Manifestation of Art in Architecture and
Urban Engineering

Optimal Form Analysis of High-Rise Buildings to Enhance Urban
Livability and Energy Efficiency Using Karamba Plugin

1. Vali Zivari Afzal®*: M.A., Department of Architecture, Faculty of Art and Architecture, Bu-Ali Sina University,
Hamedan, Iran

2. Mehrdad Karimimoshaver(: Professor, Department of Architecture, Faculty of Art and Architecture, Bu-Ali Sina
University, Hamedan, Iran

*Corresponding Author’s Email Address: v.zivari2022@gmail.com

How to Cite: Zivari Afzal, V., & Karimimoshaver, M. (2024). Optimal Form Analysis of High-Rise Buildings to Enhance Urban Livability and Energy
Efficiency Using Karamba Plugin. Manifestation of Art in Architecture and Urban Engineering, 2(4), 120-140.

Abstract:

In recent decades, the increasing development of high-rise buildings in metropolitan areas has become one of the primary indicators of vertical
urban expansion. These structures are not only significant due to their specific design and construction requirements, but they also serve as
prominent elements in the urban skyline, playing a key role in shaping spatial identity. One of the major challenges in high-rise design is selecting
architectural forms that simultaneously satisfy aesthetic criteria, structural efficiency, and resilience to lateral loads such as earthquakes. The
present study aims to examine the impact of floor plan geometry and vertical scaling on the structural performance of high-rise buildings using a
genetic algorithm optimization approach within the Grasshopper environment, enhanced by the Karamba plugin. In this context, lateral
displacement was analyzed as the seismic vulnerability index, and structural weight per unit area was assessed as the structural efficiency index,
both serving as objective functions. Through multi-objective analysis and the definition of geometric variables within a parametric model, a set of
optimal forms was generated. These optimized forms can serve as a basis for design decision-making depending on the priorities set by the
designer. The findings indicate that forms with simple roof plans (triangular) and compact vertical scaling demonstrate superior performance in
terms of seismic behavior and structural weight. Furthermore, the results show that the final design response is not a single definitive solution,
but rather a set of "Pareto-optimal solutions," from which the designer can select the final form based on visual aesthetics, compatibility with
climate, and project context. The final analysis of the models was conducted within the parametric Grasshopper environment, and the results can

be generalized and applied to similar projects under diverse climatic and structural conditions.
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Extended Abstract

Introduction

The accelerated pace of urbanization and the increasing demand for functional space in metropolitan centers have rendered
vertical development a strategic necessity for modern urbanism (1, 2). High-rise buildings, while offering a solution to spatial
constraints, also serve as dominant visual elements that shape the identity and aesthetic perception of cities (3). However, the
architectural design of such structures faces a multifaceted challenge—balancing visual elegance with structural efficiency and
seismic resilience. Particularly in seismic-prone regions like Iran, architectural form must not only fulfill aesthetic ambitions
but also adhere to structural safety and sustainability requirements (7). The development of digital design tools and
performance-based modeling has opened new avenues for addressing these complexities. Parametric modeling environments
such as Grasshopper, combined with structural analysis plugins like Karamba, provide architects with real-time feedback on
how geometric alterations impact structural behavior (13). Within this framework, evolutionary algorithms, particularly genetic
algorithms, have emerged as effective methods for exploring multi-objective optimizations in form finding (12). Studies
indicate that geometries such as octagonal or circular base plans yield favorable seismic performance compared to triangular

or tapering forms (9). Similarly, the use of advanced structural systems like diagrids facilitates weight reduction and stiffness
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enhancement (10). Building upon these findings, the current study aims to explore the combined effects of plan geometry and
vertical scaling on the structural performance of high-rise buildings through a genetic algorithm-based optimization approach.

Methods and Materials

This study adopts an applied-developmental research approach integrating parametric modeling with multi-objective
optimization. The modeling process was executed using Rhino and Grasshopper, while structural analyses were performed
using the Karamba plugin. A genetic algorithm (GA) served as the primary optimization method. Design variables included
the number of polygon sides in the base and roof plans, the vertical scaling ratio, and the surface rotation angles. Each design
iteration generated through parametric modeling was assessed on two performance criteria: maximum lateral drift (indicating
seismic vulnerability) and structural weight per square meter (indicating material efficiency). The optimization process was
carried out in two main stages. First, an exploratory parametric study was conducted using Biomorpher and K-means clustering
to identify promising geometries. Then, precise multi-generational optimization was conducted in Wallacei to extract Pareto-
optimal solutions. The GA parameters, such as population size, mutation rate, and selection method, were carefully configured
to ensure diversity and convergence across generations. The final models were limited to 10 floors with 4-meter floor heights,
consistent with practical structural limitations. All models adhered to Iran’s seismic code (2800), with reinforced concrete shear
wall systems and consistent material properties. Boundary conditions included constraints on inter-story drift (less than 0.02 of
story height) and a stress ratio ceiling of 0.7 to maintain uniform performance benchmarks.

Findings

The optimization process successfully identified a set of high-performing geometric configurations, with the most efficient
forms exhibiting triangular roof plans and compact vertical scaling ratios (~0.50). Biomorpher’s initial clustering phase divided
randomly generated form populations into 12 clusters, revealing trends in design geometry. Successive generations of GA
optimization in Wallacei demonstrated clear convergence patterns. Standard deviation and trend line analyses showed that both
target functions—structural weight and maximum lateral displacement—steadily decreased across generations. Parallel
Coordinate Plots illustrated how the two objectives evolved in tandem, confirming the efficacy of multi-objective optimization.
Five non-redundant optimal forms were extracted. For instance, the first optimal form, with an octagonal base and triangular
roof scaled at 0.50, achieved a structural weight of 48,300 tons and a maximum drift of 19.64 cm. Other Pareto-optimal
solutions included variations with 12- or 24-sided bases but shared the common trait of triangular roofs and compact scaling.
This indicates that while base geometry moderately affects performance, vertical compaction and roof simplification are more
decisive. The search space analysis confirmed that optimal solutions densely populated the lower-left quadrant of the objective
function diagram, indicating minimal drift and weight. These findings confirm the relevance of plan compactness and minimal
tapering in enhancing seismic and structural performance.

Discussion and Conclusion

The findings from this study underscore the transformative potential of parametric design and genetic algorithm-based
optimization in high-rise architecture. By simulating thousands of design alternatives and assessing them in real-time using
structural performance criteria, architects can move beyond intuition-based decisions to data-driven form generation. The study
reveals that architectural forms characterized by triangular roof geometries and compact vertical scaling consistently
outperform other variants in terms of seismic drift and structural weight. Interestingly, although higher polygon counts (e.g.,
24 sides) in base plans slightly enhance performance, their impact is marginal compared to the decisive influence of vertical
compactness. Furthermore, the diversity of Pareto-optimal solutions illustrates that the "best" form is not singular. Instead,

designers can select from a range of optimal options based on additional considerations such as visual aesthetics, site
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integration, or climate adaptability. The use of GA enabled the simultaneous evaluation of complex interacting variables, a task
infeasible through manual calculation alone. While this study focused on seismic forces in a Tehran-based context, the
methodology is extendable to varying structural systems and climate zones. Future research may incorporate economic,
environmental, and construction feasibility parameters into the optimization framework, creating a more holistic basis for
design decisions. Ultimately, this research contributes to a growing body of work advocating for a data-informed, performance-

driven approach in architectural design, particularly in the era of smart cities and sustainable development.
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