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Abstract

Computational design and optimization methods play a crucial role in early stage design by allowing the in-
corporation of reclaimed components, fostering resource reuse, and minimizing waste. However, to advance the
field of computer-aided material reuse and support its integration into circular construction practices, there is a
pressing need for a comprehensive overview of the available methods and their applications. We address this gap
by conducting a systematic review of the literature on the role of computational design in facilitating the reuse of
building elements, followed by analyzing the interrelationships between optimization methods, materials, and
geometric dimensions of reclaimed materials. We then synthesize the identified approaches, offering guidelines
that assist stakeholders in selecting suitable computational methodologies for integrating non-standard materials
into design processes. Our findings highlight current knowledge gaps in algorithm scalability, performance in-
tegration, and the advancement of hybrid computational methods needed to unlock the full potential of com-
putational design for a circular built environment.

Keywords
Building reuse, circular economy, computational design, literature review, optimization

Introduction

The growing interest in circular practices in the Architecture, Engineering, and Construction (AEC) sector has
led to a surge of interest in designing with non-standard, reclaimed materials. Design becomes a strategic tool
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for closing material loops by integrating material availability into the building process,' optimizing resource
use, minimizing waste, and extending the life cycle of materials. Early-stage design decisions dictate the
entire life cycle of materials and products, impacting their potential for disassembly, repair, reuse, and
recycling. Unlike traditional linear construction, where the material is specified to fit a predetermined design,
working with existing materials requires adapting the design to what is available.? This creates the need for
iterative adjustments between design and available resources,” shifting the paradigm from “form follows
function” to “form follows availability”.*

Computational design and optimization methods can play a critical role in this shift by automating the
design process with non-standard reclaimed materials, which is otherwise time-intensive and too complex for
cost-effective, widespread application. Parametric and generative design tools, coupled with optimization
algorithms, can process information from material databases and generate design solutions that optimally
allocate the available inventory. The objectives typically involve minimizing waste,” maximizing material
utilization,® optimizing structural performance,” or exploring aesthetic possibilities based on material
availability.®

Despite growing interest, there remains a gap in systematically synthesizing and correlating the various
computational approaches that aid material reuse. Fragmented knowledge does not provide sufficient
guidance for stakeholders on effective circularity practices, particularly in identifying which computational
design and optimization methods are best suited to each design problem. This study fills this gap by analyzing
and categorizing the different computational methods that contribute to the effective reuse of materials,
identifying their benefits and challenges.

The objective is to help practitioners and researchers choose appropriate computationally-assisted reuse
strategies while also identifying knowledge gaps and suggesting directions for future research.

While this paper establishes a broad framework for leveraging computational methods in circular con-
struction, it is essential to recognize from the outset that no single approach can universally address the diverse
challenges of reusing non-standard materials. The practical application of these methods involves navigating
complexities that go beyond mere computational issues. These include ensuring structural integrity, com-
plying with diverse building codes, managing labor-intensive disassembly processes, and adapting to regional
variations in reuse infrastructure. Thus, while our work attempts to generalize the trends encountered, it is
important to understand that these trends represent general guidelines rather than definitive solutions. Each
project may require a tailored approach to effectively meet its unique requirements and constraints.

This review begins with a background section, followed by an overview of the research design of the paper.
The categorization of computational methods is then detailed in the section Analysis of Design and Opti-
mization Methods, and the categorization of contextual' parameters is presented in the section Analysis of the
Reuse and Application Context. The study then synthesizes the correlations between these methods and the
practical challenges they address in the Synthesis section. The remainder of the paper discusses the findings
and their applicability, trends, advantages, and potential limitations in the Discussion section. The concluding
remarks in the Conclusion section reflect on the broader implications of the findings and the evolution of
circular construction norms. In general, this study provides strategic insight into the barriers and opportunities
of computational methods for reuse, contributing to the advancement of a circular built environment.

Background

Principles of circular construction

The construction industry operates on a linear “Take-Make-Waste” model’ and accounts for approximately
37% of fuel-related CO, emissions.'® With rapid urbanization that requires 30 billion square meters of new
buildings in the next 40 years, equivalent to adding a New York City every 40 days, a paradigm shift in
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construction methods is urgently needed. Circular construction emerges as a fundamental strategy, potentially
reducing 75% of embodied emissions from the built environment while creating significant economic value.'’
In this study, we focus on the foundational circular construction principle of reuse, which consists of in-
tegrating pre-existing, reclaimed materials into the design instead of using new ones.

This integration of pre-existing, non-standard components into construction poses significant challenges.
Lack of detailed documentation, such as specific material properties and dimensions typically available with
new materials, complicates design processes and compliance with building regulations. In addition, the
inherent variability of the material properties of reclaimed materials can impact structural integrity.'’ This
makes it difficult to rely on traditional structural analysis methods.'? Furthermore, their non-uniform ge-
ometries often require innovative connection designs, potentially increasing costs and affecting aesthetics."?
Combining non-standard elements with standardized building systems also requires careful detailing and
adjustment to downstream construction tasks.'*

These challenges require a departure from traditional design methods, which rely on standardized
components and mass production, toward more adaptive design and fabrication approaches that accom-
modate the idiosyncrasies of reclaimed materials.” In this context, computational design emerges as a pivotal
tool. Mass customization enabled by computational design can facilitate repurposing geometrically non-
standard elements in an optimal and efficient way.

Computational design in architecture

Computational design involves the use of computation to create architectural designs, employing meth-
odologies such as parametric design, where parameters define sets of designs; algorithmic design, which
generates alternatives through algorithms; and generative design, where algorithms automatically produce
multiple solutions based on defined goals and constraints.'> As computational design and numerical sim-
ulations are increasingly integrated into design workflows, optimization has become a key component,'®
driven by the need to identify the most effective solutions that balance functional and aesthetic requirements.
These methodologies, enabled by advances in computing power and software, have evolved from early
explorations in the mid-20™ century to becoming integral components of modern architectural practice. This
shift has facilitated new ways to rethink material efficiency, sustainability, and performance criteria, and
optimize designs in ways previously unimaginable.

In the context of circularity, computational design tools can optimize the use of reclaimed materials by
maximizing material inventories while meeting geometric and performance requirements. These tools also
provide real-time feedback on the environmental impacts of design decisions, enabling early-stage opti-
mization.'” The real-time graphical representation of results within the computational environment allows
architects to quickly evaluate and compare various design options.'®'? This interactive feedback enhances
design flexibility and expands architects’ ability to address the aesthetic challenges of using non-standard
materials.” Furthermore, data from digital models can directly control computer-aided manufacturing tools
and robots, allowing the precise fabrication of custom components that accommodate the irregular geometries
of reclaimed materials.?'* This demonstrates the potential to materialize complex forms while adapting to
the inherent variability of reused materials.**

Combinatorial optimization

Conventional optimization of architectural forms typically assumes the manufacturability of all elements of the
system to the required dimensions. In contrast, the stock-constrained design with reused elements imposes
constraints, as it requires adherence to the dimensions of existing elements. This is inherently a combinatorial
optimization problem as it involves selecting the optimal design variants from a limited and non-standard stock.
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Combinatorial optimization seeks the best solution from a vast set of discrete possibilities while satisfying
specific constraints. It addresses problems that optimize objectives such as cost, time or resource usage, using
variables such as integers, subsets, permutations, or graph structures.*” It is prevalent in various disciplines
such as operations research, %%’ computer science,?® and mathematics,”® where it addresses diverse chal-
lenges such as job scheduling and resource allocation.>

Notable examples of combinatorial optimization include the following. The assignment problem focuses
on finding the optimal one-to-one pairing between two sets of objects, considering the cost or benefit as-
sociated with each pairing.*® It can be used to determine the best match between available reclaimed elements
and the required components of a new structure considering factors such as element length, cross section, and
material properties.'**! The cutting stock problem®** focus on minimizing material waste when cutting
smaller pieces from larger stock materials. It involves determining optimal cutting patterns to meet the
demand for smaller pieces with minimal leftover material.>*~*> Lastly, bin-packing problem™® involves fitting
objects of different sizes and shapes in a limited space (containers or bins). The goal is to minimize the number
of containers used or maximize the value of the packed objects.”’

Although certain combinatorial optimization problems can be efficiently solved in polynomial time with
algorithms whose running time grows polynomially with input size, many problems are NP-hard to solve to
optimality,’” and no polynomial-time algorithm is currently known to solve them.*® Therefore, globally
optimal methods for solving these problems may require exponential computation time in the worst-case
scenario, making them impractical. Consequently, numerous approaches have been proposed, including
linear programming techniques, heuristics, and metaheuristic methods.>* These are essential for computa-
tional design with reclaimed materials because they balance optimal solutions with manageable computa-
tional complexity.

Research design

To address the research questions described in the Introduction section, we conducted a systematic review of
the literature summarized in Figure 1. We analyzed publications from 2000 to 2024, including 92 papers and
4 book chapters focused on computational design for circular construction using reclaimed materials. An
overview of the included literature can be found in Table 2 in the Appendix A. In the following sections, we
describe the steps of the systematic literature review. These steps include the search, the selection of the
literature, the identification of the main dimensions of analysis, the analysis and finally the synthesis, where
we consolidate the findings to provide insights on the reviewed literature.

Search

The initial phase of the methodology was a literature search to identify relevant literature through targeted
keyword searches within major academic databases:

Definition of search engines. Scopus was selected over Web of Science and Google Scholar because of its
relevance and currency.’” An initial search in Scopus revealed that conference publications predominate
journal publications in this research area. Consequently, the search was extended to include conference
proceedings and book publications. Therefore, the databases of CumInCAD, the International Association for
Shell and Spatial Structure Symposium (IASS), Advances in Architectural Geometry (AAG), and
SpringerLink were included.

Keywords selection. The selection of keywords for the matching algorithms followed the categorization
approach taken by Tomczak et al.,'"' which groups related terms to improve the comprehensiveness of the
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Figure 1. Graphical outline of the workflow and methodology followed in the current review. The research design follows the
process of Step |: search through a systematic review of literature, Step 2: selection of relevant literature, Step 3:
Identification of dimensions through a three-step coding method, Step 4: analysis of optimization methods (Section 5) and
context parameters (Section 6), and Step 5: synthesis of interrelationships between analyzed dimensions (Section 7).

search. The keywords were organized into the following categories: Circularity, Design, Stock, and Built. The
complete set of keywords in these categories can be seen in Figure 1. Navigating the evolving terminology in
circular design research, particularly regarding the design with reclaimed, waste, or non-standard materials, is a
challenge. Computational design studies from the past years, not initially labeled with terms like “circular” or
“reuse”, are still relevant due to their focus on developing design strategies with a constrained stock of non-
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standard materials. In an attempt to also cover these sources, words such as “natural”, “irregular”, and “non-
standard” were included in the query. The exact query strings used in the search engines can be found in the
Appendix A.

Literature retrieval. In February 2024, a structured search query was executed across the indicated databases,
based on the procedure described above. The initial query on Scopus, SpringerLink, and CuminCAD returned
4611 papers and 60 book chapters. The conference proceedings of IASS and AAG, which were queried from
their individual databases, included 490 additional papers. The authors limited the search to papers written in
English and from fields related to architecture, engineering, circular economy, and computer science.

Select

An initial screening of the titles of the papers and their keywords was used to exclude duplicates and out-of-
scope papers. This led to 450 papers and 6 book chapters selected as relevant. A more detailed round of review
reading the full abstracts narrowed the list down to 128 papers and 4 book chapters. An additional number of
29 publications were identified through the reference lists of key publications'"'**> and the suggestions of
Scopus. The authors reviewed the full texts, resulting in a final selection of 20 journal papers, 72 conference
papers, and 4 book chapters.

The exclusion criteria established by the authors were based on relevance to the core themes, the credibility of
the research, and its contribution to the advancement of computational methods for circular construction. The
relevance of each paper was assessed through its focus, methodology, findings, and novelty. Research that focused
on using an infinite stock of raw materials, standardized materials, or a reclaimed but identical material stock was
excluded from the selection as the focus was a constrained set of non-standard materials. In addition, projects
dealing with the small-scale or product design scale were excluded, as the current review focuses on the ar-
chitectural scale. A detailed diagram showcasing the steps of the systematic review process can be found in Figure
11 in the Appendix. Furthermore, all papers that are part of the final selection are listed in Table 2 in the Appendix.
Figure 2 illustrates the distribution of the selected literature by publication year, highlighting the growing interest
and technological advancements in design and optimization with reclaimed materials.

20 Publication Type
Conference Paper
Journal Paper
Book Chapter

15

10

Number of Publications
w

Publication Year

Figure 2. Reviewed publications per year per publication type. The colouring indicates publication category.
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Identify dimensions of analysis

Identification of analysis dimensions was approached through a three-step coding process adapted from
grounded theory.*® This process involved different phases of coding illustrated in Figure 1 and further
described below.

The initial phase of open coding involved an exhaustive review of the selected papers, focusing on the specific
computational methods used. This resulted in the core category of optimization methods (consult Optimization
methods). Subsequently, axial coding was employed to refine the categorization. At this stage, it became apparent
that additional contextual parameters - specifically the type of materials and the geometric dimensionality of the
matching problem - were crucial to position the analysis within the broader circularity context (consult Context
categories). We note that in this work “context” refers to the circular economy framework, i.e. identified paramaters
of material and dimensionality (4nalysis of the Reuse and Application Context) that influence design decisions for
reuse, and not geographical or socioeconomic considerations. In the final selective coding stage, all the literature was
categorized by both optimization methods and contextual parameters. After this stage, no new insights or mutually
exclusive categories emerged from the analysis, reaching saturation for the scope of this review.

Optimization methods. The type of computational method was used as the main dimension of the analysis
(Analysis of the Reuse and Application Context). We followed the categorization proposed by Huang et al."?
and extended it to incorporate the categories outlined by Wortmann et al.,*' resulting in the following
categories of computational optimization methods (Figure 3).

e Exact Methods: These involve deterministic algorithms that guarantee optimal solutions.
® Approximate Methods: These find near-optimal solutions efficiently and are especially suited for
complex or large-scale problems where exact solutions are computationally impractical. This category
is subdivided into:
— Heuristic Methods: These are simpler and faster approaches that provide satisfactory solutions by
making locally optimal decisions based on a set of rules (heuristics).
— Metaheuristic Methods: These are advanced strategic algorithms that guide and improve heuristic
methods.

Optimization

Methods

global optimality global optimality

r guarenteed not guarenteed
Exact Approximate
Methods Methods

Y

Heuristic
Approaches

i

v

Metaheuristic Model Based
Approaches Approaches

Figure 3. Categorization of optimization methods based on literature.'**'
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— Model-Based Methods: These use surrogate models or simulations to approximate complex real-
world problems, allowing for the evaluation of potential solutions without directly solving the
original problem.

® Hybrid Methods: These strategically integrate various optimization approaches to capitalize on their
distinct advantages.

Context categories. Since optimization methods should then be evaluated in the context of reused non-standard
reclaimed materials, we identified by systematic tagging of relevant dimensions the context categories of
materials and dimensionality. The material categorization reflects the types of material discussed and is
divided into timber, steel, bamboo, concrete, stone, other, and material-agnostic. It helps identify trends in
material reuse and how the properties of the material inform the approach for computational design strategies.
Dimensionality categorization identifies how geometric data are utilized in studies to assign, map, nest, or
pack reclaimed elements in new designs. The classification is based on the geometric dimensions in which the
algorithms were implemented: 1D, 2D, and 3D.

Analysis of design and optimization methods

This section dives into the different optimization methods identified in the reviewed literature, which
constitute the primary category of analysis. The distribution of optimization methods for each type of
publication can be seen in Figure 4, and their advantages and limitations are summarized in Table 1.

Distribution of Methods by Publication Type
[ conference Paper [ Journal Paper [ Book Chapter
(7)) 40
c - —
5 40
.1_;
g
) 30 30
5 30- — —
o
o A
q;, 25
2
9 20- =
> 16
(V]
o 15-
S 11 10 10
L 10- ;
(V]
E s T
T 3

3 0 1 2 2
z 0 I I I I ]

Exact Heuristic Metaheuristic Model Hybrid

Methods Methods Based Method

Category

Figure 4. Distribution of optimization categories across publication types, noting that some publications may be
categorized multiple times if they address more than one category, resulting in a total count that exceeds the number of
publications reviewed.
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Table I. Advantages and limitations of optimization methods including their main strength and trends.

Method Exact Heuristic Metaheuristic Model-based
Main Optimality Speed Adaptability Predictive insights
strength
Trends Most suitable for problems Most suitable for Well-suited for multi- Facilitates performance
with well-defined early design objective, and non-linear  predictions with
constraints,®' where stages, when problems’® models and
precise solutions are speed is performance-based
crucial prioritized” design’®
Advantages Guaranteed global Speed and Can handle non-linear, Promising for handling
optimality*? efficiency'? discrete problems® intricate material stock
suitable for multi- data®
objective optimization®’
Flexible for integration of  Practical for rapid = Good at escaping local ML models can enhance
various constraints*® design iterations®®  optima®® readily scalability and speed of
integrated with the design and
parametric modeling digitization process84
software®®¢?
Limitations MILP: computational cost,>* Lack of proven Lack of proven global Dependency on data®
dependency on global optimality'”  optimality®
proprietary solvers™
Hungarian algorithm: sub-  Sensitive to problem Computational cost’® Uncertainties in
optimal for multiple structure and predicting real-word
constraints'? initial conditions*° behaviour®®

Note on the methodology counting approach

Hybrid methods combine two or more methodologies, typically in a sequential manner. When a hybrid
method is used, it is counted both as a hybrid and as its individual components. Consequently, some papers
may contribute three or more counts to the total methodology tally, leading to a higher number of meth-
odologies than papers.

Exact methods

Definition of exact methods. A total of 23 reviewed publications use exact optimization methods (Figure 4).
These guarantee finding the optimal solution by exhaustively or strategically exploring the entire feasible
solution space and systematically eliminating suboptimal options. These methods ensure the best possible
outcome without approximation. They are often used when polynomial-time solutions to the specific
combinatorial optimization problem are available.

Notable examples of exact methods

Mixed-integer linear programming (MILP). A prominent exact method for optimizing the assignment of
reclaimed elements is the MILP. It is known for solving optimization problems where the objective function
and the constraints are linear and the variables consist of or include integer values. A MILP problem can be
solved to global optimality by employing combinatorial optimization techniques such as branch-and-cut
methods,*? which makes it instrumental in discrete sizing and topology optimization.**** The flexibility of
MILP is particularly notable in its ability to integrate additional constraints related to structural mechanics
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(e.g., ultimate and serviceability limit states, equilibrium, compatibility), material availability (stock size,
element lengths), Life Cycle Assessment (LCA) and other design criteria.*>*>-*° Briitting et al.*” employed
MILP for truss assignment and topology optimization, focusing on ultimate and serviceability limit states
while considering the availability of stock element cross sections and lengths to minimize the structure’s
embodied energy. In their subsequent studies, Briitting et al.” advanced this approach by introducing a two-
step optimization process that first minimizes structural weight and then optimizes geometry for more
complex design problems.

Hungarian algorithm. Another prevalent exact method for designing with reuse is the Hungarian Algo-
rithm. It provides a polynomial-time exact solution for solving assignment problems to find the best one-to-
one matching between two sets of objects, minimizing cost or maximizing benefit. The algorithm determines
the optimal pairing of the available reclaimed elements with the components in a new design.'****** While the
Hungarian Algorithm was first introduced in 1955, its application to material reuse emerged later. Early
examples include the work of Fujitani and Fujii,”® who employed a separate genetic algorithm to match
inventory with structural mechanics in frame structures.'® Multiple researchers have adapted the Hungarian
Algorithm to address specific challenges in component matching tailored to the requirements of each design
problem.****3! Following such case-specific approaches, Cousin et al.>* proposed a material-agnostic design
method for various inventories using the Hungarian Algorithm. A recurring theme in these works is the
integration of performance metrics in optimization, such as structural analysis'' and LCA.*®

Advantages of exact methods. Unlike approximate methods that can converge to local optima, exact methods
guarantee globally optimal stock utilization solutions. These methods can achieve the global optimum,
ensuring the most efficient use of reclaimed materials according to the defined objective function.** This is
particularly useful in later design stages, where precise solutions are needed. In addition, exact methods can be
flexible to incorporate various constraints,* including structural limitations, material properties, and en-
vironmental impact considerations.''*>* These methods can be applied to complex scenarios, such as cutting
stock problems®>** and are highly effective for cases where the constraints and objective function are well
defined and can be modeled with linear equations and inequalities.’

Challenges of exact methods. Overcoming the exponential complexity of global optimality in MILP can be
difficult, especially for large-scale problems.>® This can hinder interactive design exploration,” which is
especially needed in the early stages of conceptualization.”® In particular, the Hungarian Algorithm may
struggle with large-scale and multi-objective optimization scenarios'*'>** and in handling dynamic or
uncertain costs.*® To facilitate multi-objective optimization, the hard constraints in MILP formulations can be
relaxed, transforming the problem into a linear assignment problem solvable by the Hungarian Algorithm.
However, encoding additional constraints and objectives as penalties in the objective function rather than as
hard constraints can lead to suboptimal solutions when optimizing multiple objectives compared to MILP."
Lastly, these methods often rely on commercial solvers like Gurobi,>>*® potentially limiting accessibility for
some users due to licensing costs.>

Approximate methods

Approximate methods can manage complex optimization tasks where exact algorithms are too computa-
tionally intensive or cannot be applied. These methods, which are classified into heuristic (Approximate
methods I - heuristics) metaheuristic (Approximate methods Il - metaheuristics) and model-based approaches
(Approximate methods Il - model-based) are designed to provide near-optimal solutions, making them
indispensable in scenarios characterized by large problem spaces and inherent uncertainties. Unlike exact
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algorithms, which are designed to find the optimal solution and prove its optimality, they aim to provide good
enough solutions within a reasonable timeframe, often without any guarantee of optimality. Approximate
methods excel in balancing solution quality with computational expediency, offering a pragmatic alternative
when precision is less critical.'® They are often used for NP-hard combinatorial optimization problems to find
near-optimal solutions more efficiently.

Approximate methods | - heuristics

Definition of heuristic methods. Heuristics are rules of thumb that guide the search process towards
promising areas of the search space. They are particularly useful in scenarios where the search space is vast or
when the problem is NP-hard, meaning that the time required to solve the problem exactly grows expo-
nentially with the size of the input. For this reason, the use of heuristic methods to design for reuse constitutes
a major trend among the category of optimization methods with 54 publications, as illustrated in Figure 4.

Notable examples of heuristic methods. Rule based and greedy heuristics: In this category, studies primarily
focus on two main types of heuristics: rule-based heuristics and greedy heuristics. Rule-based heuristics
employ predefined rules based on design constraints and material properties to guide the selection and
placement of reclaimed elements. Greedy heuristics make locally optimal choices at each step of the design
process, aiming for a globally feasible and efficient solution.'® Examples such as Best-Fit algorithms pri-
oritize the assignment of reclaimed elements that best match the requirements of the new design, often
considering factors such as element length, cross section, and material properties.''” For example, Bu-
kauskas et al.'* examined First-Fit and Best-Fit heuristics with reclaimed steel and unsawn timber to optimize
material usage and minimize waste. Although early research relied heavily on rule-based heuristics and
simple greedy algorithms for geometric compatibility, the field has evolved to incorporate structural and
environmental impact considerations.”* The Phoenix3D tool by Warmuth et al.>® uses a Best-Fit heuristic to
simplify the design and consider the environmental impact of material reuse.

Heuristic machine learning (ML) algorithms: Additionally, edge clustering ML algorithms such as
k-Means and Density-Based Spatial Clustering of Applications with Noise (DBSCAN) have been explored to
sort diverse inventories of non-standard materials by grouping similar items based on geometric dimensions.
Both algorithms optimize clustering based on different heuristics: k-Means optimizes centroid positions to
minimize variance within clusters, while DBSCAN uses local point density to identify clusters. For example,
several studies®’>” implemented k-Means clustering to organize reclaimed materials into groups based on
similarity in length. Similarly, Gaudreault et al.’® also used the DBSCAN algorithm to refine the clusters by
removing outlier values. These grouping strategies based on the similarity of dimensions help minimize the
differences between the dimensions of inventory items and the target geometries, reducing the complexity
associated with handling various types of material.**

Advantages of heuristic methods. Heuristics use simplified rules or prioritize locally optimal choices, re-
sulting in faster computation times than complex optimization methods such as MILP.>® As a result, they
excel at providing quick solutions, making them ideal for interactive design exploration in real time, par-
ticularly in the early stages of design that require exploration and iteration.'*>*

Challenges of heuristic methods. Heuristics converge on solutions that are only optimal within a limited
scope (local optima), rather than the absolute best solution across all possibilities (global optima). Their
emphasis on speed and simplified decision-making rules might not always guarantee finding the most
environmentally sound or structurally efficient design.'® Additionally, heuristics’ efficacy depends on the
problem and initial arrangement. Therefore, it is important to carefully select heuristics based on the design
context and possibly explore multiple heuristic approaches to better assess design options. Handcrafting a
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heuristic often requires expert knowledge to exploit problem structure, as experts often refine algorithm
parameters based on “unwritten intuition” and a deep understanding of optimization tasks.”® Heuristics tend
to be sensitive to the problem instance, making previously developed ones unsuitable with minor changes.*°

Approximate methods Il - metaheuristics

Definition of metaheuristic methods. Metaheuristic methods are the second most common approach in the
reviewed literature, with 27 publications (Figure 4). They effectively address complex, multi-objective, and
non-linear optimization problems involving both discrete and continuous variables by using techniques such
as randomization, mutation, and local search. These algorithms efficiently explore vast solution spaces
without relying on gradient information, excel at escaping local optima, and iteratively improve solution
quality. Often, they are employed as a second step to refine initial matching solutions. Several types of
metaheuristic algorithms are used in the literature, such as Genetic Algorithms, Evolutionary Algorithms, Ant
Colony Optimization (ACO), Particle Swarm Optimization, and Strength Pareto Evolutionary Algorithm 2
(SPEA2).

Notable examples of metaheuristic. Evolutionary algorithms and strength pareto evolutionary algorithm 2
(SPEA2): Evolutionary Algorithms represent the most recognized class of metaheuristics that emulate the
natural evolutionary process to improve initial solutions over successive generations.®® An example of their
usage is the project Digital Rubble by Wibranek et al.,®' which uses Evolutionary Algorithms to form-find a
compression-only arch. from stones with 3D-printed connectors. Similarly, to determine the optimal
placement of reclaimed elements within a structurally sound form, Mollica et al.®* employed Evolutionary
Algorithms and Simulated Annealing to integrate natural tree crotches in the design. Rahbek et al.®* use an
SPEAZ2 to optimize the placement of reclaimed wood logs in a gridshell structure.

Genetic algorithms: Genetic Algorithms, a subset of Evolutionary Algorithms, are search heuristics
derived from natural evolution that employ selection, crossover, and mutation processes to progressively
refine solutions toward near-optimal results. They are used in multi-objective optimization to address issues
such as embodied carbon, cost, and structural efficiency, effectively balancing complex trade-offs.®* Van
Marcke et al.® highlight that discrete design variables in nonlinear objective functions require stochastic
optimizers like Genetic Algorithms, which adeptly manage multiple objectives and constraints for reuse.
Research is shifting from the assignment of reclaimed elements to predefined structural layouts toward the
integration of form-finding and stock optimization based on available materials.®>%°

Advantages of metaheuristic methods. Genetic Algorithms and Simulated Annealing are effective in
navigating the challenges of designing with reclaimed materials.**> These algorithms can explore large
solution spaces® and escape local optima.>> They efficiently handle complex, discrete, and non-linear
problems,® which are intrinsic to the design process with reclaimed element libraries. Moreover, meta-
heuristics are ideal for generating multiple design options, unlike exact methods that often find a single
solution.®” Furthermore, many metaheuristic algorithms can optimize multiple competing objectives,®’ al-
lowing designers to find balanced solutions considering material waste, structural efficiency, and envi-
ronmental impact. Finally, many metaheuristic algorithms are readily integrated with parametric modeling
software,’®” making them more accessible.

Challenges of metaheuristic methods. As these methods explore the design space rather randomly or through
optimization procedures, they have the downside that for complex objectives, a very large number of design
solutions need to be generated until a good solution — or a set thereof — may be found. In such cases, the
computational demands on metaheuristic algorithms can increase significantly due to the potentially large
number of iterations required.”® Additionally, metaheuristic algorithms generally do not guarantee finding the
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global optimal solution.®~ Finally, the performance of metaheuristic algorithms can be sensitive to the choice
of parameters, such as population size, mutation rate, and crossover operators.’ Selecting appropriate
parameters might require experimentation and fine-tuning.

Approximate methods Il - model-based

Definition of model-based methods. Building on Wortmann’s™ definition of surrogate modeling as model-
based methods, this study expands this definition to include simulation models for dynamic modeling and
ML models for predictive analysis. In this context, they are referred as techniques that approximate
complex systems using models to emulate physical processes and system dynamics. These methods focus
on iterative adjustments based on model output, which are essential for validating structural integrity and
simulating physical behavior under various conditions. As shown in Figure 4, 42 reviewed papers used
model-based methods according to this definition. Based on the review, it was found that although surrogate
modeling has significant potential for simulation-based problems, it remains unexplored in circular
computational design.

In the reviewed literature, simulations, including structural form finding, dynamic relaxation, particle
spring systems, and finite element analysis, are used to calculate constraints such as structural equilibrium and
are integrated into optimization frameworks to evaluate design alternatives using reclaimed materials.
Additionally, graphic statics is employed as a geometry-based approach to link the form of a structure from
reclaimed materials to the distribution of its internal forces. Hybrid approaches that combine simulations,
predictive models, and multi-objective optimization tools, such as genetic algorithms, are prevalent in this
category.®"!

’S41

Notable examples of model-based methods. Dynamic relaxation models: Dynamic relaxation simulations
are used mainly to find equilibrium states in structures made from reclaimed materials®>’>"%). For example,
Von Buelow et al.®> combined dynamic relaxation with finite element analysis for form-finding of a
compression shell, optimizing the placement of natural tree crotches. Similarly, Baber et al.”*”* developed
particle spring systems combined with a dynamic relaxation solver that integrates heuristics for part as-
signment into the funicular form-finding process for structures from sawn timber waste.

Graphic statics models: Graphic statics models have also been explored to connect form and forces when
dealing with irregular or reclaimed materials. Several studies®*>"®" have applied graphic statics to explore
various form-finding solutions that adapt to the limitations imposed by available reclaimed components. The
key purpose here is to enable the user to manually explore different forms that can be constructed from a given
inventory of reclaimed components. Wibranek et al.®' explored the application of graphic statics to
compression-only structures built from irregular stones. The authors highlight the potential of extending this
approach to more complex shapes, such as shells, using advanced graphic statics techniques, such as 3D thrust
networks. Lastly, Briitting et al.>* used the Combinatorial Equilibrium Modeling (CEM) approach to explore
a wide variety of diverse structure layouts in a user-interactive way to reuse steel profiles.

ML models: Existing studies on the application of ML methods for computational design with reclaimed
materials remain limited but promising. Wu et al.” explored the use of deep learning for the robotic ma-
nipulation of irregular objects, employing convolutional neural networks to assist in the robotic assembly of
wood structures. The authors also identified Reinforcement Learning (RL) as a promising method for de-
veloping a more robust robotic assembly of natural materials. Apellaniz et al.** dive deeper into the ap-
plication of RL through the development of a new Grasshopper plugin, “Pug”,®" to optimize the assignment of
bamboo poles in construction. Another approach has been studied by Moussavi et al.? who developed an ML-
based search algorithm for the selection of reclaimed metal sheets to approximate a corrugated target
structure. The authors used the Accord library® to simplify the selection and arrangement of pieces within a
design grid. This ML-based data processing library facilitates the efficient search for matching sheet metal
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pieces to overcome the limitations of brute search methods.> These few examples highlight the growing
importance of ML in reducing the computational complexity associated with non-standard materials.

Advantages of model-based methods. Model-based methods such as form finding simulations excel in
incorporating detailed information about reclaimed material stocks, including variations and imperfections in
geometry, material, and dimensions.”>® This is particularly beneficial when working with non-standardized
materials, where traditional design methods may struggle to manage such variability. Furthermore, ML-based
methods can improve the scalability and speed of design processes and the digitization of material
inventory.**

Challenges of model-based methods. Using simulations and ML models for predictive purposes relies on
accurate and comprehensive data.®> This includes geometric information, material properties, and in-
formation about defects or imperfections.*® Gathering and processing this data can be time-consuming and
requires specialized tools, such as 3D scanning. This suggests that while simulations are powerful, their
effectiveness is limited by the fidelity of the digital representation of the material stock. Inaccuracies or
inconsistencies in the data can significantly affect the reliability and feasibility of the designs
generated.””’>*” Furthermore, simulation models are simplifications of reality. Factors such as material
variability, connection performance, and the influence of previous loading history on reclaimed elements
can be difficult to accurately model and can lead to discrepancies between simulated and actual
performance.®**¢

Hybrid methods

Definition of hybrid methods. Hybrid methods strategically combine different optimization approaches to take
advantage of the unique strengths of each to address the multifaceted challenges of material reuse. Among the
reviewed literature, 42 papers employed these methods (consult Figure 4). Their adaptability allows hybrid
methods to excel in situations where a single optimization technique may fall short, providing a robust
framework to address complex performance objectives.

Notable examples of hybrid methods

Metaheuristics and model-based methods. Hybrid methods, which combine simulation models with multi-
objective optimization tools, are prevalent in the intersection of metaheuristics and model-based categories.
These methods effectively incorporate structural and environmental performance metrics into the design
process. For example, studies often employ genetic algorithms alongside simulation models to navigate the
complexities of using waste materials efficiently.®*-*3-6¢

Metaheuristics and exact methods. Given the inherent limitations of metaheuristics in achieving global
optimality, some studies have explored the combination of these with exact methods to harness the broad
search capabilities with precision. A notable example includes Marshall et al.,*® who combined the
Hungarian Algorithm with Evolutionary Algorithms to simultaneously optimize material matching and
target geometry. Similarly, Huang et al.'* paired a multi-objective optimization tool with the Hungarian
Algorithm, allowing for design adjustments based on evolving project priorities. This approach
highlights the hybrid method’s ability to balance structural capacity and stock-length constraints, which
can be encoded as penalties.

Metaheuristics and heuristic methods. Further extending the capabilities of hybrid methods, Warmuth et al.>®
combined Best-Fit heuristics with a genetic algorithm to enable interactive real-time truss design from a
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specified stock of reused structural elements. This strategy exemplifies how hybrid methods can provide a
rapid initial assignment of stock elements through heuristics, subsequently utilizing metaheuristics to expand
and refine the solution space.

Advantages of hybrid methods. Hybrid methods combine the strengths of each method: optimality of exact
methods, speed of heuristics, adaptability of metaheuristics, and predictive insights of model-based methods -
leading to a more efficient and effective optimization process. Additionally, they can adapt to diverse
constraints and provide robust solutions that can accommodate changes in project requirements or material
availability.

Challenges of hybrid methods. While combining methods can improve the quality of the solution, it
also adds complexity to the optimization process. Careful management and integration of different
methods are required to ensure coherence and effectiveness. Moreover, the use of multiple methods,
especially computationally intensive ones such as ML and metaheuristics, requires significant
computational resources. Balancing the depth of exploration with the available computational capacity
is crucial.

Analysis of the reuse and application context

This section provides insights into the circularity reuse context parameters that were identified as material and
dimensionality within the literature (for more information consult Context categories).

Material

The distribution of materials in the reviewed research includes timber, steel, bamboo, concrete, stone,
other and material-agnostic. The material category ‘other’ includes papers that focus on uncommon
materials, such as glass, cardboard, sheet metal, magazines, skis, and polyethylene, which do not
conform to the main categories and are considered one-off approaches. Meanwhile, the ‘material-
agnostic’ category includes papers that develop general approaches to the reuse of elements without
specifying the type of material.

As illustrated in Figure 5, the predominant focus lies on timber, with 55 papers, followed by steel with
17 papers. Fewer studies have concentrated on concrete, rock, and other materials, indicating a potential
research gap. This is likely related to the abundance and ease of processing materials such as timber and steel,
which are inherently easier to reuse due to their modularity and component-based nature, which allows
disassembly and reassembly with minimal processing. In contrast, as a composite material, concrete often
exists in monolithic forms that pose challenges for reuse, requiring labor intensive cutting or drilling to extract
elements suitable for reconstruction. Although precast concrete components offer some potential for reuse
due to their modular properties, they remain underexplored in the reviewed literature, highlighting an
opportunity for future research.

Timber, often highlighted for its sustainability, is frequently studied in irregular and natural forms such as
tree forks, logs, and barks. This irregularity necessitates computational methods capable of:

e Form-finding: Adapting structural forms to the inherent geometry of the material, allowing the material
to dictate the design rather than imposing a predefined form.”!

o [rregular geometry matching: Optimizing the placement of irregular elements within a design.

® Grain orientation: Taking into account the anisotropic properties of timber considering the grain
direction.”*"®

18,74
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Figure 5. Distribution of material categories across publication types. Note: certain publications may be categorized
multiple times if they address more than one category, potentially resulting in a total count that exceeds the number of
publications reviewed.

Steel, often found in standardized sections, lends itself to computational methods focused on:

® Cutting stock optimization: Algorithms that can optimize the cutting of stock lengths into required sizes
for new structures. This minimizes waste and maximizes material utilization.®'*3*

o Standardized element assignment. Use of combinatorial optimization and assignment algorithms to
efficiently utilize existing steel members in new structural layouts.”*>>3

Limited research on other materials, such as bamboo, stone and concrete, suggests a potential area for
further exploration, particularly in adapting computational methods to their unique properties and reuse
scenarios. The literature reveals few studies on material-agnostic computational approaches,?*3%°7-%% in-
dicating an interest in generalizable methods applicable to various reclaimed materials.

Dimensionality

The second context categorization aims to examine the use of geometric data in studies to map, nest, or pack
architectural components. The literature was classified according to the geometric dimensions of the reuse
case: 1D, 2D, and 3D.

One-dimensional (1D). Research that primarily focuses on linear structures, such as beams or columns, is
classified as 1D. This classification holds even if 3D scanning technologies are used. For example, studies
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that 3D scan tree forks but primarily abstract and utilize linear dimensions (length) in their applications are
categorized as 1D, as the primary geometric information utilized in the mapping process pertains to length. 1D
data are commonly used to optimize material use for structures assembled from linear elements. For example,
studies discuss assigning reclaimed timber elements,'*"'*”° steel sections,*'>* and bamboo internodes’ to a
structural design based on length matching.

Two-dimensional (2D). Papers that involve nesting or stacking surface elements, such as sheets or panels, are
classified as 2D. This classification applies even when the elements are three-dimensional, provided the
methods emphasize nesting within a surface, planar relationships, and surface area optimization. Several
studies describe the capture of 2D information from planar elements such as reclaimed cardboard sheets,”’
glass panels,” concrete rubble,” and stones® to inform the generation of paneling, wall, facade, or other
surface elements. Furthermore, 2D representations are used for initial form-finding and optimization of
structures where the primary concern is the layout of members in a plane.

Three-dimensional (3D). Studies that involve the packing or arrangement of elements within a volumetric
space are classified as 3D. This category is reserved for research where the primary focus is on utilizing and
optimizing within a three-dimensional space. These include volumetric packing problems, where the spatial
relationships and interaction between multiple non-standard 3D shapes are considered. 3D data becomes
essential when dealing with irregular materials such as reclaimed rubble stone®** and material-agnostic
volumetric elements.” This often involves 3D scanning to capture complex geometries, followed by cat-
egorization and positioning of the elements within a volumetric form.

The analysis of geometric dimensions in the reviewed literature reveals a predominant focus on 1D geometric
mapping based on the length of the elements with 71 sources, in contrast to 18 sources focusing on 2D, and only
9 sources focusing on 3D (Figure 6). The research gap in the use of higher-dimensional geometric data likely stems
from the associated computational complexity. Handling linear geometries that enable 1D mapping is inherently
simpler than higher dimensions. 2D and especially 3D scenarios, on the other hand, require a balance between
design objectives, computational resources, and the precision required in reuse.

Synthesis

We synthesize the review findings to highlight emerging patterns and the prevailing computational strategies.
The following illustrations aid in understanding this synthesis, with interactive versions available in the
supplementary material repository.’>

Alluvial diagrams

The alluvial diagram (consult Figure 7), provides a granular view of how different optimization methods are
used with material types and geometric dimensionality. This diagram shows all studies included in this review
for each methodology, material, and dimensionality, colored by methodology. Although informative, the
dominance of papers on timber and steel, as well as 1D geometry, may obscure trends in other materials and
dimensions. For example, timber appears prevalent across methods; however, this is mainly due to the higher
number of timber-focused studies compared to those on stone or concrete. To present a more comprehensive
picture, we also include the normalized version of the alluvial diagram, once normalized by material (Figure
8(a)) and once by dimensionality (Figure 8(b)). We do not include an alluvial diagram normalized per method,
since the methods are more evenly distributed than the materials and dimensions, and such a diagram would
not differ significantly from Figure 7. It is recommended to consult Figure 8(a) for material tendencies and
Figure 8(b) for matters concerning dimensionality.
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Figure 6. Distribution of dimensionality categories across publication types. Note: certain publications may be
categorized multiple times if they address more than one category, potentially resulting in a total count that exceeds the
number of publications reviewed.

Occurrence matrix

The occurrence matrix (Figure 9) summarizes the predominant trends of the method to be used for each
material and dimension. This can serve as a preliminary decision support tool, illustrating the most common
optimization methods used in the literature for a specific material and dimension. We acknowledge that there
is no one-size-fits-all solution and that such a simplified illustration only conveys the main trends. To
construct this matrix, we first counted the frequency of each method used for every material and dimension
combination. We then calculated the percentage of occurrence (o) for each method by dividing its frequency
by the total frequency of all methods for that material and dimension. Next, we identified the method with the
highest percentage of occurrence (0,,,,x) and included in each cell all the methods that have: 0 > 0.8 - 0,,.x. The
threshold of 0.8, determined through sensitivity analysis, ensured a comprehensive result. Slightly lowering
this threshold further did not significantly alter the outcomes. The term “N/A” (Not Applicable) appears in
cells where none of the studies focused on the specific material-dimension combination. The absolute number
of occurrences is also noted, to give an understanding of how common each scenario has been in the reviewed
literature. The code for generating the occurrence matrix is available in the supplementary material
repository.””

Exact methods. Exact methods (see Exact methods) are particularly useful in scenarios defined by linear
equations requiring high precision, such as structural engineering calculations with stringent safety standards.
However, they are limited in handling large-scale or complexly constrained problems. Exact methods are the
least commonly encountered method in this review, likely due to their computational intensity, scalability
issues, and lack of flexibility in relation to approximate methods.
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Dimensionality

Figure 7. Alluvial diagram that shows all the studies included in this review for each methodology, material, and
dimensionality, colored by methodology. The sizes are not normalized and illustrate the number of publications present
in each category.

Figure 8. Alluvial diagrams colored and normalized by (a) material and (b) by dimensionality.

Aspects of material. Figure 8(a) depicts that steel is most commonly addressed by exact methods, closely
followed by material-agnostic scenarios. Steel is a costly material often used in large-scale and more
structurally demanding constructions, where precision and optimality may be more important than com-
putational efficiency during design. This strong association of steel with exact methods is largely attributed to
the ability of the methods to ensure global optimality (consult Table 1).

Aspects of dimensiondlity. Figure 8(b) shows that exact methods are primarily used in 1D scenarios, closely
followed by 2D scenarios. We infer that the lack of 3D approaches using exact methods suggests that they are
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Figure 9. The occurrence matrix summarizes the predominant trends of which method tends to be used for each
material and dimension. The term “N/A” (Not Applicable) appears in cells where none of the studies were focused on
the specific material-dimension combination. The colors of each box show the frequency with which the most used
method appears in each material-dimension combination, and the absolute number of occurrences is also noted.

less suited to 3D problems due to the exponential increase in computational demand, which challenges their
applicability in more complex spatial arrangements.

Heuristic methods. The present review reveals that heuristic methods (see Approximate methods I - heuristics)
have a wide range of applications in different categories and are the most frequently used method. This
demonstrates a preference for methodologies that offer satisfactory solutions with minimal computational
burden, particularly advantageous in the initial stages of design or when rapidly investigating several design
possibilities.

Aspects of material. Figure 8(a) illustrates that all material categories have been considered using
heuristic methods, with concrete being the most common category, closely followed by other and
material-agnostic. The preference of heuristics for these material categories may reflect the need for
simpler optimization processes where there is a greater tolerance for variability. Given that concrete as
well as “other” and material-agnostic categories are commonly used with 2D and 3D packing algorithms,
heuristic methods are preferred in these scenarios due to their efficiency and adaptability, prioritizing
computational speed over precision.

Aspects of dimensiondlity. Parallel to the material dimension, heuristic methods have also tackled all
categories of dimensionality, with 2D scenarios being the dimension most frequently addressed by these
methods. This may be attributed to the efficacy of heuristic methods in breaking down complex problems into
more manageable parts, which is essential in 2D scenarios involving layout optimization, nesting, and tiling.
Such scenarios often require efficient planar shape arrangements where heuristics can quickly generate good-
enough solutions (consult Table 1).
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Metaheuristic methods. Metaheuristics (see Approximate methods Il - metaheuristics) are well suited to
address complex, non-linear, multi-objective optimization tasks involving various environmental, economic
and structural factors. Although their usage is less prevalent compared to heuristic approaches, they are
nonetheless employed in a wide range of contexts.

Aspects of material. The most prevalent material in metaheuristic methods is steel, closely followed by
bamboo. This preference is likely due to steel structure optimization problems often existing in multi-
parameter spaces with many design variables and constraints. Metaheuristics are designed to handle such
multi-parameter optimization problems efficiently.

Aspects of dimensiondlity. The reviewed literature has shown that metaheuristic algorithms are equally
effective in handling all dimensionalities (1D, 2D, and 3D), with a slight preference for 3D (consult Figure
8(b)). This could be attributed due to 3D problems introducing non-linear behaviors and non-convex domains
that pose difficulties for gradient-based or linear programming techniques. Therefore, metaheuristics are well-
suited for 3D problems as they do not require gradient information, effectively handling non-convexities.

Model-based methods. Model-based methods (see Approximate methods Il - model-based) are well suited to
address complex materials and requirements, particularly when detailed simulations and predictive modeling
are necessary to analyze material and structural behavior (Table 1). They rank as the second most frequently
utilized method in the reviewed literature, appearing in various materials and dimensional contexts.

Aspects of material. Figure 8(a) demonstrates that model-based approaches are predominant in the material
categories of other, followed by stone, and bamboo. This trend is due to the efficacy of model-based methods
in predicting and optimizing the behavior of complex or irregular materials through high-fidelity simulations.
The other category, which encompasses unconventional building materials such as skis, cardboard, and paper,
benefits from the precision of these methods in simulating material properties. For stone, model-based
approaches facilitate the integration of simulations crucial for complex form-finding processes in 3D
configurations. Bamboo’s prominence in model-based approaches probably stems from its inherent flexi-
bility, which necessitates detailed modeling techniques to accurately predict and optimize for this particular
behavior.

Aspects of dimensiondlity. Figure 8(b) details that model-based methods have been applied in all di-
mensionality categories, with the 1D category being slightly more prominent. However, this does not imply
that these are solely suited for 1D problems; on the contrary, these methods excel in integrating multi-
dimensional data into cohesive design strategies that consider spatial and structural complexities.

Hybrid methods. Hybrid methods (consult Analysis of design and optimization methods - Hybrid methods),
which integrate several techniques where the output of one method is used as the input for the next, can be
highly efficient by capitalizing on the unique strengths of each method during the optimization process to
achieve optimal results. This approach is the third most prevalent among the reviewed literature.

Aspects of material. Figure Figure 8(a) illustrates the application of hybrid methods in various material
contexts, with a notable prevalence in stone and bamboo applications. This prominence likely stems from the
integration of model-based strategies within hybrid frameworks, which are particularly effective for these
materials. Hybrid methods synergize predictive modeling and simulations with heuristic or metaheuristic
optimization techniques, facilitating efficient exploration of design alternatives, balancing the precision of
accurate simulations with the breadth of explorative optimization.
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Aspects of dimensiondlity. Figure 8(b) details that hybrid methods are predominantly applied to 1D and 3D
scenarios than 2D. This preference likely stems from the complexity inherent in 3D design problems requiring
multi-stage approaches capable of handling numerous variables and their interactions effectively. Further
analysis indicates a strong link between 3D problems and hybrid methods, particularly when dealing with
stone, the most prevalent material in 3D applications. This correlation can be attributed to the ability of hybrid
methods that combine model-based and metaheuristic methods to integrate complex material-specific
properties.

General observations

Correlation between context parameters and the selection of methodology. This analysis reveals a nuanced
landscape where the choice of optimization method is closely related to the properties of the material and the
geometric complexity of the design challenge. In order to evaluate the relative significance of material or di-
mensionality in influencing the selection of methodology, we conducted two complementary analyses: (i)
conditional entropy and (ii) the chi-square test of independence. The findings on conditional entropy indicate that
the uncertainty associated with the choice of methodology is somewhat diminished when dimensionality is
established (H(Y]X) = 0.029) in contrast to when the material is identified (H(YX) = 0.064), suggesting that
dimensionality serves as a more informative factor in directing the selection of methodology. However, the results
of the chi-square test indicate that the associations between these parameters and methodology are not statistically
significant both for material versus methodology (p = .352) and for dimensionality versus methodology (p = .260).
Although these findings suggest that dimensionality has a slightly stronger influence than material, the overall
weak associations imply that neither parameter alone is strongly predictive of the chosen methodology. Therefore,
other contextual and confounding factors, such as researchers’ preferences, prior knowledge, or other domain-
specific considerations, likely play a significant role in determining which methodology is used.

Optimization strategy based on material and dimensionality. The selection of optimization methodologies is
closely related to the complexities introduced by the material and dimensionality context parameters. In
general, materials with isotropic properties and regular shapes typically align with simpler computational
approaches because of their predictable behavior and straightforward processing. In contrast, materials
characterized by unique physical properties and variability require advanced methods to accurately predict
and manage their behavior in structural applications. For problems involving materials and dimensionalities
of lower complexity, exact methods are often sufficient and effective. However, with increasing material
complexity and dimensionality, approximate methods such as heuristic, metaheuristic, and model-based
approaches become increasingly suitable. Thus, the complexity of materials and the associated dimensional
requirements directly inform the choice of computational strategies.

Discussion

When designing with optimization strategies for reclaimed materials, the relationship between discrete and
continuous variables differs from the use of new materials, as the achievable form (a continuous variable) is
restricted by the dimensions and properties of the reclaimed materials (discrete variables). This requires a
careful selection of optimization techniques that balance computational efficiency, solution quality, and
adaptability to diverse objectives that are further discussed in the following.

Choices for optimization approaches in circular construction

For optimization problems that match inventory elements with target elements, selecting the appropriate
method requires considering several factors. Figure 10 summarizes each method’s trade-offs, examining the
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Figure 10. Impact assessment matrix summarizing the trade-offs of computational efficiency, solution optimality, ability
to incorporate complex constraints, scalability, and flexibility for the different computational methods. Red denotes
negative relation, gray denotes neutral relation, and green denotes positive relation.

following parameters; computational efficiency, solution optimality, ability to incorporate complex con-
straints, scalability, and flexibility. Although trade-offs vary by context, the figure offers a simplified overview
of the main considerations.

Computational efficiency. In computational design with reclaimed materials, a stock-constrained design
problem, computational demand is unavoidable due to the NP-Hard nature of combinatorial optimization.
Heuristic methods, which require less computational power, are preferable for quick iterations, especially in
early design phases. The complexity of optimization also depends on material irregularity; for example, stone
requires more sophisticated algorithms than standardized steel sections.

Solution optimality. Achieving optimal designs with reclaimed materials extends beyond material efficiency
and cost reduction to encompass the goals of circular construction. Exact methods like MILP and the
Hungarian Algorithm can deliver globally optimal solutions, while approximate methods offer good enough
results with lower computational demands. Given these trade-offs, a balanced approach might use exact
methods for critical components and approximate methods to reduce computational load where feasible.

Complex constraints. Designing for circularity requires balancing multiple objectives, such as minimizing
environmental impact, maximizing structural performance, and optimizing material reuse. These objectives
may be linearly correlated or present trade-offs that necessitate careful consideration. To navigate these
complex decision-making landscapes, effective algorithms must identify optimal or near-optimal reuse
solutions. Metaheuristic algorithms, especially those inspired by evolutionary principles, excel at exploring
extensive design spaces with multiple objectives, generating diverse solution sets, enabling designers to
evaluate various trade-offs and make informed decisions. Furthermore, model-based methods, such as
surrogate models, are valuable as they approximate complex objective functions, accelerating the optimi-
zation process and reducing computational demands compared to metaheuristics.”® These allow us to rapidly
evaluate potential solutions and efficiently explore the Pareto front where multiple optimal solutions balance
the objectives differently.

Scalability. Scalability is a key constraint in combinatorial optimization and is necessary when dealing with
large-scale projects that involve substantial amounts of material stock. In large-scale reuse design, the
computational cost of exact methods like MILP grows exponentially, making them impractical. Metaheuristic
methods, like Genetic Algorithms and Simulated Annealing, offer scalable solutions. As noted by Amstberg
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et al.,*? a larger database or inventory enhances the likelihood of finding good solutions by providing more
options for a perfect fit. Conversely, limited inventory can reduce the effectiveness of optimization ap-
proaches, as even the optimal solution within the available inventory may not be well-suited for a specific
design. Therefore, algorithms that can efficiently handle larger databases have a significant advantage in
delivering more effective design solutions.

Flexibility. Flexibility in optimization is a crucial metric in circular construction, where design needs and
material availability often vary. This metric evaluates each method’s capacity to adjust to diverse problem
specifics, constraints, and changes in design requirements, to provide robust solutions even as project re-
quirements or available materials change. Exact methods, while globally optimal, often display limited
flexibility due to their strict algorithmic structures, which are tailored to specific problem types and include
predetermined hard constraints.'® In contrast, heuristic methods exhibit greater flexibility, allowing for rapid
adaptation to various design constraints and objectives. Metaheuristic methods enhance this flexibility by
effectively addressing complex, non-linear problems that involve multiple, often competing objectives. Their
ability to explore broad solution spaces makes them ideal for evolving design conditions.>> Model-based
methods also demonstrate significant flexibility, especially when they integrate algorithms capable of learning
from new data, such as ML algorithms. Overall, flexibility is crucial when dealing with non-standard
materials whose properties may not be fully documented or predictable.

Challenges and future needs

As a future perspective, this review identifies several challenges that need to be addressed to advance
computational design methods with reclaimed materials and thus promote circularity in construction.

Flexible and scalable optimization algorithms. As discussed above, upscaling often introduces challenges in
maintaining computational efficiency, especially when striving for global optimality. A potential solution to this
might come from the ongoing advances in Al and the implementation of ML models for clustering,””>° for
segmentation,”” and for edge matching,”™ which can enhance the scalability of optimization processes. ML models
can be trained on large datasets and reused in different design problems to significantly reduce the computational
load for new tasks.”” Moreover, neural networks have recently demonstrated superior performance in combi-
natorial optimization,'” demonstrating their potential for solving assignment problems. In terms of flexibility,
material-agnostic algorithms offer solutions that are not limited to specific types of reclaimed materials, improving
their applicability in various scenarios. A key challenge in applying material-agnostic methods is aligning the
physical characteristics of the material with their digital counterpart, which can be partially mitigated with AL

Incorporation of performance-based design approaches. Optimization in circular construction must go beyond
geometric fitting and aesthetics to include performance objectives such as structural safety, durability, and
environmental impact. Currently, many studies focus solely on the geometric fitting of elements to predefined
forms without addressing these critical performance criteria to reduce computational time.>* Although single-
objective approaches are more time efficient, they fail to consider all the performance metrics that are
important in circular construction. Since a primary goal of circular construction is minimizing environmental
impact, performance metrics such as minimizing waste, maximizing material utilization, and reducing
embodied energy should become direct objectives of optimization processes. In addition, given the ongoing
development of building codes and regulations pertaining to reuse, it will become imperative to integrate
these standards as performance criteria into design workflows. Surrogate models, such as neural networks,
regression models, or support vector machines, allow designers to quickly explore approximations of the
solution space. However, despite their potential, there is a lack of studies employing surrogate models in the



Onalan et al. 25

optimization of circular construction processes. This gap in the literature highlights an opportunity for future
research to explore how surrogate models can effectively address the complex trade-offs between multiple
performance objectives in circular construction. Once trained, these models can predict the results for new
inputs, enabling rapid design iterations.”® Unlike metaheuristics, which treat the design space as a black box,
surrogate models offer more informed and guided exploration, improving understanding of trade-offs be-
tween performance objectives.

Rethinking structural optimization for circular reuse. Traditional optimization methods such as weight mini-
mization often overlook key goals such as waste reduction, material utilization, and embodied energy.
Weight-focused strategies typically favor smaller cross sections, leading to significant material waste and
under-use of available stock elements. For example, if the optimization algorithm prioritizes small cross
sections of the available stock to minimize weight, it could require cutting much larger elements, resulting in
substantial leftover material and a lower overall material utilization rate.** Conversely, designing exclusively
with reclaimed structural components can result in oversized structures due to the limited availability of
optimally sized sections.?” Current research suggests that the lowest environmental impact is achieved by
strategically combining reused and new materials,* highlighting the need for customized optimization
strategies beyond conventional approaches.

Underexplored combinations of context parameters. This review has shown that computational reuse methods
are increasingly tailored to the unique properties of materials and the complexities of design tasks. However,
the uneven application of these methods across the context parameters highlights opportunities for future
research. For instance, Figure 8(b) shows that timber, bamboo, and steel are predominantly categorized in the
1D dimension, as their geometries are best represented by lines. This suggests that current computational
strategies may not fully take advantage of the potential of timber in more complex geometrical forms.
Similarly, the tensile properties and flexibility of bamboo, which is largely confined to 1D applications,
indicate missed opportunities for its use in 2D or 3D contexts, where its elasticity and strength could be better
exploited. Furthermore, despite extensive research on the reuse of linear materials such as steel and timber,
there is limited investigation into reusing reclaimed cuboidal objects such as masonry blocks, facade panels,
or concrete and stone off-cuts.'®’ Future research should aim to refine existing computational methods to
better accommodate the unique characteristics and design requirements of diverse materials.

Hybrid methods. The analysis shows that no single method can fully address the challenges of material reuse.
Instead, the optimal strategy often involves combining multiple methods in different categories. For instance,
heuristics or ML can generate and refine initial solutions, followed by metaheuristics for multi-objective
optimization. Hybrid strategies take advantage of the strengths of each method at various stages of the
optimization process, thereby tackling multifaceted challenges more efficiently. Sequential integration, where
the output of one method serves as the input of the next, allows for a funneling process from broad initial
solutions to precise optimization. Additionally, parallel feedback loops enable iterative enhancements, where
insights from one method, such as metaheuristic algorithms, can refine another stage, such as predictive
models in ML, continuously improving overall solution quality. The expansion of the use of hybrid methods
can facilitate the integration of various techniques to meet the varying demands of different materials and
design parameters, driving notable advancements in circular design practices.

Conclusion

This paper makes several contributions to the field of computational design for circular construction. Firstly, it
highlights a pronounced focus on timber and steel within the reviewed literature, signaling a notable research
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gap in the application of computational methods to other materials. The prevalent use of 1D geometric
mapping, primarily due to its simplicity, underscores the need for more sophisticated methods capable of
handling the complexities of 2D and 3D scenarios common in the reuse of irregular materials.

By visualizing the interdependencies between optimization methods, materials, and geometric dimen-
sions, this paper facilitates rapid understanding and identification of patterns and trends in the existing
literature. We introduced an occurrence matrix as a starting point for selecting suitable optimization methods
based on the most frequently used combinations of methods, materials, and dimensionality in the literature,
helping practitioners and researchers make informed decisions about method selection. Although this reflects
the current state-of-the-art and may not represent the optimal solution, it provides a valuable foundation for
future research.

This review highlights the promise of computational design in scaling and automating reuse with
non-standard materials. Existing methods offer robust frameworks for designing with reclaimed
materials; however, there is a significant need for improvements in scalability and flexibility. As the
diversity of materials and the scope of projects continue to expand, the computational efficiency of
these algorithms becomes increasingly critical. The adoption of surrogate modeling, along with data-
driven and ML-based approaches, has been identified as a promising direction to help address these
challenges.

In addition, the literature predominantly focuses on the geometric aspects of the problem, often over-
looking project-specific factors such as cost constraints, structural safety, durability, environmental impact,
and compliance with building codes for reuse. This oversight presents a significant opportunity for future
research to integrate these critical factors into the design process, ensuring that computational approaches not
only meet geometric requirements but also adhere to performance objectives.

In conclusion, while no one-size-fits-all solution emerges from the reviewed literature, hybrid methods that
integrate various computational strategies present a promising path forward. These methods have the potential to
bridge identified gaps and offer robust and adaptable solutions to the multifaceted challenges of circular construction.

This study reaffirms the essential role of computational design in the advancement of circular construction
practices by addressing the unique design and material challenges posed by both standard and free-form
architecture.'®" Continued progress in scalability, the inclusion of performance objectives, and the devel-
opment of hybrid approaches will enable a more efficient use of reclaimed materials, pushing the construction
industry toward sustainable and circular practices.
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Appendix A

A. Additional data and analysis

The search strategy included terms related to circularity, further refined by inclusion criteria focusing on
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“construction” were specifically chosen to tailor the search to the AEC domain. Listing 1 details the query
string used for Scopus:

TITLE-ABS-KEY (( “circular*” OR “circular economy” OR “urban mining” OR
“reus*” OR “re-us*” OR “upcycl* ” OR “up-cycl*” OR “waste* ” OR “non-standard” OR
“nonstandard” OR “irregular” OR “natural*” OR “discrete”) AND (“design*” OR
“assembl*” ) AND (“stock” OR “inventory constrained” OR “reclaimed” OR “dis-
carded” OR “embodied carbon” OR “efficient” OR “match*” OR “mapp*” OR “gener-
ative” OR “algorithm*“ OR “optimiz*” OR “workflow”) AND (“architect*” OR
“build*” OR “built” OR “construction” OR “structur*” OR “demolition” OR
“disassembl*” ) )

2 conferences individual

{ Database: SpringerLink }

Database: Scopus

{ Database: CuminCAD }

databases
titles, abstracts,
keywords abstracts titles, abstracts,
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("circular*" OR "circular economy” OR "urban Search query:
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mining” OR "reus*" OR "re-us*" OR "upcycl*" “circular*" AND "circular economy" AND d ¢ ) ; tandardii
lesign {summary} =~ m/non-standard/i
OR "up-cycl*" OR "waste*" OR "non-standard" "design” AND "reuse” AND . IASS————AN
or {summary} =~ m/irregular*/i or
OR "nonstandard"” OR "irregular" OR "natural*" "architectur*" AND "built" AND . .
) b {summary} =~ m/circular/i or
OR "discrete™ ) AND ( "design*" OR "assembl*" "construction" AND "“algorithm" AND .
. {summary} =~ m/reuse*/i or {summary}
) AND ( "stock” OR "inventory constrained” OR "optimization" AND "digital design" AND
) =~ m/resourcefi
“reclaimed” OR "discarded" OR "embodied "computational design”
carbon” OR "efficient” OR "match*" OR
"mapp*" OR "generative” OR "algorithm** OR
"optimiz*" OR "workflow" ) AND ( "architect*" 10 conference 8 conference
OR "build*" OR "built" OR "construction" OR proceedings identified proceedings identified
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Limitations:
English language
Published year 2000 onwards
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Genetics and Molecular Biology,

Limitations:

Search query:
titles, abstracts, keywords Medicine, Business and Document type: book ( circular, OR reuse. OR Search query:
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Immunology and Microbiology,

natural OR optimization
Neuroscience, Health { 6 conference proceedings and 2 }

English language
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Document type: Article,
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Nursing, Dentistry, Veterinary,
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conference paper, book chapter,
review, book

Excluded source types: Search query:

Trade journals and Undefined circularity OR reuse OR natural

OR optimization OR algorithm

J

proceedings identified

16 journals and 10 conference l

 E—

Titles screened: 268 papers +

Titles screened: 3,526 papers
Excluded due to title:

Abstracts reviewed for eligibility:
317 papers

Full texts reviewed for eligibility:
67 papers

60 book chapters

Excluded due to title:

Abstracts reviewed for eligibility
13 papers + 6 book chapters
Full texts reviewed for eligibility:
11 papers + 4 book chapters

Titles screened: 817 papers
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Abstracts reviewed for eligibility:

80 papers
Full texts reviewed for eligibility:
26 papers
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Excluded due to title:

Abstracts reviewed for eligibility:
37 papers

Full texts reviewed for eligibility:
21 papers
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3 papers
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3 papers
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Selected Publications
(92 papers and 4 book chapters)

Figure | 1. Step-by-step diagram of the systematic review process.
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For SpringerLink, a query incorporating terms “circular*” AND “design” was conducted to identify
pertinent books and conference proceedings. CumInCAD searches focused on keywords and abstracts
containing the terms “reuse” and “circular*”. Listing 2 presents the query expression used for SpringerLink
and Listing 3 for CuminCAD:

“circular*” AND “circular economy” AND “design” AND “reuse” AND “ar-
chitectur*” AND “built” AND “construction” AND “algorithm” AND “optimization”
AND “digital design” AND “computational design”

design { summary} =~ m/non-standard/i or { summary} =~ m/irregular*/i or
{ summary} =~ m/circular/i or { summary} =~ m/reuse*/i or { summary} =~ m/
resource/1

B. Declaration of generative Al and Al-assisted technologies in the writing process

During the preparation of this work, the authors used OpenAl ChatGPT to review the text for conciseness
and readability. After using this tool, the authors reviewed and edited the content as needed and assume full
responsibility for the content of the published article.
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