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Abstract

Industrial buildings play a major role in sustainable development, producing and
expending a significant amount of resources, energy and waste. Due to product indi-
vidualization and accelerating technological advances in manufacturing, industrial
buildings strive for highly flexible building structures to accommodate constantly
evolving production processes. However, common sustainability assessment tools
do not respect flexibility metrics and manufacturing and building design processes
run sequentially, neglecting discipline-specific interaction, leading to inflexible solu-
tions. In integrated industrial building design (IIBD), incorporating manufacturing
and building disciplines simultaneously, design teams are faced with the choice of
multiple conflicting criteria and complex design decisions, opening up a huge design
space. To address these issues, this paper presents a parametric design process for
efficient design space exploration in IIBD. A state-of-the-art survey and multiple
case study are conducted to define four novel flexibility metrics and to develop a
unified design space, respecting both building and manufacturing requirements.
Based on these results, a parametric design process for automated structural opti-
mization and quantitative flexibility assessment is developed, guiding the decision-
making process towards increased sustainability. The proposed framework is tested
on a pilot-project of a food and hygiene production, evaluating the design space rep-
resentation and validating the flexibility metrics. Results confirmed the efficiency
of the process that an evolutionary multi-objective optimization algorithm can be
implemented in future research to enable multidisciplinary design optimization for
flexible industrial building solutions.
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1 Introduction

The construction industry is recognized as one of the major natural resources
and energy consumers, worldwide consuming 40% of resources and producing
50% of global greenhouse gas emissions (Rock et al. 2018). Within the construc-
tion sector, industrial buildings play a critical role in sustainable development as
they employ large amounts of resources for foundations, structural systems and
the building envelope (San-José Lombera and Garrucho Aprea 2010), producing
and expending a significant amount of resources, energy and waste (Heravi et al.
2017). Thus, the need for methods to assess the sustainability of industrial build-
ings has risen. A variety of tools to assess the environmental impact of buildings
exist, such as the environmental system analysis tools (Finnveden and Moberg
2005), green building rating systems (Shan and Hwang 2018) and recycling
potential assessment tools (Honic et al. 2019). One of the most common environ-
mental performance assessment methods evaluating industrial buildings is Life
Cycle Assessment (Rodrigues et al. 2018; Tulevech et al. 2018).

However, such tools do not consider all necessary sustainability requirements.
A resilient building, with the ability to adapt to changes, can increase sustainabil-
ity. The resilience of a building can be defined as the buildings capacity to adjust
easily to natural disasters or changes, such as changes in use and is often dealt
with under the concept of flexibility (Marjaba and Chidiac 2016). The concept of
flexibility is a prerequisite for extending a buildings life cycle (Cellucci and Sivo
2015), for increasing the reuse potential of a building (Glumac and Islam 2020),
and thus can contribute to sustainable development (Gosling et al. 2009). How-
ever, existing sustainability assessment tools do not respect the metric of flexibil-
ity, though flexibility has become an increasingly important aspect in the design
of industrial buildings.

Individualized production, a vast number of product varieties and fast chang-
ing technologies result in increased complexity and frequent reconfiguration of
manufacturing systems (Huettemann et al. 2016). The concept of changeable and
reconfigurable manufacturing infrastructure, supporting new machine deploy-
ment and reconfiguration of systems, must be also reflected in the factory build-
ings (EIMaraghy and Wiendahl 2014). Thus, industrial buildings aim for highly
flexible structures in order to allow for rapid adjustments to changing condi-
tions. Flexibility is strongly influenced by the load-bearing structure, as it is the
most rigid element with the longest service life in a building. However, struc-
tural design considerations usually enter the design process late and are subser-
vient to architectural and manufacturing goals, leading to inflexible floorplans
and structures. In order to maximize the flexibility of industrial buildings the
focus should be on a coherent planning of building and manufacturing systems
and the optimization of the load-bearing structure. However, in current practice
production and building design processes run consecutively, lacking in feedback
loops and neglecting interactions between discipline-specific designs (Schuh
et al. 2011). In Integrated Industrial Building Design (IIBD), which incorpo-
rates manufacturing and building criteria simultaneously, multidisciplinary
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stakeholders are faced with numerous complex design decisions, involving
the choice of multiple conflicting parameter, thus opening up a vast design
space. Design space exploration (DSE), referring to the activity of discovering
and evaluating design alternatives (Kang et al. 2010) in IIBD is challenging,
as interfaces between production and building planning are rarely investigated
(Ebade Esfahani et al. 2019) as well as data availability and requirement defini-
tions are missing, declining the quality of final solutions (Kampker et al. 2013).
To ensure high flexibility for rapid changes, the factory planning process has to
be analyzed in more detail and therefore methods for quantitative evaluation of
designs and systematic decision supports are needed (Biischer et al. 2014). Para-
metric and performance-based design methods are merging that provide design
teams to efficiently explore broad design spaces with quick response, leading to
well-informed decision-making (Haymaker et al. 2018). However, to effectively
apply these methods in IIBD, design teams require a unified framework, merg-
ing data from building and manufacturing disciplines.

The definition of flexibility metrics for performance assessment and a clear
DSE method for sufficient multidisciplinary decision-support in IIBD, optimiz-
ing the flexibility of industrial buildings in relation to changing manufacturing
conditions, are the motivation for this paper. Therefore, the main research ques-
tions investigated in this paper are:

(1) What are flexibility metrics in industrial building design, which are respecting
manufacturing requirements and how can they be mathematically formulated in
order to measure them in a practical way?

(2) What are the elements representing a feasible design space for IIBD for efficient
DSE and decision-making support, avoiding computationally expensive calcula-
tions encountered in simulation and optimization later on?

To answer these questions, novel flexibility metrics and a computer under-
standable design space representation for design exploration in IIBD are
developed. Next to this, a parametric design process for DSE with automated
structural performance-optimization and quantitative flexibility assessment of
industrial buildings is presented. Furthermore, the framework is tested on a real
industrial construction project from food- and hygiene production sector. The
results of the presented work are important prerequisites for the next steps of the
research, in which an evolutionary multi-objective algorithm for multidiscipli-
nary design optimization will be implemented in the parametric process.

The paper is structured as follows: first, the state of the art on flexibility, DSE
and decision support tools in building and manufacturing planning through lit-
erature review is presented. Second, the applied methodology of an exploratory
multiple case study is described. Based on the results the design space represen-
tation and formulation of flexibility metrics is shown. The developed parametric
framework for DSE in IIBD is tested and the defined flexibility metrics validated
on a pilot-case. Finally, the achieved results and directions for future steps are
discussed.
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2 Literature review

Manufacturing is faced by change, forcing manufacturing companies for permanent
adaptation of their factories (Loffler et al. 2012). A need for flexible and adaptable
buildings and manufacturing systems to increase sustainability is widely acknowl-
edged in research and industry. In general, flexibility in building design can be
defined as the capability of space to functionally or structurally adapt to changes
in use to be useful for an extended period (De Paris and Lopes 2018). Several
studies identify concepts and criteria of building flexibility. Gosling et al. (2009)
developed a building adaptability system model as a way to rationalize flexibility
and adaptability in the construction sector. Slaughter (2001) analyses design strate-
gies, significantly increasing building flexibility, presenting three general types of
changes which can be expected: changes in the function of the space, changes in
the load carried by the systems and changes in the flow of people or environmental
forces. The presented design strategies include reduce inter-system interactions, use
interchangeable system components, increase layout predictability, improve physi-
cal access, enhance system access proximity, simplify partial demolition, improve
flow, phase system installation, reduce intra-system interaction and dedicate specific
area/volume for system zones. Israelsson (2009) identify the factors material stand-
ards, production, planning for future changes and service life, installations, finan-
cial aspects and awareness aspects in building flexibility. The majority of the stud-
ies investigate flexibility in the design of residential buildings and housing units.
De Paris and Lopes (2018) explored housing flexibility through a review of relevant
literature, highlighting that a lack of well-defined concepts of flexibility result in
the inclusion of different variables in each paper. Cavalliere et al. (2019) propose a
BIM (Building Information Modeling)-based parametric model framework for auto-
mated flexibility assessment, defining the metrics of housing flexibility as structure
modularity, geometrical regularity of plan, location of technical service, removable
building elements, percentage/orientation of windows and internal mobile parti-
tions. (Till and Schneider 2006) propose six generic principles for flexible housing:
Space (increase capacity and free use of space), construction (structure that allows
easy future invention), design for adaption (predicting future scenarios and options),
layers of construction, typical plan (generic space without specification) and dispo-
sition of technical services (location planning for future changes). Further housing
flexibility criteria and strategies are examined by Zivkovi¢ and Jovanovié (2012)
and Cellucci and Sivo (2015). Housing flexibility in terms of spatial indeterminacy
is investigated by Montellano (2015) and Glumac and Islam (2020) present a per-
formance-based framework for housing preferences in adaptive-re-use of office and
industrial buildings. A practical instrument to assess the adaptive capacity of build-
ings is cultivated by Geraedts (2016), identifying a number of flexibility key perfor-
mance indicators, divided in the layers of site, structure, skin, facilities and space
plan. In the category of structure, the flexibility indicators are among others the sur-
plus of the building space and floor, the surplus of free floor height, the surplus of
the load-bearing capacity and the positioning of columns or facility zones.
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The focus of the above listed research fails to cover specific flexibility aspects
in industrial buildings. In industrial building design, the systems flexibility should
be defined integrating manufacturing requirements. Manufacturing systems flex-
ibility means being able to reconfigure manufacturing resources in such a way as
to produce efficiently different products of acceptable quality. A system’s flexibil-
ity is necessary to address uncertainties caused by a change in demand, changes in
user needs, innovative technology, new regulations or availability of resources (Sethi
and Sethi 1990). Manufacturing flexibility has aroused considerable interest among
researchers and professionals but also here a comprehensive understanding of the
subject remains elusive (Cousens et al. 2009; Kara and Kayis 2004). The most cited
authors in literature are Browne et al. (1984), who identified eight dimensions of
flexibility and Sethi and Sethi (1990) who extended the classification, adding three
more flexibility dimensions. The in total 11 defined manufacturing flexibility dimen-
sions are machine flexibility, operation flexibility, routing flexibility, volume flex-
ibility, expansion flexibility, process flexibility, product flexibility, production flex-
ibility, material handling flexibility, programme flexibility and market flexibility.
However, the conducted studies on manufacturing flexibility remain in the realms
of operational management and are most closely related with the process technol-
ogy of manufacturing systems (Beach et al. 2000), objects of the factory building
are generally not included in this context. Instead, Wiendahl et al. (2007) introduce
the term changeable manufacturing, describing five different types of changeability.
Changeability is defined as characteristic to accomplish early and foresighted adjust-
ments of the factory’s structures and processes on all levels to change impulses
economically, including the factory building. Within this context Wiendahl et al.
(2007) describe five so-called transformation enablers that factory planner may use
for attaining changeability already in the design phase. The factory transformation
enablers are defined as (1) Universality (over-dimensioning and designing objects
for diverse functions), (2) Scalability (expansion and shrinkage of factory layout),
(3) Modularity (standardized units and elements), (4) Mobility (unimpeded mobility
of factory objects) and (5) Compatibility (possible interactions in and outside the
factory).

A growing body of literature has investigated the topic of flexibility in both build-
ing and manufacturing planning, applying various definitions and concepts. The
most common principles of building flexibility are the plan of generic and indeter-
minate space, regularity of layouts, structural regularity and adaptability, location of
technical services, increase of simplicity in systems and materials, designing over
capacity and improving the flow through system layouts. However, no convention-
ally accepted flexibility metrics definition for IIBD incorporating building and man-
ufacturing criteria, have been established. The main aspect of this paper is to define
flexibility metrics for IIBD to be integrated into a unique computational framework
for quantitative flexibility assessment.

As can be seen from the literature review on flexibility, the load-bearing structure
strongly influences the building’s and manufacturing’s flexibility. However, struc-
tural design considerations usually enter the design process late and are subservi-
ent to architectural (Mueller 2014) and manufacturing goals (Bejjani et al. 2018),
leading to inflexible floorplans and structures. To determine the overall efficiency
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of industrial buildings a concurrent assessment of the synergy effects of production
processes, technical services and the building itself is needed (Gourlis and Kovacic
2016). Integration is especially crucial for the conceptual design of industrial build-
ings as decisions made on building and manufacturing flexibility are more impactful
when made at the early design stage (Sadafi et al. 2014) (Francalanza et al. 2017).
However, major obstacles in interdisciplinary cooperation between building and
production planners are due to missing maturity level specifications and missing
data management standards (Ebade Esfahani et al. 2019). To achieve integration in
the factory planning process a variety of approaches, which are focusing on different
specific topics such as the overall project management (Graefenstein et al. 2020) or
the managing of interdependencies and information of various tasks (Bejjani et al.
2018; Hawer et al. 2017; Kampker et al. 2013; Schuh et al. 2011) are conducted.
However, most of the approaches do not consider the synchronization of manufac-
turing layout planning and structural design optimization neither do they consider
performance improvement regarding flexibility. A sufficient factory information
model needs three essential parts: a calculation model, a heterogeneous data integra-
tion and decision support tools (Bejjani et al. 2018). Existing factory planning pro-
cesses neither support a quantitative evaluation of the planning nor assist in holis-
tic and systematic decision support during design (Biischer et al. 2016). Regarding
optimization and decision-support tools for industrial facilities, numerous research
has been conducted about optimization on product level and manufacturing pro-
cesses (Biischer et al. 2016; Francalanza et al. 2017; Kluczek 2017), on sustainable
manufacturing (Deif 2011) or on manufacturing energy efficiency (Garwood et al.
2018; Mousavi et al. 2016). Usually, less attention is on the integration of industrial
building information (Heravi et al. 2015). Thus, several authors propose models con-
centrating on industrial building level, evaluating the environmental performance
through life-cycle assessment (Kovacic et al. 2016; Rodrigues et al. 2018; Tulevech
et al. 2018) or analyzing and optimizing energy performance (Bleicher et al. 2014;
Gourlis and Kovacic 2016). Critical sustainable development factors in the adap-
tive re-use of industrial buildings are investigated by Vardopoulos (2019), while
San-José Lombera and Garrucho Aprea (2010) study the six scopes of functional-
ity, economy, environment, social and safety within an environmental analysis of
industrial buildings. A variety of researcher develop different approaches for multi-
criteria decision-making for industrial buildings, such as for sustainability assess-
ment (Heravi et al. 2017) (Cuadrado et al. 2015), for factorial design space explora-
tion studying energy performance, environmental impact and cost effectiveness (Lee
et al. 2016) or for space heating system selection (Chinese et al. 2011). Chen et al.
(2012) integrate sustainability within the factory planning process and (Lenz et al.
2019) propose a BIM-approach for automatic decision support in factory adaption
planning. The University of Hanover (iFA) developed a systematic method evaluat-
ing the transformability of a factory based on future requirements, comparing facto-
ries by means of benchmarking (Nyhuis et al. 2007). The above listed research are
remarkable but focus on either manufacturing modeling or building performance,
mostly focusing on energy efficiency. In general, energy performance is optimized
in 60% of sustainable building design cases (Evins 2013). However, although early
integration of building and manufacturing planning would improve environmental
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and economic performance, holistic models that optimize the load-bearing structure
towards increased flexibility, receive little attention and fail to fully cover the explo-
ration of the entire design space in industrial construction projects.

In fact, [IBD design teams are faced with numerous complex design decisions
and the choice of multiple conflicting criteria, opening up a vast design space. The
complexity of sub-discipline models rise to a large combinatorial space of possible
solutions, when trying to integrate all specific information, thus design problems are
difficult due to the potential combinatorial explosion of the design space (Zdrihal
et al. 1996). Decision-making in design entails the process of generating, evaluating,
and determining design alternatives to satisfy given requirements or criteria (Lee
and Ostwald 2020). Multidisciplinary and contrasting objectives need a pertinent
performance information (Méndez Echenagucia et al. 2015), making it advanta-
geous to apply computational design optimization methods (Evins 2013). Paramet-
ric design as an exploration and search tool allows the process to navigate the design
space efficiently (Motta 1998). Performance-based parametric design operates in the
conceptual “design space”, containing all possible alternatives that can be gener-
ated by a parametric script, and the “objective space”, covering the designs based
on their performance, thus designers get quick feedback about how different alterna-
tives behave and get guidance for decision-making(Brown et al. 2020). Parametric
and performance-based design tools in building design have been widely employed
by authors in architectural and structural design domain, focusing on design space
exploration and structural optimization of sub-systems (Brown et al. 2020; Brown
and Mueller 2016; Makris et al. 2013; Mueller and Ochsendorf 2015; Pan et al.
2020; Turrin et al. 2011). In this general approach, a parametric design process
shows remarkable potential to support optimization and decision making in IIBD.
Thus, to achieve integration several architectural, structural, technical service and
manufacturing aspects and their interdependencies need to be considered and a cus-
tomized workflow on the specificities of industrial buildings developed.

However, an essential problem of any performance optimization is concrete
parameter definition and the handling of computational time (Baril et al. 2012;
Emmerich and Deutz 2018) as optimization methods coupled with building simula-
tion programs need enormous processing resources (Machairas et al. 2014). A non-
well defined design space runs the risk of including physically and/or geometrically
unnecessary search regions, wasting search time (Soébester and Powell 2013). A
large pool of possible designs need an efficient exploration scheme to provide suf-
ficient feedback (Kontogiannis and Savill 2020).

In this work the development of a concrete design space for IIBD is proposed to
reduce the number of design options in the search, thus to consider fast and feasible
results during multi-objective optimization, which will be implemented in the next
steps of the research to enable multidisciplinary design optimization.

The state of the art analysis reveals some limitations that hinder an early integra-
tion of building and manufacturing system planning and efficient flexibility assess-
ment in industrial building design. First, there is a lack of a novel definition of flex-
ibility assessment metrics, respecting both manufacturing systems and industrial
building criteria. In addition, there is a lack of multidisciplinary design optimiza-
tion processes specifically customized for the integration of manufacturing layout
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planning and structural performance optimization in industrial building design. To
overcome these limitations, this paper proposes a novel design process based on
parametric modeling, performance-based structural optimization and numeric flex-
ibility assessment for IIBD. In this light, a parametric model framework for DSE
in IIBD is developed, automatically optimizing the structural system towards maxi-
mum flexibility, thus to reduce the environmental and economic impact of indus-
trial buildings in long-term. Such a process facilitates multidisciplinary designers a
holistic decision-support tool, providing diverse types of flexible, thus sustainable
industrial building design alternatives.

3 Research methodology

The purpose of the research is the definition of novel flexibility metrics, respecting
both building and manufacturing requirements. Furthermore, to construct a feasible
design space for IIBD, holistic data from building design including architectural,
structural, technical service and manufacturing planning are collected and the inter-
dependencies analyzed. Results of the state-of-the-art analysis and the multiple case-
study methodology are combined in a unified design space representation for IIBD.
The defined design space is then translated into a parametric model framework, ena-
bling automated optimization of the building structure and quantitative flexibility
assessment of industrial buildings in real-time, supporting multidisciplinary design
teams in systematic DSE and decision-making. The parametric model, thus the
design space representation, is tested on a pilot-project of a food-and hygiene pro-
duction facility and the flexibility metrics validated. Figure 1 gives an overview of
the research methodology and the research outputs of the study.

3.1 Exploratory multiple case study

In order to gain an in-depth understanding of a complex real phenomenon and to
understand the differences and similarities between different cases an exploratory
multiple case study is carried out according to Yin (2009). A total number of 29
real industrial building projects represent the use-cases, which are representative
for the research objective (Eisenhardt 1989). Due to different types of productions
examined—automotive, food and hygiene, logistic, metal processing and special
products—a diversity is created and not exclusively the needs and objectives of a
specific manufacturing sector investigated. The purpose of the research is to develop
theory, not to test it. The use-cases are selected because the highest density of given
information and the best accessibility of data and leading stakeholders was avail-
able (Eisenhardt and Graebner 2007). To increase the reliability and validity of the
research findings multiple sources of evidence should be used for data collection
(Yin 2009). Therefore, the case study investigated the following sources to col-
lect holistic data: (1) Expert interviews and (2) Use-case study of documents and
archival records. The data obtained from the case study was supplemented with the
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State of the art survey

Systematic review

Exploratory
multiple case - study
|
v v
Expert interviews Use-case study

Qpempwdedintervisws wath buikding Comprehensive case-study of 29 real
owners, architects, structural : : o .

: i industrial building projects
engineers and production planner
: bisinf i (i) Characteristics building topology
(l) FID .e.rr) ormu a'tlon and manufacturing systems
(i) Flexibility objectives ™! (iii) Interdependencies
(iii) Parameter influencing flexibility (iii) Data collection

__________________________ ., e

Design space representation for IIBD

- Development ,Design Search Exploration Space”
- Definition of variables (+ranges) and constraints
- Formulation of flexibility metrics Output

Parametric model framework for
design space exploration in IIBD

Parametric variant study on a pilot-project
- Evaluation of the design space and model framework
- Validation of flexibility metrics

Fig. 1 Overview of the research methodology and scope of paper

data collected in the state-of-the-art survey. Thus, a triangulation of complete data
sources could be achieved. Table 1 gives an overview of the examined use-cases.

3.1.1 Expertinterviews

The conducted expert interviews allowed the mapping of discipline-specific knowl-
edge and needs and requirements regarding flexibility in IIBD. Thereby, fifteen
experts (five building owners, three architects, three structural engineers and four
production planners) involved in the construction of five use-cases of the case study
where interviewed via guided, open-ended interviews. The obtained information
facilitated the definition of flexibility goals and concrete flexibility metrics and asso-
ciated parameter in I[IBD. The evaluation of the interviews was conducted accord-
ing to the following methodology: After the transcription of the interviews, a list
of all relevant statements was compiled, allowing categorization of the statements
into three categories: Objectives (Metrics), design processes and parameter in IIBD.
The interviews were particularly useful as they provided a direct insight into what
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parameter and how they influence the flexibility of industrial buildings. Table 2 pro-
vides an overview of the expert interviews conducted.

3.1.2 Use-case study

In the use-case study, documentations and archival records were investigated to
gain a deep insight into the characteristics of industrial building topologies and

Table 1 Use-cases of the
case study, analyzing 29

representative real industrial

building projects

@ Springer

Use-Case Area [m?] Primary structure type
1—Automotive

1A 12 100 Steel framework

1B 20 700 Space framework steel

1C 160 700 Steel framework
2—Food and hygiene

2A 5760 Steel framework

2B 700 Saddle roof timber girder

2C 4800 In-Situ RC Concrete

2D 1880 Timber GLT girder

2E 2730 Timber framework

2F 1110 Timber GLT girder
3—Logistics

3A 8060 Saddle roof timber girder

3B 5040 Steel profile girder

3C 5000 Precast concrete girder

3E 30,000 Timber GLT girder

3F 37,500 Precast concrete girder

3G 2500 Steel profile girder
4—Metal processing

4A 2 800 Steel profile girder

4B 28 220 Precast concrete girder

4C 16 200 Timber framework

4D 6 000 Steel framework

4E 7200 Steel framework

4F 15 600 Timber GLT girder

4G 7200 Saddle roof timber girder

4H 14 500 Timber framework

41 4 000 Suspended GLT girder

4] 14 500 Precast concrete girder

4K 6 600 Timber framework
5—Special

5A 2 800 Suspended GLT girder

5B 2 850 Precast concrete girder

5C 60 000 Steel framework
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manufacturing system structures. The documents and records analyzed were: (1)
Discipline-specific drawings from architectural, structural, technical service and
manufacturing planning, involving floor plans, sections, details and production lay-
out plans. (2) Digital design models and (3) Technical project reports. Functional
and technical interdependencies between the discipline-specific objects were ana-
lyzed and concrete data values and ranges for building- and production-specific var-
iables and constraints defined. For each use-case, the results were structured and
cross-sectional checked in order to identify structural and functional commonalities.
This enabled the categorization and definition of common supporting structures,
materials, column axis grids, and load conditions encountered in industrial building
design. The collected data served for the development of the design space and the
parametric model framework.

3.2 Design space representation and parametric model development

The methodology for the design space representation and parametric model frame-
work developed in this study, followed the “Design Space Construction Framework”
approach and the design space theory terminology from Haymaker et al. (2018), see
Table 3. A precise design space was build based on the case study results, giving
the possibility to find flexible industrial building solutions within reasonable cal-
culation time. Therefore, the flexible industrial building problem was encoded a
structure of variables and vectors, parametrically describing the design search space.
Furthermore, to discover feasible solutions and to guarantee a focused search later
on, constraints were defined. To enable a flexibility measure, which is a formula,
algorithm or methodology to generate a value for a given flexibility type under given
conditions (Shewchuk and Moodie 1998) the obtained flexibility goals from the
interviews are mathematically formulated into metrics based on the defined decision
variables.

3.3 Parametric model framework description for design space exploration
The design space representation is translated into a parametrical model framework

for DSE with automated structural optimization and quantitative flexibility assess-
ment. The parametric design process is developed in the visual programming tool

Table 2 Overview of the conducted expert interviews within the case study

Expert interviews Use-Case Use-Case Use-Case Use-Case Use-Case
2A 2C 4C 4K 5C

Building owner
Architect

Structural engineer

—_—_ O =
—_ = = =
S O O =

1
1
1
1

—_ O = =

Production planner

@ Springer



1704 J. Reisinger et al.

Table 3 Terminology for design space theory used in this study according to (Haymaker et al. 2018)

Terminology in design space theory (Haymaker et al. 2018)

Objectives/Goals  Objectives are specific targets to achieve and Goals represent specific ecological or
economic targets, defined by the stakeholders.

Constraint represent the admissible limit of an input variable or outcome and must be satisfied
for an alternative to be valid

Metrics The definition of metrics allows the verification of the fulfillment of the constraints
and the evaluation of the degree of fulfillment of the objectives

Design alternatives are the explored potential solutions to a given design problem, while each alterna-
tive corresponds to a particular set of options for every variable of the problem

Variables can be discreet or continuous input parameter within a range that constrain all pos-
sible states of such a variable between lower and upper bounds.

Grasshopper for Rhino3D (Preisinger and Heimrath 2014), enabling geometric rep-
resentation and automation of the design alternative generation. Additionally, the
Grasshopper component Karamba3D, allowing early-stage structural analysis, form-
finding and structural optimization, is used for the structural performance optimiza-
tion. The flexibility assessment is done in the context of the parametric modeling
environment because they are computationally trivial. The assessment results and
the associated parameters for every design alternative are then exported to a excel
database for data visualization and alternative comparison, which sorts the data
and results from each design alternative and facilitates the exploration of trade-offs
across the flexibility metrics for decision-making support.

The parametric model framework consists of seven discrete steps (see Fig. 2):

(1) Input layout—assembly of “Production Cubes”, (2) Input structural—
“Structural system grid” and loads, (3) Automated generation of geometry, (4) Defi-
nition of structural elements (5) Structural analysis, (6) Structural performance &
positioning, (7) Results assessing the flexibility and net costs.

4 Design space representation

This chapter presents the design space development for flexible building industrial
building structures. The design space representation for IIBD is developed for para-
metric DSE to find satisfying building solutions within reasonable calculation time
and to support in decision-making. By narrowing the design space, the developed
multi-objective optimization algorithm, which will be developed and implemented
in future research, can be focused on optimization, instead of having to explore
every possible alternative. The proposed design space representation consists of
three key components to facilitate efficient design exploration in IIBD: (1) definition
of variables for design search space exploration, (2) the formulation of constraints
and (3) definition and derivation of four flexibility metrics.
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4.1 Design search space exploration

A “structural system grid” is suggested to describe a flexible industrial building
structure by means of the design search space representation. Figure 3 displays the
structural system grid with production cubes assembly for an example industrial
building. The structural system grid describes the main dimensions and structural
elements of the building and is defined by three vectors and three structural element
types: H {f,-, g hy. 1, ti,i}‘ Here, f, g, hy describe the continuous dimensioning
of the industrial building grid with indices i, j, and k. Following this, i is the x-,
J is the y- and k is the z- index of the grid. The variables r;, s; and ¢;; are discrete
integer and describe the structural element type within the grid axis. Five different
structural types can be assigned to the primary grid in x-direction (r;=primary load-
bearing structure), four types to the secondary grid in y- direction (s;=secondary
load-bearing structure) and two structural types can be assigned to the z-direction
(#;;=columns). The entire structural system grid is used to perform design modi-
fications; therefore the complete design search space is described by the vectors
and variables: f, gj,hk, TisSjs Ly e The rectangle region, which results from the outer
dimensions of the industrial building, is defined as R. The maximum building gross
floor area of the building rectangle is Ag. The variables used are described in the
Egs. (1, 2, 3, 4).

f;>0ie {12, ....N;} (0
g >0je{L2 ....N,} 2
he>0k=1 3)

Nf Ng Nf Ng

AR—ZZM ZZlfxgj‘ @

i=1 j=1 i=1 j=1

rp= (Steel framework, Steel profile, T-Beam precast concrete, GLT girder, Tim-
ber framework).

Sy = (Steel framework, Steel profile, T-Beam precast concrete, GLT girder,)

1;; = (Precast concrete-quadratic, Steel-HEM-profile).

In order to be able to consider production planning in the design search of the
structural building topology, the production process is considered in the study. A
production type can be divided into three main processes: procurement, produc-
tion/assembly and distribution. Each main process can be further divided into sub-
processes, such as storage, conveying, milling, etc. Each sub-process results in the
arrangement of so-called "production cubes". One production cube is defined by
three variables: C {a b,.c } where ay is the cube dimension in i- direction, b,
is the cube dlmensmn in ] dlrectlon ¢, is the cube dimension in k- direction and p
the total number of cubes within the production layout. The rectangle, which results
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Gy

{0,0,

Fig.3 The industrial building is described by grid vectors f;, g;, h, and grid element variables r; s, ¢,
while the production layout contains production cubes C, described by the variables a,, b, ¢,

ip

from the outer dimensions of one production cube C,, is defined as Rp. The total
production area layout is the sum of the area of all production cube rectangles and
is defined by Ap. The arrangement of the production cubes is set as a constraint
during optimization, as individual production cubes may not overlap and no produc-
tion area may exceed the hall area. Equation 5 and 6 describe the variables used,
describing the production cubes, thus the sum of all production cubed represents the
production layout:

ap,bp,cp,RPZO,pe{l,Z,...,m} (5)
m m

A, = Z areaof R, = Z(ap - by) (6)
p=1 p=1

The list of variables considered as input parameters for the industrial building
structure is given in Table 4.The design variables are defined as the position of the
columns, representing the axis grid in x- and y- direction (f; g, Nyand N,). Further-
more, an important grid variable represents the z-direction for flexible hall height
adjustments (/). The primary and secondary structure type depend on the material
and structural system and can be chosen variable in a range of pre-defined systems
(r; s;and 7;;). The bracing system of walls and roof (b,) can be chosen within seven
options. A load case describing the future retrofitting ability of the system (Fj;p) is
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defined, which is variable between zero (no future retrofitting) to 2 kN/m? (high
additional loads).

The list of variables considered as input parameters for production planning,
describing the production layout via production cubes assembly, is given in Table 5.
Inputs of a,, bp, and <) dimension in x, y and z direction of the machine itself, the
work area around the machine and the maintenance area, result in the entire produc-
tion cube description C,. A production cube contains dimensions and loads from
the machines itself, the workspace around the machine and the maintenance area.
Furthermore, loads and required media supply for the given areas are defined to be
respected in the DSE.

4.2 Constraints

To be a practical application and to discover feasible design solutions in the search,
constraints have to be handled. Table 6 shows the set of constraints as well as the rules
involved. X = {xl,xz, s X, }: covers the set of constraints, limiting the previously
defined variables for ensuring a consistent design solution, whereby r is equal to nine.
On the first hand, the industrial building system will be evaluated against structural sta-
bility constraints such as (x;) stress utilization, (x,) displacement, (X;) structural sys-
tem’s stability and (x,) span width of tertiary system. On the other hand, the constraints
which are subject to building dimension restrictions are (Xxs) maximum building height
on the property, () positioning of production cubes, (x;) production layout size, (Xg)
property size and (X,) the at most planned costs, described in the Eqgs. (7 — 16).

Constraint x;: The actual stress utilization (o) in the load-bearing elements must not
exceed the maximum utilization (6,,,,,

Grivs_z:’i,f = G’:’ifli‘/ @
j=1,...,Ng ®

Constraint x,: maximum allowable displacement (5) of primary and secondary
structure must not be exceeded:

6ri,sj < 6a = 1/300 (10)

Constraint x5: stability of H {f [N AR ti,/} must be internal and external
true=0; false=1.

Constraint x,: The secondary axis grid must be smaller than the tertiary span width
of the roof construction, which is constrained with a maximum length of 6 m:

8] < 6m (11)
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Table 5 Information stored in .
- b A C Load: Media Suppl

a production cube in the design b P ) P P oacs cdia Suppy

space for IIBD. The production

process layout Rp is described

Production Cube of a sub-process

as the sum of all production Machine dimensions Compressed Air
cubes Cp m] [m] [m] [m% [m'] [kKN/m’] Gas
Workspace area Air Supply

[m] [m] [m] [m? [m’ [kN/m?*] Sprinkler
Maintenance area
m] [m] [m] [m% [m’] [kN/m?]

Constraint X5: The maximum building height of the property (#,,) must be
respected and the outer dimensional height of the building, including the height of the

roof construction (%,,,) must be smaller than A,,,,:

(hk + hri + hsj + hroof) < hmax (12)

Constraint x¢: The individual production cube boundaries (R, R,) must not overlap
with each other:

R;nR;:ﬂforq;érandq,r:{1,2,...,m} (13)

where R’ denotes the interior rectangle.

Constraint x;: The maximum production layout boundary (R,,), which results from
the external limits of the individual production cube boundaries (R, R,) must not
exceed the rectangular boundary (R) of the industrial building itself:

UpeiRy C R (14)
Constraint Xg: The industrial building boundary (R) must fit in the property bounda-
ries (Rpmp):

Table 6 Set of constraints in the design space for [IBD

Constraints

X Description Possible values
x1 Stress utilization of load-bearing elements < 1.0 [0,1]

X2 Structural displacement < allowable displacement [0, x]

X3 Stability of structural system must be given 0=true;1 =false
x4 Secondary axis grid < span width of tertiary system [0,6]

x5 Industrial building height < maximum building height [0,1}

X6 Production cubes must not overlap with each other [0,1]

X7 Building dimension > production layout [0,1}

X8 Building dimension < property dimension [0,1]

X8 30% of the initial planned building costs may be exceeded [0,1]
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R C Rp,,, (15)

Constraint x,: At most 30% of the initial planned costs for the building (€,,,,) may be
exceeded from the actual costs of the design option (€):

€, - 1.30 <€, (16)

4.3 Flexibility Metrics

In the proposed research, we define flexibility “as the ability of the building struc-
ture to resist and adapt to changes in use through changing manufacturing condi-
tions”. The flexibility metrics developed in this work rely on a combination of the
expert interview results and the flexibility and changeability criteria proposed in
(Cavalliere et al. 2019; Geraedts 2016; Wiendahl et al. 2007) since these authors
have attempted to provide flexibility definitions relevant for the focus of this study.

The evaluation of the interviews revealed that the most important goals for flex-
ible industrial buildings are the following: (1) maximizing the load-bearing capac-
ity for future retrofitting of energy media supply, (2) unimpeded expandability of
the production layout area during full operation, (3) maximum free hall height and
(4) maximum free gross floor area. These findings are also in line with the findings
from the state of the art analysis on flexibility presented in chapter 2. Therefore,
the flexibility metrics defined in the study and respected in the design space for I1IB
are the following: (O4) maximize the load-bearing capacity for retrofitting, (O5)
maximize the expandability of the production layout, (O6) maximize the hall height
reserve and (O7) minimize the amount of columns standing inside the production
area. Table 7 describes the four flexibility metrics for IIBD and its definitions.

The flexibility metric O4 aims to maximize the carrying load of the load-bearing
structure, by respecting increased forces for retrofitting purposes. Fy is the decision
variable for the applied retrofitting load. The rating is 1 if the highest possible value
of the retrofitting value is selected (Fgr ,,,) and the rating is lower the smaller the
applied value of Fy is. When no retrofitting load is applied, the rating is zero.

RF = Frr

= 17
F RT.max ( )

The definition of the flexibility metrics O5-O7 is partly based on calculation
methods presented in (Cavalliere et al. (2019)), presenting distance-based indica-
tors (DIST), based on the distance between points, and percentage-based indicators
(PERC), based on percentage ratio between areas. A PERC-based indicator is used
for the calculation of the flexibility metric O5 in order to maximize the expandabil-
ity of the production area for future expansion, defined by Agg. It is beneficial if
there are still free, undeveloped areas of Agg left in the industrial building for future
expansion of the production layout. The indicator is calculated by the inversed ratio
of production layout area (A,) to building area (Ag), rating bad solutions (A,=Ag)
with 0 and the best option (A,=0) with 1:
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A m
P
PERC.Ags = 1 = -~ where A, = Y (a,-b,) (18)
p=1
The DIST-based indicator serves for definition of the flexibility metric O6, maxi-
mizing the building height reserve inside the industrial building (#,), allowing later
changes in production and use, requiring more height. In order to reach the goal
of maximum height reserve the DIST-based fitness function must be minimized.
Thereby the available height reserve, which results from the maximum building
height (h,,,,) minus the highest production cube (c,, ) and the construction height
of the load-bearing structure (h,;+ hy;), is in ratio with the maximum height available

for the structural system (A, €}, ya)-

o = Hs = )

(hmax — Epmax 7i sj

DIST.h, = (19)

c

(hmax - p,max)

Finally, the flexibility metric O7 aims to maximize the flexibility within the floor
plan to enable unlimited production process changes with as few columns as pos-
sible standing inside the production area. The objective rating is based on the avail-
able axis grid choices (f; and g;). The smallest possible grid (f; ,,;, and g; ;) has the
rating 0 and the largest grid dimensions (f; ... and g; ,.,.) has the rating 1.

PERCA, = — 8 20)

i,max gj,max

max

5 Test case: parametric model framework

This section presents the test case to demonstrate the suitability of the design space
representation, to evaluate the parametric design process and to validate the flexibil-
ity metrics. The selected pilot project is a real food- and hygiene production facility,
representing use-case 2A of the case study, with a total production area of 5 760 m>.
The external dimensions of the production hall are 48 m X 120 m, with a structural
axis grid of 12 m X 24 m. The structural type consists of a steel truss framework
system in primary and secondary direction with truss construction heights of 2.4 m.
The columns consist of pre-cast concrete cross-sections with square dimension of
60 cm, using a bracing system with end-fixed columns to bear horizontal loads.

5.1 Variant study

A variant study is carried out to obtain and analyze the performance results. The set
of decision variables, constraints and flexibility assessment metrics considered in
the parametric framework are those of the design space representation for IIBD, pre-
sented in chapter 4. Next to the previously presented flexibility metrics, the net pro-
duction cost of the structural system are assessed. In the study, a balanced weighting
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of the flexibility metrics has been defined, whereby all goals are equally worth 25%
in order to be able to be validated and comparable at the end.

Within the variant study, nine different axis grid combinations are defined and
examined. The considered axis grid combinations are presented in Table 8.

The possible design alternatives are categorized according to the following six
structural types, whereby each axis grid combination is assigned to each structural
type alternative, resulting in 54 design alternatives: (C) Concrete girder, (SF) Steel-
framework, (SP) Steel profile, (TG) Timber GLT girder, (TF) Timber framework and
(SM) Steel mixed. SM represents a set of mixed steel structures with steel frame-
works in primary and steel profiles in secondary direction. Furthermore, all possible
design alternatives are calculated first with fixed columns (b, =Bracing Type 0) and
second with hinged columns+ bracing (b, =6), resulting in a total number of 108
examined design alternatives. Each design combination is calculated with a retrofit-
ting load of Fry=1.0 kN/m% In order to respect different retrofitting loads to test
the flexibility metric O4, the design combinations of b ,=Type 0 are additionally
evaluated with no retrofitting load applied, resulting in a total number of 162 design
alternatives examined in the variant study.

5.2 Results and discussion

The parametric model automatically evaluates all 162 design alternatives, giving
feedback to the flexibility rating and the resulting net cost of the structural systems
of the industrial building. Figure 4 shows the results of the variant study, presenting
the lowest cost alternatives and the most flexible alternatives.

Table 9 presents the most flexible alternatives examined within the solution
space, consisting of variable constellations, where the hall dimensions are 120 m
X 48 m, the retrofitting load is 1.00 kN/m? and the bracing type=0. The flexibility
rating can be further increased, by increasing the hall dimensions, as seen in the
OS5 variation presented at the end of Table 9. OS5 is calculated by the inverted ratio
of available production area to available total building area. Since the production
layout remains the same, but the building area increases, the expandability rating
improves. The alternatives presented in Table 10 are the alternatives with the lowest
cost examined within the solution space, representing variable constellations of hall
dimensions of 120 m X 48 m, a retrofitting load Fgy of 1.00 kN/m? and the bracing
type b,=0. Costs can be further decreased by applying no retrofitting load, as can
be seen in variant O4 at the end of. The lowest cost alternatives are those with axis
grids of 12 m « 6 m, representing the smallest possible grid size in the rating scale.
Due to this, the flexibility rating of O7 is zero. Smaller grids mean smaller span
width, thus decreased element dimensions.

Figure 5 visualizes the most flexible alternative and the lowest cost alternative,
including the production layout in the parametric modeling tool Rhino3D.

SM types perform the highest flexibility (>0.5) but are also the ones with
the highest costs. Whereas a SF system has an equal flexibility rating with much
lower costs. The cheapest design alternatives are structures of TG, but the flex-
ibility rating does not perform as well as the SF and SM options. This result can
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Table 8 Axis grid combinations
examined in the parametric

design process for DSE f, Primary Axis Grid (x-) 12 12 12 16 16 16 24 24 24
g; Secondary Axis Grid (y-) 6 12 20 6 12 20 6 12 20

Grid Combinations 1 2 3 4 5 6 7 8 9

be justified, as the TG structures require more column supports in the production
area, as their span width capacity is lower than those of trusses. TF are amongst
the lower cost alternatives but do not perform well in the flexibility rating. C are
in the upper range according flexibility but typically involve high costs. The sys-
tem with the highest flexibility is the steel framework option SF-9—1 with costs of
1 157 000 € and a flexibility rating of 0.56 and an axis grid of 24 m X 20 m. The
lowest cost alternative is the timber girder option TG-1-1 with costs of 546 000
€, a flexibility rating of 0.46 and an axis grid of 12 m X 6 m, highly limiting the
flexibility in floor space.

Results of the impact analysis of the flexibility metrics on the net costs is pre-
sented in Fig. 6. The impact of O4 is shown in Fig. 6a O4 indicates the durabil-
ity of the supporting structure, evaluating the possibility of adding a retrofitting
load for future increased loads in case of production changes. The first variant is
adding a retrofitting load of 1.0 kN/m? and in the second variant, no retrofitting
load is applied, decreasing the flexibility of the system. The costs increase 8%
when a retrofitting load is applied because bigger element dimensions are needed.
SF options increase costs by an average of 11%, whereas SP options have a cost
increase of 5%. TG and TF have the least net cost of all structural systems, but
have a strong increase of the cross-section dimensions, thus costs, when addi-
tional loads are applied. The TG show a cost difference of 18% and the TF even
35%. The SM structure costs increase 13%, when a retrofitting load is applied.

The cost impact of O5 can be seen in Fig. 6b, evaluating the expandability of
the production system. In evaluation, the production area stays the same, but the
building area is increased to a hall size of 140 m X 48 m. Due to the fact, that the
ratio production area to building area is calculated, the resulting cost difference
of 14% is the same for every variant. O5 does not have a direct impact to struc-
tural system itself, but on the architectural layout design.

Figure 6¢ presents the impact of O6, representing the flexibility in space,
which is calculated by the height factor DIST.hr. Increasing DIST hr has a very
small effect on the costs, which can be seen in the very flat resultant. This is valid
as the height does not change the dimensioning of the primary and secondary
structure. It only has an influence on the column design. However, O6 has a major
impact on the flexibility rating itself, as it directly evaluates the height of the sup-
porting structure.

Finally, Fig. 6d presents the cost impact of O7, evaluating the flexibility of
the floor plan, calculated by the indicator PERC.A,. The resultant of PERC.A, is
quite steep, having a high impact on the net costs, thus on the material demand of
the structural system. O7 has a quadratic influence as it evaluates the area of the
axis grid. This quadratic influence, in which larger axis grids are evaluated much
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Table 9 Representation of the most flexible alternatives, when the hall dimensions are 120 m X 48 m, the
retrofitting load = 1.0 kN/m? and bracing type =0 and the variant by increased hall size

Most flexible alternatives (Ar=120 m x 48 m=5 760 m?, Frp=1.0 KN/m?, bracing type 0)

Structural Type C SF SP TG TF SM
Best flexibility performance C5-1 SF 9-1 SP 3-1 TG 2-1 TF 2-1 SM 9-1
f—Primary Axis Grid [m] 16 24 12 12 12 24
N Primary Axis Fields 3 2 4 4 4 2
g—Secondary Axis Grid [m] 12 20 20 12 12 20
N,—Secondary Axis Fields 10 6 6 10 10 6

Net Costs [in k €] 1140 1157 1856 583 584 1974
O4—Retrofittability 1.00 1.00 1.00 1.00 1.00 1.00
O5—Expandability 0.14 0.14 0.14 0.14 0.14 0.14
0O6—Flexibility in space 0.63 0.29 0.77 0.59 0.53 0.29
O7—Flexibility in floor plan 0.24 0.81 0.33 0.14 0.14 0.81
Flexibility Rating 0.50 0.56 0.56 0.47 0.45 0.56
05 Increased hall Size

Ar=140m « 48 m=6 720 m’ 0.26 0.26 0.26 0.26 0.26 0.26
Flexibility Rating 0.53 0.59 0.59 0.50 0.48 0.59

Table 10 Representation of the lowest cost alternatives with hall dimensions of 120 m x48 m, retrofit-
ting load = 1.0 kN/m? and bracing type =0 and a variant, with no retrofitting load

Lowest cost alternatives (Ar= 120 m x 48 m=35 760 m? and F= 1.0 kN/m?, bracing type 0)

Structural type C SF SP TG TF SM
Cheapest Cost Alternative Cl-1 SF 2-1 SP 1-1 TG 1-1 TF 1-1 SM 1-1
f—Primary Axis Grid [m] 12 12 12 12 12 12
Ni Primary Axis Fields 4 4 4 4 4 4
g—Secondary Axis Grid [m] 6 12 6 6 6 6
N,—Secondary Axis Fields 20 10 20 20 20 20
Net Costs [in k €] 921 784 1056 546 516 778
O4—Retrofittability 1.00 1.00 1.00 1.00 1.00 1.00
O5—Expandability 0.14 0.14 0.14 0.14 0.14 0.14
O6—Flexibility in space 0.78 0.65 0.89 0.71 0.53 0.65
O7—Flexibility in floor plan 0.00 0.14 0.00 0.00 0.00 0.00
Flexibility Rating 0.48 0.48 0.51 0.46 0.42 0.45
04—Variant no retrofitting

F = 0.00 kN/m? 0.00 0.00 0.00 0.00 0.00 0.00
Flexibility Rating 0.23 0.23 0.26 0.21 0.17 0.20

better than small axis grids, meet the requirements in industrial building projects.
Stakeholders demand column-free halls und maximum span width. In addition,
trusses must perform better than high solid wall girders, since technical services
can be passed through openings of trusses, which increases flexibility.
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Fig.5 Visualization of the most flexible alternative (steel framework SF-9—-1) and the lowest cost alternative (timber girder TG-1-1) in Rhino3D
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Concluding, the flexibility is reduced by about 10% if the column grid dimen-
sion is reduced from the highest axis grid constellation to the smallest possible
variant. Furthermore, the flexibility rating is downgraded by another 25% if the
structural system is not able to bear increased future loads for retrofitting.

At this point, it would be up to the decision-maker to decide whether the pro-
ject should strive for more flexibility or for minimal costs. However, the test case
confirms the efficiency of parametric design process for DSE and decision-sup-
port by presenting feasible design alternatives within the solution space.

6 Conclusion

Product individualization and fast changing technologies result in increased com-
plexity and frequent reconfiguration of manufacturing systems, thus flexibility
has become an increasingly important aspect in industrial building design. Indus-
trial buildings must strive for highly flexible building structures to accommodate
constantly evolving production processes and to subsequently prolong the service
life and reduce life-cycle costs. To maximize the flexibility of industrial build-
ings, thus to increase sustainability, the focus should be on a coherent planning of
building and manufacturing systems and a performance-based optimization of the
load-bearing structure. However, common sustainability assessment tools do not
respect flexibility metrics in the process and manufacturing and building design
processes run sequentially, neglecting discipline-specific interaction, which lead
to inflexible solutions. Integration is especially crucial for the early design stage
of industrial buildings as decisions made on building and manufacturing flexibil-
ity are more impactful when made at conceptual stage. Integrated industrial build-
ing design (IIBD) aims to incorporate building and manufacturing disciplines and
criteria simultaneously. Methods for data integration and systematic optimization
and decision support in early design stage to maximize the buildings flexibility
are lacking in I[IBD. Performance-based parametric design tools to enable design
teams receive quick feedback about how different design alternatives behave and
give sufficient guidance for decision-making, but no general approach for I[IBD is
available yet.

This paper proposes a novel design process based on parametric modeling,
performance-based structural optimization and numeric flexibility assessment
for IIBD, to overcome the mentioned limitations. Four novel flexibility metrics
(Retrofittability, Expandability, Flexibility in space and Flexibility in floor plan)
and a computer understandable design space representation for parametric design
exploration in [IBD are presented. Next to this, a parametric model framework for
design space exploration (DSE) with automated structural optimization and quan-
titative flexibility assessment of industrial building design is developed.

Results of the test case, evaluating the parametric model framework on a rep-
resentative industrial construction project, confirmed the efficiency of the para-
metric design process for DSE and decision-support by presenting feasible design
alternatives within the solution space. Stakeholders involved in industrial build-
ing projects aim for maximum flexibility but lowest possible costs. The validation
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of the defined flexibility metrics, examined in trade-off with the net cost of the
structural system, revealed the accuracy of the metrics derivation and realistic
results were achieved. The proposed process enables IIBD teams to quickly per-
form variant studies and review the impact of design decisions in order to guide
the decision process towards maximum flexible, thus resource efficient designs.

However, in order to find sustainable and economic building solutions and to
offer a holistic sustainability assessment approach, economic and environmental
trade-offs, such as life cycle costs, life-cycle assessment and the evaluation of
the recycling rate, should be considered next to the trade-off of flexibility, which
will be the next step of the research. The flexibility metrics and the net costs were
equally weighted in this study in order to make them valid able and comparable,
but objectives in multidisciplinary design problems can be to some degree com-
peting and principles for proper weighting are needed. The different stakeholder
objective preferences in IIBD will be taken into account and are incorporated into
the decision-making process in a structured, systematic and transparent way in
following research steps.

The results of the presented work are important prerequisites for future research,
in which an evolutionary multi-objective algorithm for efficient multidisciplinary
design optimization will be implemented in the parametric design process. The pro-
posed design space representation for IIBD aimed to reduce the number of design
options in the search, thus to consider fast and feasible results during multi-objective
optimization later on. Thus, the space of the designs can be more efficiently gener-
ated and explored. The developed basis of the parametric model framework offers a
vast computational infrastructure, which is extendable to the scope of IIBD analysis,
giving the opportunity to integrate other aspects such as energy performance or pro-
duction system simulations more quickly and guide early decision making towards
economic, ecological and flexible design solutions.
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