the aesthetics of jamming (Fig. 7). Furthermore, the method 
can be applied to investigate diverse relations (structural, formal, functional) and 
implemented to produce formation at different scales (from material, through ar-
chitecture to urbanism). 

CONCLUSIONS

The exploitation of the computer’s capability to process large amounts of informa-
tion opens opportunities for developing different design strategies. This research 
reviews the generative design framework for design of complex discrete architec-
tural structures. Presented approach should not be solely perceived as a means to 
intensify form and create aesthetics of jamming, but as a problem-solving design 
strategy, which could increase efficiency and detail. Also, this approach relies on 
designer-computer interaction to drive parametric digital modeling. Designers 
define processes and design constraints, built tools, and explicitly select designs 
out of the range of solutions that emerged in the shape exploration performed 
by the computational tool. On the other hand, the computational tool augments 

Fig. 7
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the designer’s performance and finds solutions beyond his/her perception or 
experience. 

There are various directions for further research. Additional studies on part-to-
whole relations and compositions could be done. For example, research focused on 
the inclusion of qualities based on objective external information (such as physical 
or material) that could affect the configuration. This approach is beyond compo-
nents derived from abstract archetypes 55 and towards customized components 
that adapt to local tolerances and other unpredictability. The computational pro-
cedure could also be further developed by integrating geometrical and topological 
information with data from performance simulations (e.g., environmental) into a 
coherent information model. This combined model would comprehensively ren-
der formation behavior and reduce the need for abstract concepts of ordering and 
arranging. Additionally, optimization algorithms could be used to automate eval-
uation and search for solutions 56. Finally, additional work on the sustainability of 
the mereological approach should be carried out regarding the new relations in 
architectural design and construction driven by automation 57. Structures made of 
autonomous modules and repeated non-redundant processes of composition have 
the potential to increase the efficiency and economy of the fabrication, transport, 
and construction time. 
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ILLUSTRATIONS

1: Overview of the design framework.
Преглед оквира дизајна.
2: Research of a part-to-whole relation using physical models.
Истраживање односа делова и целине коришћењем физичких модела.
3: An example of a costume Grasshopper definition that facilitates generation of spatial structures.
Пример дефиниције костима у апликацији Grasshopper којим се олакшава генерисање 
просторних структура.
4: Examples of generated spatial structures.
Примери генерисаних просторних структура.
5: Structural performance evaluation. 
Процена структурних перформанси.
6: Construction of a small-scale prototype.
Конструкција прототипа малих димензија.
7: Conceptual architectural design visuals – exploded axonometric, ambience renders
Визуелни прикази идејног архитектонског дизајна – разложени аксонометријски, амбијентални 
рендери

55  �Ibid. 16.
56  �J. Mukkavaara et M. Sandberg, “Architectural Design Exploration Using Generative 

Design: Framework Development and Case Study of a Residential Block”. Buildings 
2020, 10, 0201. 

57  �A. Andia et T. Spiegelhalter, Post-parametric Automation in Design and Construction, 
Norwood, MA, USA, 2014. 
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Јелена Ж. МИЛОШЕВИЋ, Александра С. НЕНАДОВИЋ, Маша С. ЖУЈОВИЋ, 
Милијана Д. ЖИВКОВИЋ, Исидора A. ЗИМОВИЋ, Марко M. ГАВРИЛОВИЋ
ДИСКРЕТНИ КОНТИНУИТЕТИ: ГЕНЕРАТИВНА ИСТРАЖИВАЊА КРОЗ ПРОЈЕКАТ 
ПРОСТОРНИХ СТРУКТУРА У АРХИТЕКТУРИ

Резиме: Изазови са којима се архитектонско пројектовање суочава у дигиталној ери подразу-
мевају повећање комплексности пројеката и захтевима за примену за ефикасних пројектант-
ских методама и алата. Овај рад доприноси истраживањима у области генеративног рачунског 
пројектовања дискретних склопова и њиховој примени у изградњи просторних структура у ар-
хитектури. Дискретна архитектура је приступ који се односи на рачунарско манипулисање дис-
кретним елементима архитектонских објекта који су репрезентовани у форми вишезначних, 
адаптибилних и скалабилних дигиталних података. Дискретна архитектура користи предности 
дигиталне економије и аутоматизације како би допринела демократизацији производње и пове-
ћању доступности, препознајући потенцијалне економске, социјалне и културне импликације. 
Истраживања и пројекти орјентисани на тему дискретне архитектуре и архитектонске онтоло-
гије указују на потенцијале које нуде комплексне, прилагодљиве архитектоничне структуре који 
настају као резултат дигиталног склапања елемената. У оквиру овог рада, тема композиција од 
дискретних елемената истражује кроз креативни процес. С тим у вези, рад испитује могућност 
употребе генеративних система заснованих на формализму граматике графова у стварању при-
лагодљивих просторних конфигурација у архитектонском контексту. Приступ је тестиран кори-
шћењем методе истраживања кроз пројекат у коме се рачунски генеративни систем користи као 
уграђени систем за истраживања форме просторних структура. Као генеративна процедура у 
истраживању се користи граматика графа. У овој процедури полазећи од спецификације дис-
кретних елемената / модула и њихових атрибута, затим дефиниције правила и ограничења њи-
хове композиције, стохастички алгоритам случајним одабиром модула и правила на свакој ите-
рацији адитивног процеса генерише различите просторне структуре. Просторне структуре од 
дискретних елемената генерисане на овај начин поседују особину емергенције, континуитета, 
али и нови ниво материјалности, детаља, структуре, функционалности и естетике који су свој-
ствени процесу пројектовања који је заснован на интеракцији дизајнера и рачунара. Структурне 
перформансе композиција оцењене су помоћу софтвера заснованог на Методи коначних еле-
мената (МКЕ), такође конструкција је у одређеној мери проверена и кроз израду прототипа у 
малој размери. Предметно истраживање је омогућило проверу специфичне пројектантске ме-
тодологије, као и испитивање потенцијала дигитално интелигентне архитектуре.
Кључне речи: генеративни дизајн, архитектонско пројектовање, просторне структуре, дискрет-
на архитектура, дискретни аутомат


