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Automated Compliance Checking (ACC) techniques have advanced significantly, enabling designers to evaluate
building designs against codes. However, architectural engineers have to improve the design by manually
implementing the ACC results, which is laborious, iterative, and requires domain expertise. To address
this challenge, this paper introduces a Design Healing framework that adapts the original design into
code-compliant alternatives. By integrating design data and ACC results, the framework identifies critical
non-compliant components through a graph-based topological algorithm and sensitivity analysis. A prior
knowledge-informed design space exploration is conducted to find valid alternatives and quantify modifications
using weighted Euclidean distances, allowing designers to select options closely aligned with the initial design.
Multi-scenario experiments demonstrate the framework’s effectiveness in resolving architectural spatial design
violations. By automating post-checking design adaptation, the framework reduces manual revisions and
provides an efficient tool for achieving compliance while accommodating varying design constraints. This
paper establishes a basis for advancing designer-centered automated design correction methods based on ACC

techniques.

1. Introduction

There is a growing need to transition to more efficient workflows
in the Architecture, Engineering, and Construction (AEC) industry.
Of particular importance for the safety and performance of the later
building is the (early) design phase, where fundamental decisions are
taken [1,2]. To ensure the design quality and the safety of the later
occupants, building designs are evaluated against various standards
laid down in building codes, construction practices, and requirements
from owners. The Building Information Modeling (BIM) development
exploits semantically rich representations of buildings under design or
construction [3,4], and offers a computer-interpretable form of building
designs. Using BIM to automate design checking against regulatory
obligations has been a research focus for many years [5]. Despite
ongoing challenges, the checking methods and tools available today
allow architectural engineers to evaluate the BIM models with many
types of regulations in an almost completely automated manner [6].

Automated Compliance Checking (ACC) handles heterogeneous de-
sign models and design requirements to evaluate the compliance of
building designs against building codes [7,8]. The generated checking
results are typically presented in a textual format, at best represented
by instances of the BIM Collaboration Format (BCF) that integrates
textual descriptions with screenshots of the identified issues. Code
checkers, such as Solibri Office [9], can offer explanations for checking
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failures and propose solutions. However, this capability is limited to
simple changes, such as adjustments to property values, and does not
extend to addressing more complex design challenges. Additionally, the
code checkers provide suggestions in textual form, such as recommend-
ing enhancements to the fire-rating level of specific building elements.
While these proposals are informative, they require further intervention
by designers to implement. Consequently, building designers, typically
architectural engineers, must interpret the ACC results and manually
search for compliant solutions [10]. Correcting one issue could lead to
violating another rule, potentially resulting in endless iteration cycles.
This becomes a significant challenge considering the large number of
building regulations that have to be taken into account.

Recent design support studies have explored the development of
design alternatives to meet requirements in several areas, such as
fire protection [11], interior room design [12], and quantity take-off
(QTO) [13]. However, these approaches mainly focus on modeling
domain knowledge as generation rules. The direct application of ACC
results to support code-compliant design searches has not been in-
vestigated yet. Furthermore, these studies have primarily investigated
code compliance on specific elements or spaces, with less attention to
resolving complex design issues involving a multitude of elements and
spaces.
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To overcome the aforementioned challenges, this paper proposes
an approach that supports architectural engineers by performing au-
tomated searches for code-compliant solutions while adhering to con-
straints derived from design experience, client requirements, and other
boundary conditions not tied to code compliance. This approach allows
users to save time and focus on the creative aspects of design tasks.
Specifically, the paper introduces a framework called Design Healing
to automatically reach code-compliant alternatives closely aligned with
the original design topology based on ACC results. The framework
is generic and supports design issue correction by integrating con-
straints defined by human designers. To reduce the complexity of this
paper, the considered rules focus on architectural spatial violations,
addressing requirements like minimum corridor width, room size, and
area, defined by several clauses of the International Building Code
(IBC) [14].

The relevant design variables are initially identified through a prop-
agation algorithm that leverages graph structures, accounting for de-
pendencies among building components and allocated constraints by
the authoring side. The concept is to first stay local, i.e., modifications
without altering the topological connectivity and close to the source
of the code violation, but if feasible solutions cannot be identified, the
scope is progressively expanded to include more building elements for
potential adjustments. A screen-based sensitivity method is applied to
identify the most critical design variables, reducing the design space to
a lower-dimensional subspace. Informed by prior knowledge, a condi-
tioned Latin Hypercube strategy is utilized for directional and regional
sampling of feasible areas. Finally, the weighted Euclidean Distance is
calculated between newly generated variants to the origin to measure
the degree of deviation, assisting in identifying suitable design solutions
that are close to the initial design. This approach enables designers to
incorporate code-compliant alternatives for further design refinements.

As a prerequisite, we assume the initial design is a parametric
model, providing the necessary parametrics and realistic constraints
to represent the initial design logic while allowing for adaptability.
This paper builds on the tailored parametric capabilities of BIM author-
ing tools such as Autodesk Revit, Graphisoft ArchiCAD, Nemetschek
Allplan, Vectorworks, and many others. It distinguishes itself from
purely generative methods that rely on a fixed set of parameters and
predefined design generation logic. The proposed Design Healing ap-
proach leverages fundamental design parameters — such as component
dimensions and placement in the conceptual phase — as a robust founda-
tion, allowing human designers to integrate their contextual knowledge
through custom constraints into model adaptation.

We treat code checking as a “black box”, using ACC outcomes as
input for post-check design adaptations with a focus on building rules
that can be translated and checked. The process of rule interpretation
and execution is not the focus of this paper. The main objectives are as
follows:

1. Develop a method that leverages ACC results to achieve code-
compliant design alternatives closely aligned with the original
design.

2. Establish a streamlined search approach to efficiently identify
feasible solutions in the context of high-dimensional design mod-
ifications.

3. Formulate a robust representation of design variables and ACC
results that captures dependencies and constraints, establishing
a foundation for diverse real-world design correction scenarios.

The remainder of the paper is organized as follows: Section 2
introduces the background and related work based on the identified gap
and challenges. The proposed method is described from a theoretical
point of view in Section 3. Section 4 focuses on the experimental setup
and proof-of-concept results. Section 5 discusses the contribution and
limitations, while a conclusion is presented in Section 6 with directions
for future research.

Automation in Construction 171 (2025) 106004

2. Background and review of related studies

Extensive research has been conducted in ACC to automate the reg-
ulatory requirement checking process. The ACC processes can be struc-
tured into four main components: rule interpretation, building model
preparation, rule execution, and checking result reporting [7]. Different
code compliance checking systems are developed to interpret the rules
for checking purposes [15], forming the basis for automated processes.
Diverse methods, such as Natural Language Processing (NLP) [16,
171, prompt engineering [18], and other data-driven methods [19],
have been employed to transfer regulatory information into computer-
readable rules and enable automated code checking. Pauwels et al. [20]
compare three approaches for semantic rule-checking and provide a
performance benchmark to aid in adopting such approaches. The devel-
opment of code checkers has shifted the paradigm from predominantly
manual checks to automated design checking [21,22]. Soliman-Junior
et al. [23] survey the designers’ views on using automation to support
regulatory compliance, highlighting the need for automation to support
decision-making and minimize design rework. Amor and Dimyadi [6]
review the evolving ACC approaches, noting that the community has
arrived at a point where realized checking systems provide checks
against building codes and standards. Despite these advancements,
further research is needed in building object libraries and BIM tools
for correct model generation.

Based on ACC, several studies investigate approaches for generating
code-compliant designs. Lee et al. [11,24] have pioneered a design
support system that provides design alternative recommendations to
align with regulatory standards. Nevertheless, this system emphasizes
semantic issues of fire-related objects, overlooking geometric and topo-
logical design challenges that might need iterative rectification. Liu
et al. [13] have proposed a framework for auditing BIM models to
achieve code-compliant quantities. Despite its contribution, this study
focuses solely on semantic data integrity for QTO purposes. Simi-
larly, Sydora and Stroulia [12] developed algorithms to automatically
arrange elements in interior design spaces, producing valid alternatives
that adhere to predefined design generation rules, though limited to
placing objects within initially empty models. This scope excludes
spatial relationships, which are typically incorporated to enhance rule-
checking efficiency [25]. For instance, topological spatial relationships
are extracted from the design model to support ACC [26]. Moreover,
those existing methods are tightly constrained by specific requirements,
with limited development of a theoretical framework for utilizing ACC
results to inform extensive design modifications. Each design change
— whether creating, deleting, or modifying entities — can trigger unin-
tended violations in other parts of the model. To address this, Eastman
et al. [27] propose a “patching” method to correct side effects and
preserve design integrity. However, while this approach focuses on
dependency relations within the design, it does not investigate the
potential of leveraging ACC results to enhance design adaptability.

In summary, existing ACC-related design support studies focus on
individual elements or spaces, which is inadequate for correcting com-
plex spatial design issues. Correcting design issues across interrelated
elements and spaces remains challenging. A streamlined post-checking
workflow to connect ACC outcomes directly to resolving compliance
violations remains lacking. Addressing this gap requires overcoming the
following primary challenges:

1. Formulating a robust, computationally accessible representation
to capture non-compliance-related components within the BIM
model.

2. Investigating pragmatic parametric foundations to manage in-
terdependencies and enable flexible adaptability in real-world
design scenarios.

3. Creating streamlined design search approaches to achieve code-
compliant alternatives that meet interrelated requirements.
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Aligned with these challenges, this section reviews underpinning
studies on (1) design representation techniques, focusing on graph-
based representation of building design data (Section 2.1), (2) BIM-
based parametric modeling that supports flexible design modification
(Section 2.2), and (3) approaches and strategies for design alternative
search (Section 2.3).

2.1. Graph representation of building design data

The BIM-based building design continuously integrates and updates
the design knowledge into the digital model. Graph structures are
widely employed for knowledge representation to manage complex
design information and their interrelationships [28]. Isaac et al. [29]
use the graph theory to represent, manage, and analyze building de-
signs, defining dependencies between groups of building components to
develop more efficient tools, such as design modularization. Khalili and
Chua [30] present a graph data model to use semantic information for
extracting and analyzing topological relationships among 3D building
elements. Donato [31] integrates a space connectivity graph to evaluate
design solutions based on connectivity. Graph approaches transform a
building design into a network of nodes and edges, enabling effective
representation and analyses of semantic and topological design data.

The graph representation can leverage the semantic data for design
models in ACC processes. Conceptual graphs are used to unambigu-
ously describe the regulatory knowledge [32] and to transfer it among
actors in code compliance checking [33]. Xu and Cai [34] presents a
semantic approach for automated compliance checking of underground
utilities, utilizing graph-based knowledge representation to integrate
heterogeneous geospatial and textual data. Additionally, Peng and
Liu [35] transform specification provisions into a human-machine-
readable knowledge graph, which is essential for reviewing BIM mod-
els. However, graph representation is primarily used to analyze design
requirements from building regulations, with less focus on identifying
building components that may be associated with design issues or
facilitating design modifications. To support decision-making in design
phases, Mattern and Konig [2] use graph data models to describe and
manage the resulting models. The graph method efficiently derives
design alternatives from the initial model by providing information
about affected elements and interdependencies. Therefore, graph repre-
sentation can be used to analyze the potentially affected components of
ACC results, especially for design issues impacted by multiple elements
and spaces.

2.2. BIM-based parametric modeling

BIM-based parametric modeling is pivotal in achieving well-aligned
design outcomes that fulfill the intended design objectives [36]. Sacks
et al. [37] outline essential considerations for building design automa-
tion through parametric modeling. Leveraging building design knowl-
edge, architects employ parametric design systems to formulate archi-
tectural elements and rules [38], facilitating design improvements by
adjusting parameters and their interrelationships. Furthermore, para-
metric design modeling can be classified into different types based
on functional purposes. Generative design (GD) parametrics rely on
mathematical rules with adjustable variables, providing flexibility and
precision in design generation [39]. In early conceptual design phases,
architectural design tools utilize sliders with defined specific data types,
and value ranges to control design elements intuitively [40]. On the
other hand, design parametrics in BIM systems can involve variables
that control the properties, dimensions, and placement of design ele-
ments, ensuring precise object information and spatial relationships [4,
41].

GD systems, informed by parametric layouts and prescriptive knowl-
edge from user feedback, exemplified in the pharmacy redesign case
[42], can offer dynamic adaptability into design models. However,
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generative design approaches are usually investigated in downstream
workflows [43] and rely on advanced parametric systems, which may
not always be feasible in actual building projects. This is mainly be-
cause, for building engineers, it is more cumbersome to first create
a full system of parametric model elements, constraints, and depen-
dencies covering a space of potential solutions than directly working
toward a building design. Yet, establishing an effective representa-
tional framework for such systems remains a challenging task [44].
In consequence, despite the expressive power of GD, it is applied to
a limited extent in today’s building design workflows, rendering its
application less beneficial for correcting building designs undergoing
code compliance checks.

Diverging from fully closed parametric designs within the GD
paradigm, BIM models with necessary parametrics and constraints
representing the design logic — as commonly found in today’s practice
— should act as the starting point for design alternative searches to
achieve code compliance. The design models created by the designers
may need to align with the extensive possibilities offered by generative
methodologies. Therefore, it is crucial to develop a nuanced represen-
tation system to facilitate the formalization and effective exploration
of design alternatives. In this paper, parametrics refer to those imple-
mented by BIM authoring tools like Autodesk Revit, ArchiCAD, and
Nemetschek Allplan rather than those used in mechanical CAD (CATIA,
NX, Inventor) or geometric modelers like Rhino3D.

2.3. Design alternative search and exploration strategies

Leveraging the design space for alternative search is an effective
method for addressing uncertainties in building design. Initiated on
any parametric modeling problem, a design space encompasses all
possible alternatives within a high-dimensional hyperbox, whose di-
mensions and corresponding intervals represent the value sets of choice
variables [45]. Within a specific design topic, a design space is a
multidimensional realm of design variable combinations [46]. Design
space methodologies empower designers to directly interact with de-
sign variables, including different variable types such as booleans,
numeric, and category, to achieve the design objectives [47].

Parametric modeling enables architects and engineers to embed
their domain expertise and conduct design space exploration (DSE) [48,
49]. Based on multi-disciplinary design optimization, Gerber et al. [50]
improve the design space generation and evaluation for energy design
alternatives. Performance-based parametric modeling in architecture
assists in determining variable importance during model setup [51].
Singh et al. [52] develop a web tool that supports early-stage design
decisions by providing relevant information and surveys to get quanti-
tative feedback from the users on DSE. Nevertheless, DSE approaches
present significant challenges, such as the need for a large number of
samples to tackle high-dimensional problems with continuous numeri-
cal input variables [45].

Given the complexity of building design, which typically involves
numerous design variables, finding suitable alternatives could lead to
computational overheads. The range of sampled variables is a crucial
factor in defining the scope of the design space [53]. Additionally, a
formal space representation and methods for navigating distinctive so-
lutions must be developed to enable efficient exploration [54]. Instead
of relying on a dense, comprehensive sample encompassing the entire
space, iterative refinement of the DSE through directional adjustments
and targeted zooming into promising regions is advocated [46]. The
aforementioned exploration strategies should be investigated to enable
an efficient design alternative search process.

To facilitate DSE, it is essential to identify key parametric vari-
ables. Sensitivity analysis (SA) is a widely used technique to reduce
the complexity of high-dimensional design spaces by describing the
input variables’ contribution to the design’s total performance [55].
SA methods are often categorized as local sensitivity analysis (LSA)
or global sensitivity analysis (GSA) [56]. LSA uses the one-at-a-time
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Table 1
Notation of essential symbols.
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Symbol Description

The code checking result of one building rule

R

S A design space

D A design solution

C A set of design constraints
X A set of design variables
X

A set of sensitive design variables

G(V,E) G: graph, V: node, E: edge

H; The weighted Euclidean Distance from the jth design variant D; to the origin
y The computation criterion of compliance checks

Y The adapted computation criterion of compliance checks

YY) The code checking result for sensitivity analysis

(OAT) approach to assess output variability by changing one input
variable at a time [57], whereas the GSA method estimates the effect
of an input variable on the output by varying all other variables.
Some of the main outcomes from SA studies are [58]: (1) to obtain
insights about the essential input variables (factor prioritization); (2)
to receive information about the least influential variables that can be
confidently fixed (factor fixing); (3) to know whether a directed input
change provokes an increase or decrease in model output (sign of factor
change).

The choice of the appropriate SA method depends on the tech-
nique’s computational complexity. Comprehensive reviews have been
conducted to compare the efficiency of various SA methods, guiding
the selection of appropriate techniques [59,60]. The variance- and
screening-based SAs are two promising methods in building analyses.
With a variance-based GSA method, Singh and Geyer [61] analyze the
parametric energy model and calculate the uncertainty contribution
of each parameter at the early design stage. The variance-based SA
methods, such as the Sobol method [62,63], can obtain stable results
for non-monotonic and nonlinear problems [64]. The variance-based
methods comprehensively assess the sensitivity by evaluating single
and multiple variables’ contribution to output variability [65], requir-
ing a large number of model executions. It has been underscored that
the screening-based method, particularly the Morris method, is an ef-
fective alternative for prioritizing parameter ranking to more resource-
demanding SA techniques [66,67]. Moreover, the Morris screening-
based method can identify whether input changes increase or decrease
output, yet its potential to accelerate design space exploration processes
remains underutilized.

3. Design healing framework

This section details the proposed Design Healing framework, which
revises initial designs that violate building regulations into code-
compliant alternatives while preserving alignment with the original
design topology. The framework assumes as a prerequisite that the
initial model is parametric, with essential parameters and constraints
defined by the designers. The Design Healing framework comprises
three main components (Fig. 1). Firstly, ACC results are analyzed
to locate design issues, using a graph-based topological propagation
approach to identify related building elements and design variables.
Secondly, a Morris screening-based SA identifies key design variables
linked to compliance violations, reducing the original design space.
Finally, conditioned Latin hypercube sampling (cLHS) is applied in a
multi-step DSE to guide the search toward compliant regions, with
weighted Euclidean Distance quantifying deviations from the initial de-
sign to identify valid, similar alternatives. The source code is available
online.! A notation table summarizes the essential symbols used in this
paper (Table 1).

1 https://github.com/Jaaaaabin/DesignHealingWu

3.1. Representation of building designs and compliance checks

3.1.1. Representation of building design data

To establish the groundwork for a computationally efficient adapta-
tion approach, we propose using a structured representation of building
designs. A design solution is symbolized as D, wherein every specific
design is characterized by a collection of variables X (x,...,x; ) and
a set of associated design constraints C(cy, ...,c, ). A design solution
is described as D(X,C), and the design space S consists of all pos-
sible design solutions. X enables explicit specification of the design’s
geometric, locational, and semantic features. For instance, a locational
design variable denotes the geometric distance between an interior wall
and the reference grid within the BIM authoring tool, as illustrated
in Fig. 2. Besides, building elements engage in intricate interactions
within the design model, typically supported by design constraints C
to maintain their relational integrity. Thus, an initial design without
specific constraints C = @ can be represented as D((x,, ... X, 2,0
By including only one constraint ¢, x; = 0, the design can be
written as D((x,,xz,...,x‘-max),c,) with one constrained variable x.
Design constraints can incorporate single or multiple variables. For
illustrative purposes, consider a case where the objective is to maintain
the minimum area for a specific room in the building. In this context,
c¢; might indicate the alignment of an exterior wall with the building’s
outline grid.

Tailored user demands, regulatory requirements from building codes
and regulations, and construction methods impose distinct limitations
on design. In this paper, the design constraints C are specifically
utilized to represent all the restrictions that do not originate from build-
ing codes. These constraints arise from a design-focused perspective,
capturing elements that may limit potential modifications within the
BIM model. Formalized as equations or inequalities, these constraints
are conveyed through design variables. For example, constraints on
location variables mean a wall with a fixed position has a specified
location variable.

3.1.2. Representation of ACC results

Compliance checks evaluate whether a design adheres to the build-
ing regulation, resulting in informative checking result R. For a given
initial design D,,;, the obtained result is denoted as R(D,,). The
checking feedback R can be categorized into two levels: compliance
level R., and assessment level R,. The compliant-or-not feedback R,
indicates whether the design meets specific regulatory requirements.
For example, if the minimum area required for a room is 5 square
meters and the evaluated room is only 4.3 square meters, then R,
would label the design as “fail” or “non-compliant”, providing a binary
evaluation. Additionally, code checkers usually report a brief assess-
ment feedback R, describing the required v,,, and actual values v,,, of
the relevant checking requirement for both quantitative and qualitative
rules. Expanding on the room area scenario, R, specifies, “The space
is 4.3 square meters, while the minimum area requirement is 5 square
meters”.

It is important to note that extracting and reasoning about textual
information in ACC results, which involves NLP techniques, is out of


https://github.com/Jaaaaabin/DesignHealingWu

J. Wu et al. Automation in Construction 171 (2025) 106004
Initial design Design Alternative
E’ preparation constraint update design selection
2 7 &L constraint _ “—————| similar & valid
a : update alternatives
migal 891 =
deson 0 | e e
g : any valid
< - .
] design variant?
5|5 Code compliance Lo~ ¥ D—ves
£ § checking :
5| © Yes compliant? non-compliant
< No issues of design
3 i H
o
=
k
(=2
£ D B
§ Graph-based Screening-based Multi-step design Design distance
I g topological query | ejated parts (S€Nsitivity analysis) sensitive parts (SPace exploration | vaiid design calculation
] : in the design A of the design alternatives
] D
i

Fig. 1. Design Healing framework for automated code-compliant model adaptation: Step (1) graph-based topological propagation for finding relevant building objects to overcome
non-compliance, Step (2) screening-based sensitivity analysis of design variables, and Step (3) multi-step design space exploration to achieve code-compliant alternatives.

Global Parameters

A parameter representing the distance value
between an interior building wall and one of
Search parameters 11 . . .

the building outline reference grids (Grid 1).

Parameter |

Value | Formula |

|Dimensions

distance_wall_grid

2

Fig. 2. Design variable for the distance between a wall and the outline reference grid.

the scope of this paper. We implement a mimic code checker using
the BIM authoring tools’ Application Programming Interface (API) to
directly return both the required v,,, and actual values v,,, of relevant
requirement. To ease the use of the code-checking results for design
modifications, a compliance computation criterion y is established, as
outlined in Eq. (1).

Uaet — Ureq

1, if R.(D) = true
-1, if R (D) = false

y=24 , where A = @

Ureq

This criterion applies to situations where a specific regulation is
evaluated a single time for a design solution D. The directional factor
A aligns the sign of y with the compliance conditions. Building on
the mentioned minimum room area scenario, suppose the required
minimum area for a room is 5 square meters, but the actual area is 4.3
square meters. This situation would result in a negative y, indicating

non-compliance. Conversely, if the actual room area exceeds 5 square
meters, it yields a positive y, denoting code compliance.

Directly analyzing the compliance criterion y can be challenging,
as evaluating the same requirement across multiple model subparts
may reduce its effectiveness due to consistently compliant sections. For
instance, the minimum room area requirement may be met in most
rooms except one, making the compliance calculation less attentive to
the non-compliant part. To focus on non-compliant parts, a reduction
coefficient g (0 < p < 1) is introduced (Eq. (2)). Intermediate values
of f allow for partial inclusion of compliant elements. For instance, in
a building with many rooms subject to minimum area checks, setting
p = 0 excludes compliant rooms from the analysis, focusing only on
those not meeting the minimum area requirement.

B, if R.(D)=R.(D,,) = true -

y' = p'y, where f’ =
, else
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wall slab e separationline e space

Fig. 3. Example of building design and corresponding topological connectivity graph.

3.2. Graph-based propagation of non-compliance

3.2.1. Graph representation

Compliance checks identify the design issues and report the related
building objects where the non-compliance lies. However, other build-
ing parts may interact or share common attributes with the reported
objects, yet they still need to be recognized. Thus, the graph techniques
are leveraged to extract all potentially related building elements and
spaces for the observed non-compliance. However, the choice of graph
representation, including nodes and edges, depends on the nature of
the rule requirements being investigated. For instance, when compli-
ance checks multi-level conditions, the building graph might adopt a
hierarchical structure to provide a suitable analysis structure. Similarly,
adjacency and connectivity data are needed when checks relate to the
building’s spatial arrangement.

This paper focuses on adapting the design to spatial building regula-
tions via localized design changes that preserve the original topological
connectivity. To clarify the concept of “localized changes”, consider
the scenario where the width of a building’s floor does not conform
to the building regulations. Addressing this issue without altering the
topological connectivity requires adjusting the floor’s width, which
may, in turn, lead to modifications in all connected walls. Therefore, a
topological connectivity graph is used to capture the interdependencies
among building elements and spaces for analyzing design alterations.
A topological connectivity graph is presented in Fig. 3.

The automatic generation of graph nodes and edges is accomplished
via the BIM authoring tool’s API, converting BIM-based design data
into a topological connectivity graph, denoted as G. By extracting
building design objects and their properties from the design model,
we establish a node set V' for different building objects (elements of
different types and spaces) and an edge set E representing topological
connectivity relationships. If certain building objects have constraints,
such as fixed locations assigned by designers, the corresponding graph
nodes are labeled as constrained nodes V. All other nodes, representing
unconstrained objects, are labeled as unconstrained nodes V. In addi-
tion, non-compliant objects identified from the ACC results are marked
within the generated graph as the starting points (V},;) for topological
propagation to identify other relevant building objects.

3.2.2. Topological propagation of non-compliance

A graph-based topological propagation algorithm is designed to
find the building objects that could affect code compliance. We exclu-
sively use undirected edges, E,, to represent topological connectivity
relationships, specifically between different types of building objects
(e.g., aroom and its boundary walls). The topological propagation is de-
tailed in Algorithm 1 in Appendix A. A trigger function, 7(G(V, E), C),
is employed to distinguish between constrained and unconstrained
propagation steps.

As illustrated in the topological connectivity graph of building walls
and spaces in Fig. 4, the algorithm performs a neighbor search from
V,.i» traversing both unconstrained nodes ¥, and constrained nodes V,
via undirected edges E,. When the propagation reaches constrained
building objects, the specified design constraints C are incorporated
into the subsequent model adaptation. For instance, when an exterior
wall is designed to align with a fixed outline grid, it is treated as a
constrained node. C are numerically maintained through dependencies
among related design variables, which restrict a subset of propagation
trends. Consequently, the constrained nodes V, (such as fixed exterior
walls) are excluded from the variation set.

The algorithm progressively identifies related building objects con-
cerning the detected compliance issues while preserving C. From a
methodological perspective, propagation could extend to cover the
entire building. However, assessing the full building for each design
issue is unnecessary. Thus, once all relevant C from the authoring
side are incorporated, the algorithm is stopped, defining the maximum
propagation level /,,,,. By regulating /,,,,, the algorithm confines non-
compliance issues to a localized area centered on the initial points
of compliance check failures. This process produces a set of exist-
ing independent design variables, X(xi,...,x;,...,x; ), correspond-
ing to unconstrained nodes ¥, that are reached through topological
propagation.

3.3. Factor prioritization using morris sensitivity analysis

The relationship between the design variables and the code compli-
ance criteria among the building design is typically a non-formalizable
and integrable nonlinear function Y = f(X). For instance, satisfying the
minimum room area (IBC 1207.3) requirement for multiple connected
spaces returns a high-dimensional non-linear adaptation process. The
design space expands exponentially to infinite potential outcomes when
dealing with many independent design variables. Consequently, com-
prehensively exploring all conceivable options can result in significant
computational overheads.

Benefiting from its ability to tackle non-linearities and identify the
sensitivity signs [68], the Morris screening-based approach can be
used for determining the essential design variables impacting the code
compliance of the design. The input data for the sensitivity analysis
against a single rule in the building codes can be expressed as in Eq. (3),
where k,,. represents the evaluation times of a rule on multiple
portions of a model, such as the minimum room area evaluation on
multiple rooms within a building design. Furthermore, the approach
sums all evaluation results when conducting sensitivity analyses on
design variables across multiple regulations.

kmax

Xy ooy Xi s, Doand YO = 0 ®)
k=1

For the sake of completeness, the essential elements of the Mor-
ris screening-based sensitivity analysis are provided in Appendix B.
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Fig. 4. Graph-based propagation of non-compliance at V;,; via topological connectivity relationships among building walls and spaces (exemplified with /,,,, = 3). The constrained

graph nodes and their related edges are highlighted in red.

In the Morris method, the input variable space, X, consists of i,
number of input variables, x;, each defined within a discrete range
XJ = (x; — 4x;,x; + Ax;), normalized to a scale (0,1). y; and o; are
two sensitivity measures that respectively represent the mean and the
standard deviation of the distribution of the influence caused by x;
(Eq. (B.2)). u; assesses the sensitivity strength and influence trend of
x; on the compliance criteria Y considering all first- and higher-order
effects that are associated with x;, and o, indicates possible interactions
with other variables: Compared to y;, the absolute-value-based version
U} can provide an accurate importance measure [69], which is free of
any non-monotonic input to output behavior present in y;.

Based on the sensitivity rankings of the variables presented by
u}, the sensitive variables are sorted out from the design variables
and taken in the subsequent space exploration steps. On the other
hand, the signs of influence, illustrated by the sensitivity mean values
u;, demonstrate in which direction the design variation contributes
positively to improving the evaluation criterion (Eq. (2)). To elaborate,
all the boundary walls of a room that is too small are logically relevant
to the minimum area requirement. Adjusting the location parameter of
these walls leads to wall displacement in different directions. Influence
trends indicate whether each parameter change positively or negatively
impacts requirement fulfillment, with sensitivity rankings and influence
signs guiding the subsequent sampling process.

3.4. Design space exploration toward code compliance

Configuring the design space S encompasses all possible design
variants, with complexity depending on each variable’s range, cover-
ing aspects like architecture, spatial arrangements, and materials. The
Design Healing approach seeks valid design alternatives that exhibit
minor deviations from the original design, thereby requiring the design
space S to focus only on alternatives with limited discrepancies from
the initial design. As outlined in Section 3.1.1, the design is formally
represented by variables X and associated constraints C. Accordingly,
adaptation deviation can be calculated based on differences in both
design variables and constraint levels. When considering design vari-
ants that obey identical constraints, we employ the weighted Euclidean
Distance H; to analyze the degree of deviation between the jth (newly)
generated variant and the initial design D,,,;:

'max

Hj = Z Wi(xji - xim',i)zv G=12, ey = L2, 000, fmax) “4)
i=1

Among all variables involved in the design space exploration, a
weight of w; = 1 is assigned to the variable whose related building
object has the most interconnections, with the weights of variables
calculated proportionally. The H; quantifies the difference between a
new variant and the initial design by considering the varying influence
of design variables. The H; is intended to support designers in selecting
valid alternatives that remain as close as possible to the initial design.
From a design modification perspective, deviation depends on the mag-
nitude of differences in design variables and the scope of design space
dimensions affected by changes. Therefore, we analyze the factorial
Euclidean Distances H;;, which represent the absolute difference in
each dimension x;;. This method provides insight into how H; is
distributed across relevant dimensions.

3.4.1. Space initialization

The initialization of the local design space relies on graph-based
propagation of non-compliance. The topological propagation helps
build the initial dimensions of the design space, as described in Sec-
tion 3.2.2. To achieve this, the building objects reached by the propaga-
tion are collected, introducing the initial independent design variables
X.

For design variables affected by the constraint set C, the con-
straints are incorporated via parameter dependencies to separate the
dependent variables from the primary dimensions X. Consequently, the
initial dimensions can be varied independently, while other constrained
variables are adjusted automatically by maintaining the allocated con-
straints C. The initial design space is denoted as S(X, C).

3.4.2. Space reduction

Design adaptation on all primary dimensions is anticipated to satisfy
the regulatory requirements. However, exploring the entire initial space
requires an extensive number of samples. As described in Section 3.3,
the Morris SA helps to evaluate the effect of the variables on the
model compliance by sampling in relatively small intervals in each
dimension. The sampling interval X!* for each initial dimension is
expressed as x;,; ;+U(—Ax;, Ax;), where Ax; is an arbitrary value defined
experimentally to avoid violating the initial building topology, ensuring
that the spatial relationships and key architectural design elements
remain unaltered.
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Fig. 5. Illustration of the conditioned Latin hypercube sampling with ancillary data: (a) Two-dimensional LHS centered at the initial values of variables x, and x,; (b) Sensitivity
signs of variables x; and x,: the green area represents a positive influence, while the red area indicates a negative impact; (c) Conditioned sampling based on positively related

ranges; (d) Conditioned sampling based on preliminary feasible ranges.

Based on the SA results (4], y;, and ¢,), the unimportant variables
are filtered out from the design space, reducing the space dimensions
to X ()? C X). The space reduction process focuses on dimension
reduction and prioritizes the sensitive aspects of the problem over
others, helping to find feasible solutions for code compliance. Besides,
the sensitivity signs indicate the influence trend of each variable, which
is used as ancillary data for subsequent samplings.

3.4.3. Space enrichment

With the sensitivity rankings and signs, we employ a conditioned
Latin hypercube sampling (cLHS) strategy to explore the design space
progressively in potential code-compliant subspaces. The LHS strategy
ensures a good scan of the inputs’ variation by providing a uniform
and comprehensive coverage of the design space [70]. It samples j,,,.
variants from a set of i,,, design variables, each following specific
distributions. For each variable x; € X, the sampling range X, is
divided into j,,, contiguous segments, aligned with the distribution
associated with that variable. A value for the variable x; is selected
randomly from the interval Xy fori=1,2,....ipand j=12,.... jux-
Then, the i, j,... values of all i,  variables are used to produce the
ordered combinations, each of which is a sample with variables of
X; =[xy ’ximﬂxj]’ where j = 1,2,..., j...- centered at the
initial values of the variables x,,x,, a two-dimensional sampling is
illustrated in Fig. 5. The distribution of samples across the design space
maximizes the likelihood of capturing a diverse range of scenarios.

The cLHS method considers the existing ancillary data, incorporat-
ing prior knowledge from the SA results. Only the positively related
part of X} is selected initially for cLHS sampling on each variable x;.
Taking the sensitivity signs of each variable as the exploration trend,
the sampling ranges X; are adapted progressively until a sufficient
number of valid options are acquired. To ensure that the set of options
is diverse enough without being overwhelming, selecting a sufficient
number depends on multiple factors, including the sampling scope
and the rule complexity. If the goal is to provide code-compliant
alternatives for subsequent design steps, only a few valid variants are
needed. Additional samples can help identify boundaries between valid
and invalid spaces, though complex rules may limit valid options.
Consequently, designers must control the degree of sufficiency. In cases
where no feasible alternative can be reached, major intervention from
designers is needed, which will change the design space configuration.

As shown in Fig. 5, the identified code-compliant alternatives con-
stitute a preliminary feasible cluster, of which the derived contour is
measured for potential valid ranges. We use the preliminary ranges to
refine the design space, effectively navigating the exploration toward
potentially valid sub-spaces (if any) within the formalized design space.
Finally, the variants’ deviation compared to the initial design model is
measured in terms of H on all dimensions X of the final design space
S.

When design exploration fails to yield any code-compliant alter-
natives without breaching specified design constraints, expanding the
design space by relaxing or adjusting certain constraints becomes es-
sential. For instance, if two room boundary walls of a room are fixed,

3 Xjjs e

conflicts with neighboring rooms might prevent meeting minimum area
requirements. Designers may need to release the constraints on non-
structural elements in such cases. This results in a more significant
deviation from the initial design.

4. Case study and results

This case study demonstrates the applicability of the proposed
framework. To illustrate the proposed method, a multi-story building
model was used as the initial design, with global overall dimensions
of 38 by 19 m. The experiments are conducted on the ground floor
(Fig. 6). In this model, we employ a basic set of spatial variables
concerning the distances between wall elements and the building’s grid
lines—specifically, Grid A in the east-west orientation and Grid 1 in the
north-south direction. The experiment focuses on the spatially related
building rules outlined in Chapters 10 and 12 of the 2018 International
Building Code [14]. The selected rules examine spatial building re-
quirements, including corridor width and capacity requirements (IBC
1020.2), minimum room widths (IBC 1207.1), and room area (IBC
1207.3). Dynamo for Autodesk Revit was employed to implement code
checker [71].

The initial design is positioned in the transitional phase between the
Concept Design and Spatial Coordination stages, according to the Royal
Institute of British Architects (RIBA) work plan [72]. In the Concept
Design phase, the architectural concept is prepared by incorporating
strategic engineering requirements and undertaking the design reviews
from the client and project stakeholders. After agreeing on the route to
code compliance in the Concept Design phase, the design is reviewed
against the building regulations at the end of the Spatial Coordina-
tion stage. The architectural and engineering information is spatially
coordinated in the Spatial Coordination stage.

To reflect real-world design scenarios where design models possess
reduced parametric information, only the distances between building
components and outlines are considered (see Fig. 2) as initial input
variables. We assume that the parametric system is configured with
the necessary parametrics and constraints to capture the boundary
conditions and spatial dependencies intended by the designer. Unlike
the fully developed parametric systems found in GD approaches, this
basic set of spatial variables is more suited to design models used for
code compliance checks. It is important to note that this paper does
not cover parameters used in architectural conceptual design tools like
Rhino/Grasshopper.

Following the RIBA Concept Design phase, where fundamental ar-
chitectural concepts like the building outline and layout are estab-
lished, these concepts are anticipated to serve as a basis for subsequent
design processes. We use initial constraints C;,; to represent the con-
ditions to retain. This case study delineates the model adaptation
problem into two distinct scenarios: a highly constrained case and
a case with updated constraints. In both scenarios, the positions of
the atriums and stairways are firmly established, forming an integral
part of the finalized design plan originating from the Concept Design
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Fig. 7. Propagation results showcasing with one single propagation (IBC 1020.2, IBC 1207.1, and IBC 1207.3). Spaces subject to propagation are highlighted in yellow, while
affected objects are marked in red. The walls associated with ewyg, sn,, and sn, are identified for potential local variation. Conversely, the wall of the service space, denoted by

ew;, is designated to remain unchanged from the initial design.

phase. Additionally, allowing for complete variability in all aspects of
the model could substantially deviate from the initial design layout
or lead to unrealistic building layouts. Following the common design
practice, we set the corridors to straight spaces to maintain the ini-
tial layout configuration. Those initial conditions C;,; are retained in
the experiments. The highly constrained scenario is characterized by
specific design constraints that impose limitations on design variations.

Conversely, the updated scenario allows for greater design adaptability.
4.1. Scenario 1: a highly constrained case

In this scenario, the incorporated constraints maintain the precise
position and configuration of service spaces within the whole building
C,. Thus, following the representation principle in Section 3.1, the
highly constrained design is represented by D,((x),....x; ). (Ciy,
Cy,)). The developed code checker reports the non-compliance on mini-
mum corridor width (IBC 1020.2), minimum room width (IBC 1207.1),
and minimum room area (IBC 1207.3).

Building data is extracted using the BIM authoring tool’s API to
create a topological connectivity graph with the Networkx library.
Fig. 7 illustrates non-compliant issues, including a narrow corridor
and a small office, which are designated as the starting nodes V,,; in
the graph. As described in Section 3.2.2, the graph-based topological
propagation is initialized from V;,. In this highly constrained case,

propagation is manually halted when it reaches the service spaces

because the linked wall element (ew-) is fixed in place. Consequently,
the unconstrained propagated walls (related variables ew, sn,;, snyg)
are taken as the initial adaptation set.

In adherence to the initial building design topology, comprehensive
sampling is performed based on the initial design variables (ewy, sn,;,
snyy). This sampling, however, yields no valid design alternatives,
indicating that no feasible solution exists within the initial constraint
sets (C;,;» Cp,). The design space derived from D, ((x, ... +Xipaen) Cinis Cp)
does not encompass any code-compliant design solutions. In such a sce-
nario where no valid alternatives are achievable, designer interventions
are required to update constraint conditions. In our experiments, we
simulate human intervention by partially relaxing C,, to streamline the
exploration of feasible solutions.

4.2. Scenario 2: a case with updated constraints

Given the lack of feasible solutions in Scenario 1, the restriction
on service spaces is updated by preserving only the total area of the
service spaces. This adjustment allows varying the service spaces while
keeping its total area. Accordingly, the updated design is represented
by Du((xl LR ximux_u )s Cini’ Cu)'

4.2.1. Initialization of design space via topological propagation

As Section 3.2.2 outlines, the graph-based propagation approach
finds topologically connected building objects from the previously iden-
tified building objects on each propagation level. It propagates through
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Fig. 8. Propagation results on the rule IBC 1020.2 with /,,,, = 3. Spaces subject to propagation are highlighted in yellow. Among the propagated walls, the constrained nodes V,

are marked in green, and the propagated unconstrained nodes V, are marked in red.

the service spaces by keeping the associated constrained elements
satisfying the specified set of constraints C;,; and C,. The propagation
continues until all building elements related to C, are reached, yielding
I nax = 3 for this scenario.

The design variables that are fixed by the initial constraints C;,; are
labeled (sng, sn;g, ewng, ews3, ew;g, eWs, ey, ews, ew,, Shay, Shjg)  With
their respective variable names in Fig. 8, with unconstrained nodes V,,
and constrained nodes V, are highlighted alongside the correspond-
ing variable names. The movement of the corridor wall (related to
variable ew,) is synchronized with that of the boundary wall (re-
lated to variable ew;s) of the adjacent service spaces, maintaining
the constraints C, via parameter dependencies. Simultaneously, the
variation of the propagated corridor walls (related to variables sn;, snys5)
is constrained to maintain the standardized corridor shape. The vari-
ables X(sny;, snyg, Snyg, eWs, SNy, SHy3, €Wy, ewss) are determined as the
primary input based on the topological propagation, while the values
of the dependent variables X,,,(ewy, snys, sn;) correspondingly adhere
to relationships defined via constraint sets C;,; and C,. Doing so, the
design variable candidates for SA are reasonably elected, enabling the
reduction of the computational costs beforehand.

4.2.2. Reduction of design space via sensitivity analyses

We conduct sensitivity analyses with § € {0,0.5,1}. As detailed
in Section 3.1.2, when g = 1, the effect of the constant compliance
is interconnected. Conversely, this disturbance can be disregarded by
setting # = 0. Thus, § = 0 is chosen to ignore the effects caused
by the constantly compliant portion within the design. This approx-
imation enables us to determine the essential components that drive
transitions between non-compliance and compliance within the design.
Based on the experimental results, the most effective SA parameters
were selected. Each sampling spans six levels within the design vari-
able space. A total of 200 Morris trajectories are generated, from
which 64 trajectories with the greatest distance spread are selected for
optimization.

To maintain the initial design topology, variation values are con-
strained to half the minimum distance between the issue-related grids
— specifically, 0.9m between grids B and C. The SA sampling ranges
are tested with Axj4 € {0.15 m,0.3 m,0.45m}. The three ranges yielded
comparable results; therefore, only the results for Ax}¢ = 0.3m are pre-
sented. Building on the theoretical foundations outlined in Section 3.3,
the Morris effects of the design variables are analyzed against each
building rule (Eq. (B.1),(B.2)).

Design variables are ranked based on their absolute effect 4, with
higher values indicating a stronger influence. The conducted SA shows
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that two variables, ewss and ews, have a significant impact on com-
pliance with IBC 1020.2 requirement (Fig. 9(a)). Similarly, the most
influential input variables for compliance with IBC 1207.1 and IBC
1207.3 requirements are shown in Figs. 9(c) and 9(e). On the other
hand, the non-linearity and interaction indices are collectively repre-
sented in the covariance visualization (o; — y; with g = 0), as illustrated
in Figs. 9(b), 9(d), and 9(f). Points near the origin indicate non-essential
variables, while those farther in the u direction are generally important,
and those farther in the ¢ direction represent variables with significant
non-linearity in relation to other variables. For the IBC 1020.2 require-
ment, relatively low non-linearity is observed, as the minimum corridor
width is influenced only by the positions of the two side walls. Strong
interaction effects and significant non-linearity are detected for IBC
1207.1 and IBC 1207.3 requirements due to their recurring assessment
of interconnected spaces. Therefore, solely relying on the sensitivity
ranking is insufficient to effectively guide the subsequent sampling
process.

To effectively support design space exploration, compliance with all
relevant IBC rules is analyzed by summing the evaluation criteria. As
illustrated in Fig. 10(a), the u* values present that the effects of design
variables are detected with high confidence, suggesting strong reliabil-
ity in the sensitivity rankings. The actual sensitivity effect, represented
by the indices u, provides a directional depiction of the impact of the
related design variables (Fig. 10(b)). As outlined in Section 3.3, this
actual sensitivity strength reveals whether a variable elicits a negative
or positive effect when a change occurs from its initial value. However,
it is noted that the determined directed influence of the variables, as
indicated by the p indices, introduces a degree of variability. This
variability arises due to the inherent conflicts between selected IBC
rules. For example, within the targeted region, meeting minimum
corridor width requirements can conflict with minimum room area
requirements, leading to shifts in variable influence as they work to
balance compliance across multiple requirements.

Among the primary variables X(sny;, sng, snyg, e, Sng, shy3, €Wy,
ewss), five influential variables, X (etwss, sny,, snyg, etwg, Sny), are identi-
fied as relevant for compliance with the three IBC rules under consid-
eration. It reduces the design space to a 5-dimensional space, which
is initialized via X by following the updated set of constraints C,.
Sampling with higher values of ewss, snjg, snyq positively affect the
compliance results, while higher sn,, values causes significant negative
effects. Although the absolute effect induced by ews is significant
according to y;, the sensitivity sign stays uncertain since a high degree
of deviation o; is detected in regard to y;.
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Fig. 10. Sensitivity rankings of the design variables for code compliance (three rules).

4.2.3. Multi-step design space exploration with prior knowledge

Building upon prior knowledge from Morris SA, specifically the
signs of sensitivity indices, we use the cLHS to refine the design space
toward code-compliant design alternatives. Following the description
in Section 3.4.3, the cLHS method initially conforms to the positively
influential segments of X o5t This approach, which is more informed
than pure random strategies, leverages the results of SA to navigate effi-
ciently toward valid sub-spaces if they exist. We incrementally expand
the exploration ranges X; until feasible design solutions are attained.
Subsequently, the exploration is adapted within the preliminary valid
ranges derived from the previously identified feasible alternatives until
a threshold number of valid variants is achieved. We take a threshold
of 100 to provide sufficient code-compliant alternatives for the distance
calculation between design variants. The sampling details and results
of the multi-step cLHS are summarized in Table 2.
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Among designs adhering to identical degree of constraints (C;,; and
C,), the degree of deviation from design variants D; to the initial design
D,,; is measured in terms of the weighted Euclidean Distance H; and
factorial Euclidean Distance H; ;, where i corresponds to the variables
x;; € )?y The weights of the variables )?j(ew35,sn21,sn10,ew6,sn26)
are calculated based on the connectivity situation among building
elements (excluding spaces) as [0.6,0.4,0.4,1.0,0.4]. The variable ew
has the most interconnections within the design space. Thus, a weight
of w,,, =1 is assigned, with weights for the other variables calculated
proportionally (0 < w; < 1).

Based on the experimental results, code compliance among simu-
lated design variants is achieved at H; = 0.419. Ordered by increasing
weighted Euclidean Distance H; for each sample, the simulation results
are illustrated in Fig. 11. The upper part of the figure shows the

accumulated number of valid design alternatives, N ,;;, in relation
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Table 2

The multi-step cLHS sampling details and results.
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Sampling rounds Prior knowledge

Sampling ranges

Number of samples Number of valid samples

1 Sensitivity signs X,y = X5, (4% 250 0
2 Sensitivity signs X, = X5,,24x]) 1000 14
3 Preliminary feasibility X5 =Xy 500 253

. Nyaiig (compliance-1BC1020_2)
1000 4

] === Nyajig (compliance-IBC1207_1) o
s —= Nyajig (compliance-IBC1207_3) - gl
= 5001 — Ny (compliance) . et e SR

o+ @ —— bt s R s st e s

The factarial Euclidean Distance H; ;

1077
Hj i (i=ewb) T
Hj'/ (i=sn21)
H; ; (i=sn26)
1073 4 ¥
H;; (i=sn10) o <
— wn
H/",' (i=eW35) < <
o o

R "

577
0577

0.690
-0.739

[=

The Weiéhted Euclidean Distance H;

Fig. 11. Samples sorted via the weighted Euclidean Distance H; to D,,:

ini*

the accumulated number of valid design alternatives N, that respectively comply with single building

IBC rules and all considered IBC rules (upper), and the composition of H; by factorial Euclidean Distances H;; for each variant (lower).

. Hj=0.690

£

£

E |
£l

8. 5

)
,/'
N m

S H;=0.739

Fig. 12. Comparison of valid design alternatives across a diverse range of H;, from the identified smallest to largest values. Initial wall locations are shaded in grey, with red
indicating wall movement in a further direction and green indicating movement in a closer direction, relative to reference grids 1 and A.

to individual building regulations and their ensemble. N,,;, increases
significantly within the range H; = [0.419,0.739], indicating the primary
range within which the majority of achievable valid design alternatives
are located. Additionally, we examine the factorial Euclidean Distances
H;; of valid alternatives to assess dissimilarities across design vari-
ables. A relatively small H;; indicates that only minor adjustments are
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made in specific design variables, helping to reveal potential model
adaptations without altering those particular design variables.

Local details of the valid variants are selectively presented in
Fig. 12, illustrating code-compliant design alternatives across a diverse
range of H; — from the smallest to largest values identified. The
initial design is used as a reference to compare local variations, with
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highlighted areas reflecting changes in the relevant design variables
X between each valid alternative and the initial design. Based solely
on H;, the design alternative that deviates the least from the initial
design has H; = 0.419. As this variant involves the smallest total
geometry changes, it can be considered the primary design alternative.
More significant design changes are identified in valid variants with
larger distances H; € {0.690,0.739}. Furthermore, several variants hold
relatively small H; ;. For example, the variant with H; = 0.454 involves
a minor change in the variable sn,, while the variant with Hj = 0.577
shows relatively minor changes in both sn26 and sn,,.

The valid design alternatives were reviewed by the creator of the
experimental model, who confirmed the appropriateness of these lo-
calized changes without needing to alter the core design principles.
The designer approved these closest solutions, as they maintained
design integrity while achieving code compliance. The alternative with
H; = 0454 met the requirements of IBC 1020.2, IBC 1207.1, and
IBC 1207.3 with minimal geometric adjustments. Additionally, variants
with minor factorial distances were also approved (H; € {0.454,0.577}),
as they revealed design alternatives requiring adjustments in only a
subset of the variables. This feedback supported finalizing the layout,
showing that the design could effectively meet building requirements
with localized adjustments.

5. Discussion
5.1. Contribution

The proposed Design Healing framework represents an initial ap-
proach to automating model adaptations for code compliance. This
framework converts non-compliant initial designs into compliant alter-
natives, offering the following key contributions:

1. The framework bridges the gap by directly utilizing ACC results
to correct design issues through an automated adaptation work-
flow, using formal representations of building models and ACC
outcomes.

2. The topological propagation mechanism leverages graph repre-
sentation to identify non-compliance-related elements, enabling
dynamic localized changes while preserving original topological
relationships.

3. The multi-step design space exploration utilizes SA and the cLHS
sampling strategy to reduce dimensionality through prior knowl-
edge, enabling efficient navigation toward feasible sub-spaces.

4. Building on initial design solutions from human experts, the
Design Healing approach provides designer-centered support for
achieving code-compliant alternatives. It respects the contextual
knowledge and expertise of designers by updating constraints
from the authoring side.

This paper introduces a framework for building design adapta-
tion that achieves code compliance while preserving the original con-
cept, automating post-checking design corrections for human designers.
Sharing the design improvement goals of performance optimization
studies, the framework distinguishes itself with a formal data rep-
resentation of both the BIM model and ACC results. Leveraging the
parametric nature of design modifications, design correction is trans-
formed into an adaptable, formalized design space exploration process
that manages design variable variations and evolving constraints from
the authoring side. Validated by a real-world case study in architectural
spatial design, the Design Healing framework demonstrates compu-
tational accessibility for advanced optimization techniques, with the
capacity to address more complex rule-violation scenarios.

Taking the graph representation technique as a basis, the topolog-
ical propagation algorithm identifies targeted design modifications by
analyzing interrelationships among building components. Rather than
applying design variations across the entire building, which can lead
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to high computational costs, the propagation algorithm resolves non-
compliance by focusing on essential building components at dynami-
cally expanding levels. It starts with localized adjustments and, through
expanding propagation levels, incorporates additional, unrestricted el-
ements as needed to achieve code compliance in surrounding areas. By
integrating existing constraints — particularly non-negotiable hard con-
straints — into the propagation conditions, the algorithm demonstrates
adaptability to diverse real-world design scenarios.

Achieving compliant designs that satisfy multiple interrelated regu-
lations is challenging, as the design space expands significantly with
each added variable. This complexity often forces designers into it-
erative cycles, where addressing one issue may inadvertently cause
another requirement to be violated. SA has proven effective for nar-
rowing variables in space exploration, with the potential for handling
higher-dimensional spaces. However, a key aspect often overlooked
in design optimization studies is the full utilization of SA outcomes,
particularly the directional insights provided by Morris sensitivity in-
dices. These indices offer directed influence information that can be
instrumental in guiding the sampling of new design variants. The multi-
step design space exploration approach leverages prior knowledge by
combining SA and the cLHS sampling strategy to efficiently reduce
dimensionality.

The Design Healing approach provides designer-centered support
by building on initial design solutions crafted by human experts. The
proposed framework achieves code-compliant alternatives by respect-
ing designers’ contextual knowledge and expertise, incorporating con-
straint updates from the authoring side as needed. When localized
adjustments alone cannot yield compliant alternatives, designers can
release additional constraints to explore broader design possibilities.
Different from purely generative design methods, this approach does
not require an exhaustive set of predefined design parameters in down-
stream stages, which may be impractical in real-world projects that
have undergone ACC evaluations.

The term “healing” is used with a few focuses in the AEC industry.
Some studies focus on geometric healing to fix issues like non-closed
surfaces and errors in CAD models [73,74], while others apply semantic
healing to enhance design knowledge, such as segment classification or
improving BIM accuracy [75,76]. While previous research has focused
on improving model consistency and quality, our approach emphasizes
design correction for code compliance.

5.2. Limitations

Several limitations are acknowledged in this paper. First, a key
assumption for our proposed framework is that the initial design condi-
tions are appropriately oriented in the right direction by design experts.
Based on this assumption, the Design Healing approach produces valid
alternatives through local modifications without altering the original
design topology. When feasible designs cannot be achieved for an
adequately designed model, designers can intervene to expand the
design space by adjusting assigned design constraints. This assumption
is reasonable, especially for designs crafted by experienced experts.
However, the design space may not yield valid solutions if the initial
model significantly deviates from regulatory requirements, particularly
regarding spatial and geometric issues. This framework does not ac-
count for the full design complexity in such cases and is unlikely to
produce results if the model’s baseline conditions are too far from
compliance.

Secondly, this paper focuses exclusively on rules related to archi-
tectural spatial design without fully addressing the broader diversity
and complexity of building regulations. Efficiency limitations may arise
with rules requiring specific performance simulations, such as egress
time for fire safety, as their time-intensive nature can reduce the effec-
tiveness of the Design Healing framework. Addressing uninvestigated
rules may require adjustments to the approach, including adaptations
to graph structures to better capture relevant design dependencies. For



J. Wu et al.

example, improving accessibility and evacuation may involve adding
doors or stairways, making it necessary to embed accessibility rela-
tionships within the graph structure and propagation algorithm. Ad-
ditionally, adapting the approach’s representation parameters may be
necessary to address requirements with differing compliance-checking
logic. For instance, the reduction coefficient may be unnecessary for
rules executed only once per model. Such differences could also impact
the calculation of the weighted Euclidean Distance, which currently re-
lies solely on topological connectivity as weights for comparing design
dissimilarity. Distance calculations based on quantitative parameters
may overlook the complexity of design changes required for specific
structural and functional requirements. A more comprehensive measure
of design dissimilarity is therefore required.

Finally, this paper examines design constraints within a limited
scope. All potential restrictive requirements not evaluated by ACC are
considered design constraints. Human designers must manually review
and update these constraints when the framework fails to generate valid
alternatives for building rules. However, conflicting constraints at var-
ious levels may arise from the authoring side, potentially reducing the
approach’s effectiveness. Currently, these constraints are not differenti-
ated into structured categories, such as non-negotiable hard constraints
versus flexible soft constraints. This limits the framework’s ability
to explore acceptable alternatives in a fully automated way. There-
fore, further investigation is needed to incorporate classified design
constraints to enable more intelligent and adaptable adjustments.

6. Conclusion

Although the ACC research has gained continuous popularity, post-
checking design adaptation for code compliance remains underex-
plored. One key potential lies in using ACC results to correct the
designs. We argue that the most efficient approach begins with the
initial, potentially non-compliant design created by human experts,
applying localized adjustments to generate code-compliant variants
for designers. The proposed Design Healing framework formalizes
engineering knowledge from building design data and ACC results
to resolve code violations. Built on predefined parametric models,
non-compliance-related design variables are identified through a prop-
agation algorithm that leverages graph structures to progressively
account for dependencies among building components and assigned
constraints. Using these essential design variables, the prior knowledge-
informed design space exploration efficiently adapts the design to valid
alternatives through localized changes while preserving the topology
originally constructed by designers.

The proposed framework incorporates constraints derived from de-
signers’ engineering knowledge and domain expertise, allowing for
their adjustment to enable flexible human intervention when localized
modifications are insufficient. This approach provides valuable support
for building design professionals, researchers, and developers focused
on design optimization, with promising potential to refine designs
based on ACC results. Additionally, demonstrating the applicability
of ACC for post-checking design correction highlights the need for
standardized checking outputs. It indicates the importance of advancing
ACC approaches to produce richer, computationally accessible results
for seamless integration into automated design workflows.

Future research will first extend the framework to multi-disciplinary
scenarios beyond architecture, supporting major, non-local design in-
terventions and enabling broader modifications across the model. By
integrating perspectives from structural engineering, mechanical sys-
tems, and environmental performance, the framework can address
complex interactions and dependencies inherent in holistic building de-
sign. Consequently, adopting a more generic graph representation, such
as a hierarchical graph, is necessary to capture diverse design interre-
lationships, enhancing the framework’s ability to effectively model and
manage complex scenarios. Secondly, developing an intelligent system
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to represent complex and diverse constraints in building design is es-
sential, as these often involve intricate relationships among components
and require enhanced adaptability. By enabling dynamic updates, such
a system would allow designers to apply custom constraints as projects
evolve, particularly when achieving code compliance is challenging.
Classifying constraints into non-negotiable hard constraints and flexible
soft constraints would further support this adaptability. Additionally,
we acknowledge that the model’s parametrics must be pre-defined.
Therefore, we are investigating the automated parametrization of ex-
isting non-editable building models that lack predefined design param-
eters and necessary dependencies. We aim to broaden the framework’s
practical application to raw BIM models by enabling parametrization
in non-parametric models.
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Appendix A. The topological propagation algorithm

Algorithm 1 The topological propagation algorithm for finding
relevant building objects to overcome non-compliance

Input: V,,,,C,G,T,1,,.

Output: V,,V,

[ <1 > propagation level
V, < Vi > propagated nodes
V, <0 > constrained nodes
Vewrrent < Vu > starting nodes
while / </, do
I/Il(’MJ « 0
for V in V.., do
Vnew - Vnew U T(G(V’ E)’ C)
if VN C =0 then > unconstrained case
I/;l - I/u U VVIELU
else > constrained case
Ve e VoUVp
end if
end for
Vewrrent < View > update the starting nodes for the next level
l<1+1
end while
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Appendix B. The morris screening-based method

The Morris method evaluates the influence of the individual input
variables using an elementary effect (EE;) for each variable (Eq. (B.1)).
The input set consists of i,,,, input variables.

SO, X+ A x )= (X e pay)
EE; = S

lmax

(B.1)

Following a standard SA practice, these variables are sampled with
uniform input distributions and transformed from the unit hypercube to
their actual values. Within the input variables’ space, each model input
is varied across p selected levels with an equally divided distance 4
between them. Consequently, the input space forms an i,,,, dimensional
p level grid with pi,,. points. The Morris SA sampling follows t,,,.
different trajectories. Each trajectory initiates randomly over a uniform
grid, and the subsequent points are obtained by changing one variable
at a time [68]. This provides 7,,, estimates of the elementary effects
for each input variable, resulting in a total of ¢, (i, + 1) samples. An
optimization strategy for sampling trajectories can be used to maximize
their dispersion in the input space [69,77,78]. This involves generating
a high number of trajectories and subsequently selecting a subset of
optimized trajectories based on the distance between them. In addition,
u; and o; are two sensitivity measures that respectively represent the
mean and the standard deviation of the distribution of the influence
caused by x; (Eq. (B.2)).

rm(lX
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