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Building Information Modeling (BIM) has enhanced the decision-making process during
all design and construction stages, including procurement, manufacturing, and
installation. Despite the benefits of virtual prototyping, accurately modelling complex
systems like unitised curtain wall fagades during the design phase remains challenging.
Prefabricated unitised facade is a long lead item and needs advance procurement, leaving
little time for optimization. In this paper, we examine the integration of production-
related Knowledge-Based Engineering (KBE) with the client's specified BIM standards to
enable automated monitoring of design development. The primary objective of this paper
is to share the authors' experiences and conclusions regarding the translation of
manufacturing-related knowledge into BIM requirements, which facilitated early-stage
design analysis and optimization. Furthermore, the paper explores these BIM
requirements applied to a case study project, utilizing the hierarchical composition
enabled by the nested families methodology and its impact on optimizing a specific

facade. Staying within one 3D modelling environment not only streamlined the
optimization process but also made it more efficient as all variables were already
interconnected. This approach creates a reliable, ready-to-process data structure that can
be extracted and processed at early design stage, without complex post-processing, thus
enhancing collaboration, understanding, and design optimization.
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INTRODUCTION

Over the past two decades, there has been an
unprecedented increase in the complexity of the
AEC (Architecture, Engineering, and Construction)
sector. This has been driven by evolving
construction standards, ambitious architectural
aspirations, international competition requiring a
reduction in delivery times, and advancements in
and availability of computer-aided design, from

Building Information Modelling (BIM) to various
surface-based modelers and visual programming
tools. A facade and specifically unitised curtain wall
system has taken a leading role in this trend due to
its significant impact on the functional, economic,
and aesthetic aspects of the overall building (Montali
etal, 2017).

Practice-led research enables the investigation
of complex problems through
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hands-on engagement, often yielding insights that
traditional research methods may not uncover. This
article presents a practice-based study in which
addressing a real-world business challenge led to the
development of knowledge-based standards to
support automated data extraction. The authors
subsequently contextualized their results by
comparing them with research from related
academic domains. This comparison revealed
recurring issues particularly those concerning the
digital preservation of expert knowledge (Salzberger
et al., 2024), knowledge-based systems (Bernal,
2016), and the associated role of ontologies (Cui et
al., 2024; Trento, Fioravanti and Fiamma, 2024;
Rasmussen et al., 2020)

This article examines the extent to which
knowledge-based engineering (KBE) principles can
be integrated into Building Information Modeling
(BIM) during design development and evaluates the
impact of such integration on design optimization,
drawing from the authors' firsthand experience.
While the decomposition and classification of
building components, as represented within various
ontologies, constitute a significant aspect closely
linked to knowledge-based systems, their role in this
particular case has been relatively secondary
compared to the preservation of knowledge and the
transformation of engineering expertise into
practical methodologies and tools. Consequently, in
the context of this paper, the decision was made to
emphasize KBE, which prioritizes the codification of
technical knowledge rather than the application of
semantic models and ontologies.

KNOWLEDGE -BASED ENGINEERING
Knowledge-Based Engineering (KBE) can be defined
as "a research field that studies methodologies and
technologies for capture and re-use of product
and process engineering knowledge . The objective
of KBE is to reduce time and cost of product
development,
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which is primarily achieved through automation of
repetitive design tasks while capturing, retaining,
and re-using design knowledge" (Verhagen et al.,
2012, p.5). The advantage of integrating
manufacturability and supply chain knowledge in
the design process using digital model provide the
means to increase efficiency in the delivery of the
buildings, reduction in the environmental impact as
well as lower cost.

The primary objective of KBE is to support
designers throughout the creation process by
leveraging technology to systematically integrate
and apply fundamental knowledge about various
systems within a selected platform (Reddy, Sridhar
and Rangadu, 2015). From this perspective, any
object-oriented parametric modelling software can
fulfil this requirement, thereby reducing the time
required for project development by enabling the
reuse of information embedded within the platform.
This is achieved through pre-created geometries and
objects enriched with parametric data. Moreover,
BIM-native platforms provide an extensive library of
parametric objects that emulate their real-world
counterparts (Bernal, 2016). Additionally, these
software solutions allow users to generate custom
objects with predefined constraints that accurately
reflect physical limitations, further enhancing the
precision and efficiency of the modelling process.

SCOPE AND METHOD

In recent years, there has been an increasing interest
in various methods of design optimisation and
facade optimisation plays a significant role in this
trend. This paper presents a detailed examination of
the development of a fagade modelling
methodology that integrates KBE. Furthermore, it
introduces a case study to demonstrate its practical
application. The primary research objective is to
evaluate the extent to which knowledge can be
effectively embedded at the initial stages of the
facade design process and to assess its impact on
cost monitoring and design optimization.


https://www.sciencedirect.com/topics/chemical-engineering/process-engineering

Figure 1.
Knowledge
acquisition

Design optimization is the process of identifying
optimal design parameters that meet project
requirements. Fagade optimization is often a multi-
objective, time-constrained balancing act between
cost, aesthetics, and realizing optimal solutions.

Bespoke facade

The bespoke facade design has evolved into a
complex, interdisciplinary process, wherein the
facade consultant provides the design solution
navigating between architect's design intent, codes
compliance, clients’ requirements, and available
technological solutions, which is further developed
and engineered by the appointed subcontractor.

A unitised facade system is a type of curtain wall
system composed of prefabricated modular units
designed to form a lightweight structural frame,
typically spanning at least one story in height. These
units can incorporate various components, including
glazing, infill panels, and operable elements, and can
be categorized into two main types:

e Standardized systems, where units consist of
glass, infill panels, and operable components,
based on a predefined range of available
profiles.

e Bespoke systems, which require customized
solutions, often related to the installing of
cladding or non-standard elements that are not
readily available off the shelf.

Knowledge identification and

acquisition

Building Information Modelling (BIM) authoring
software belongs to the category of object-oriented
parametric modelers with built-in hierarchies, which
are rarely addressed in the context of information
standards, BIM requirements, and optimization
research.

The modelling methodology presented in this
article was developed as a part of BIM Standards for
an office developer company with significant
main contractor functionality acting as an
appointing party. The standards were intended for
to be part of contractual requirements distributed to
external design teams to improve project execution.
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During the process of analysing existing project
data, it has been observed that incorrect modelling
principles or a lack of following of construction
methodology were the most common causes of
unreliable BIM data. Therefore, one of main purposes
of development of modelling methodology as
illustrated in Figure 1, based on the company
expertise was to improve the quality of information
exchanged between designers and client’s team.
Additionally, the methodology aimed to enable
automated quantity extraction from the earliest
stages of the design process, facilitating real-time
tracking of quantities and costs to enhance project
management and prevent budget overruns. It also
sought to leverage the company's accumulated
knowledge, particularly in facade procurement, to
streamline  operations and reduce errors.
Furthermore, the approach was designed to
enhance communication between designers and
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the client's team, promoting better collaboration
and efficiency throughout the project lifecycle.

The Client’s team was accustomed to milestones
related, time consuming cost estimation based on
the manual work performed by the internal team, so
BIM based automation within this realm was an
attractive option. Given that the facade can account
for up to 20% of construction costs in office
buildings, it was crucial to monitor and optimize
these costs before the design was tendered.

The guiding principle of the modelling
methodology was to create assemblies which
reflected the prefabricated nature of unitised
systems as shown in Figure 2. This specific
requirement was outlined in the unitised facade
section of BIM Standards, stating that every panel or
element should consist of individual schedulable
parts.

Nested families
While the BIM requirements were not software-
specificc, the use of nested families was
recommended if Revit environment was used. Figure
3 illustrates principles behind hierarchical
composition of shared nested families methodology.
A shared nested family refers to a component
entity embedded within another entity, termed the
host family, and utilized multiple times within
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that host family. This practice is particularly
beneficial when a component is nested within
another, yet it remains essential to maintain full
tracking of the nested component as if it were a
stand-alone entity. Within a Revit model, a shared
nested family maintains uniformity across all families
into which it is nested. This methodology
significantly enhances scheduling, and data
management capabilities.
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Figure 2
Modelling method
reflecting panel
composition of
unitised system:
A. Entire Unit; B.
Glazing; C: Non-
transparent: D:
Hosting Unit; E:
Openable section;
F: Shading panel.
HB Reavis BIM
Standards (2020).

Figure 3

Simplified structure
of shared nested
families with
schematic quantity
schedules.



Figure 4

Case study office
building. Photo by
Marc Bayona

Figure 5

An example of one
of panels with
different types of
terracotta tiles

When nested families are designated as shared
within the host family, they appear as fully
autonomous entities that can be independently
scheduled and tagged. Consequently, shared nested
families can be scheduled and tagged separately
from their host families or in conjunction with the
host family's data, thereby improving overall data
control.

CASE STUDY

Subject of this case study is an eight-storey office
building, recently completed with total GIA of 18,200
square meters, distinguished by unique tectonics of
its facade comprised of large, glazed terracotta tiles,
visible in Figure 4.

The bespoke facade was combination of unitised
and stick curtain walling systems and precast panels.
The system comprises diverse types of prefabricated
unitised panels. The ceramic tiles are hung from
integrated brackets within the units. Although each
unitised panel measures 1500mm in width and
3705mm in height, they vary in type and incorporate
different terracotta tiles -please refer to Figure 5. The
blue terracotta cladding consists of large ceramic
tiles designed and manufactured only for this
project.

These tiles are categorized into four main
groups, each further divided into several types, as
illustrated in Figure 6. The ceramic tiles are hung
from integrated brackets within the units.

High variation of mould types and tile types
increases the cladding cost and diminishes value

brought by prefabrication. Consequently, the first
challenge was to accurately calculate these
variations and its occurrences. The original concept
design model was built using standard

generic  families with its subcomponents
represented only as geometry without any
parametric information allowing for its identification
and classification. The introduction of the shared
nested families enforced conversion of the purely
geometrical entities into parametric library objects.
The transformation process inherently introduced
the initial stage of optimization, as it enabled the
designer, for the first time, to evaluate the number of
variations of the same geometry present within the
model.

The facade procurement manager played an active
role in the optimization of the facade. HB Reavis
adopted an open and direct communication
approach, promoting the use of BIM models and
offering regular Navisworks training to all members
of the engineering team.

As a result, once the architectural team completed
the restructuring of the facade, they were able to
promptly share their BIM models through the
common data environment with relevant
stakeholders and present their finding during
weekly design meeting.

1348
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Model-generated axonometric drawings were
extensively utilized as a supplement to the project
documentation and incorporated into various
reports- please see Figure 6.

From an ontological and semantic standpoint,
the original BIM standards mandated a predefined
codification system aimed at ensuring the uniformity
of parameters across all company projects,
irrespective of the design office involved. While this
system functioned effectively for conventional
unitised facade systems, it proved to be burdensome
when applied to bespoke solutions.

One of the key limitations of predefined coding
systems lies in their ease of implementation during
the early stages of a project, which often does not
extend seamlessly into later phases. Additionally,
such naming conventions tend to inadequately
address atypical or unforeseen scenarios. The
authors therefore contend that codification should
not merely impose order on the project but should
also contribute to enhanced project outcomes.

In this context, greater value was derived from
the adoption of a controlled, hierarchical
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environment rather than from the rigid enforcement
of a predefined naming convention. Nevertheless,
objects were still required to adhere to logical
naming structures that allowed for straightforward
identification. The naming convention applied to the
tiles was based on a coding system originally
developed by the designer prior to the project's
acquisition by the developer.

Implementing this action facilitated the
monitoring process within the authoring software
by utilizing its scheduling functionality, which offers
filtering options comparable to those in Excel
spreadsheets. Consequently, an automatically
generated list of items was produced, encompassing
metadata such as object name, type, ID, dimensions,
and count, among other attributes. This setup also
enabled grouping by selected parameters directly
within the platform. The direct integration with the
model allows for immediate verification and cross-
referencing of unclear data. This approach provides
instant insights into dimensional variations among
objects that may appear similar.

Figure 6

One of the four of
standard profile
types showing its
variations



Moreover, it eliminates the need for additional add-
ons or data conversion processes, thereby reducing
the risk of data loss or misinterpretation.

Results
Prior to converting the tiles into shared nested
families, the design specified four tile profiles in
six colours, distributed across various unitized panels
and a stick facade system. However, after the
conversion, it became evident that tiles with ID TTT
(as shown in Figure 6) encompassed 70 distinct
types, totalling nearly 6,300 tiles, with an overall
count of 94 types and 8,633 tiles

Implementing this classification methodology
facilitated the  systematic  production  of
documentation and the automation of tagging
processes, thereby enhancing information quality,
and providing clear, comprehensible visual aids.

The application of facade modelling
methodology using shared nested families created
hierarchical dependencies between objects and
thus enabled the following:

e Enhanced comprehension of complexity.

e Automated scheduling of all tile types, including
dimensions and occurrences, facilitating the
identification of elements with minor differences
through in-built software functionality.

e Interdisciplinary collaboration between
architects and client's engineering team during
the design process, resulting in the reduction of
tile types without compromising the building's
aesthetics.

e Live link between schedules and listed objects,
enabling visualization and improved
understanding.

e Due to its straightforward application, the
procurement team assumed responsibility for
the optimization process in collaboration with
the architects, independent of technical
assistance from the internal BIM team.

A well-structured model served as the
foundation for subsequent optimization efforts,

performed by the subcontractor and monitored by
the client acting as the main contractor. This process
effectively reduced the number of tile types from 94
to 32, leading to significant improvements in
manufacturing efficiency and cost-effectiveness.
Such reductions in tile variety are crucial in
construction projects, as they streamline production
processes and minimize waste.

In subsequent projects, data visualization and
reporting were achieved through regular direct data
extraction using both Microsoft Power Bl and Excel.

DISCUSSION AND CONCLUSION

This paper delved into details of modelling
methodology based on the accumulated company
knowledge developed to improve the quality of
information received from external parties for its
internal use and applied to actual projects.

Verhagenetal.(2011) observed that Knowledge-
Based Engineering (KBE) has yet to achieve a
significant breakthrough, with limited consensus on
its theoretical foundations. Considering this, the
authors aimed to present an application grounded in
practical benefits rather than academic aspirations.
Nonetheless, the core ambition of capturing,
retaining, and translating specific manufacturing-
related expertise into software functionalities aligns
with the principles of Knowledge-Based Engineering
(KBE). Although, contrary to Skarka's (2007)
definition of KBE—which emphasizes automating
routine design tasks—the focus here was not on
routine tasks. Instead, the automation of data
extraction and processing played a significant role in
design development and refinement. As the design
process evolves with technological advancements, it
can be argued that these systems may be more
beneficial in data processing and creating an
environment that enables more comprehensive
information analytics than in automating routine
design tasks.

One of the main challenges in designing unitized
facades is the division of design responsibility. While
parameter-driven automation may be suitable for
subcontractors, it contributes little during the early

Volume 1 - Confluence - eCAADe 43 | 403



design stages. This is primarily because many
constraints, such as glass dimensions or specific
profile sizes, pertain to particular systems and are
not universal. In facade projects, conceptual design
and design development involve collaboration
between the architect and the facade consultant,
who, by definition, do not work within a specific
system that would limit the tender process. In
contrast, designing a particular system, including the
supporting structure and calculations, falls within
the subcontractor's scope. However, decisions made
during the initial design phase are crucial for
subsequent cost optimization, and it is at this stage
that the most optimization can be achieved.
Considering the above, the modelling methodology
proposed in this article serves more as a technique
to support the design process and its monitoring
rather than as a method for automating design
process.

The objective of the modelling methodology
was to capture, retain and translate specific
manufacturing-related expertise into software
functionalities, thereby facilitating automated
quantification, design monitoring, and cost
management—elements crucial from the client's
perspective. Once established, these standards
could be shared and reused, enhancing
comprehension of facade complexities and
interdependencies among individuals lacking prior
experience in this domain.

Growing awareness of the significance of
building optimization emphasises the need for a
simple-to-use simulation and optimization tools that
flawlessly integrate with architectural workflows
(Shan and Junghans, 2023). Staying within one 3D
modelling environment not only streamlines the
optimization process but also makes it more efficient
as all variables are already interconnected.

In this context, it is important to recognize that,
while automation and optimization are vital,
facilitating real-time collaborative interaction is
equally indispensable (Afzal et al, 2023). The
proposed BIM-based method has facilitated such
interaction with the added advantage of low-entry
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point and architect-friendly environment In a model-
based design environment, design development
and refinement are continuous processes that occur
during the creation of the BIM model. Consequently,
finding optimal solution requires active contribution
and collaboration therefore cannot be automated.
This is where the architectural vision is translated
into a virtual prototype, requiring a technical
understanding of how buildings are constructed. It
has been observed that there is a strong correlation
between level of technical understanding of
construction and the ability to develop BIM models
(Kepczynska-Walczak, 2016).

ISO 19650 advises the appointing party to take
on several key responsibilities to ensure effective
information management in a project. These
responsibilities include, among others:

e Definition of Information Requirements
e Establishing Information Standards
e Quality Assurance.

As presented in this paper, a client with a
portfolio of similar properties is capable of bringing
insights to the process that are beyond the reach of
most design offices. Although the planning of
information delivery is crucial for the success of a
construction project, the topic of modelling
methodology rarely appears in this context. The
virtual product entity incorporating KBE offers
advantages in data analytics beyond the reach of
physical mock-ups. Realization of these benefits
depends on the combination of two types of
expertise: understanding of  construction
methodology and software skills.

While the methodology presented in this paper
demonstrates significant advantages for complex
facades, it improves comprehension of quantities in
all scenarios. The benefits of hierarchical
composition, facilitated by shared nested families,
extend beyond fagades. It would be worthwhile to
investigate its application in different construction
disciplines. What captured the author's attention
was not the concept of nested families itself—which



has been available on the market for over 15 years—
but rather its specific application in this context,
highlighting the notion that innovation often arises
not from the introduction of new tools, but from the
enhancement of existing processes
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