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Abstract: Facing rising building demands due to a fast-growing world population and significant
environmental challenges at the same time, the building sector urgently requires innovation.
The Cluster of Excellence Integrative Computational Design and Construction for Architecture at the
University of Stuttgart tackles these challenges through a Co-Design approach for integrating
computational design and engineering and robotic construction. Within this research framework,
a Holistic Quality Model is developed to ensure the technical, environmental, and social quality
of Co-Design processes and products. Up to now, quality models that consider and integrate all
these three aspects throughout the life cycle of buildings are still missing. The article outlines the
concept of holistic quality assessment based on a Holistic Quality Model for sustainable construction.
A key mechanism for sustainable quality assessment in the Holistic Quality Model is the definition
of control and decision points in the construction process where critical decisions are made that
will affect the quality of the building throughout its entire life-cycle. Firstly, subject-specific quality
concepts are defined and their interrelations are conceptualized. Subsequently, these interrelations
and their effects on the overall Co-Design construction processes and products are explained using
the example of the semi-robotic production of concrete slabs. Examples for control and decision
points are given as well. The outline presented here serves as a basis for further advancing and
concretizing the Holistic Quality Model and its applications in Co-Design for a functioning, liveable,
and sustainable high-quality construction and building culture.

Keywords: co-design; quality characteristics; quality parameters; computational design;
computational construction; predictive quality assessment; control points; decision points

1. Introduction

1.1. Co-Design: Scope and Ambition

The building and construction industry accounts for 36% of global energy use and 39% of
process-related CO, emissions and the building stock is still expected to double by 2050 [1]. According
to the UN, the world’s population is projected to grow from 7.7 billion people in 2019 to 9.7 billion in
2050 [2]. The percentage of people living in urban areas is projected to grow from 55% in 2018 to 68% in
2050 [3]. There is a broad discussion about what cities must be able to achieve in the future in order to
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enable good and decent ways of living together and meet sustainability goals and which technical and
functional prerequisites must be fulfilled in order to achieve them [4]. The challenge is to safeguard
and reconcile requirements of environmental sustainability, technical functionality, and social quality,
such as quality of life and user-friendliness of buildings, especially against the background of climate
change, environmental crisis, and a growing world population.

The Cluster of Excellence Integrative Computational Design and Construction for Architecture (IntCDC)
at the University of Stuttgart, Germany, is an interdisciplinary, large-scale research cluster that tackles
these challenges. It brings together methods, processes and systems based on interdisciplinary
research encompassing architecture, structural engineering, building physics, engineering geodesy,
manufacturing and systems engineering, computer science, and robotics, as well as humanities and
social sciences. IntCDC develops a series of new technologies like lightweight and hybrid construction
materials, on-site prefabrication, fibre-composite building elements, and robotic assembly, but also a
new Co-Design approach based on digitalisation and cyber-physical production systems for design and
construction. Briefly, Co-Design describes the close interaction and deliberate integration of different
planning and execution phases to overcome the linearity and fragmentation of the construction process.
The Co-Design approach is supposed to make a significant contribution to providing the prerequisites
for a high-quality, liveable and sustainable built environment, and digital building culture.

Within this context, a Holistic Quality Model (HQM) will be developed that will serve the
purpose of evaluating building performance with respect to technical, environmental and social quality
characteristics and their interrelations (Figure 1). It will inform those involved in the construction
process about potential effects of their decisions on technical, environmental and social quality so that
they can take corrective action if need be. The overall purpose of the HQM is to contribute to more
sustainable and high-quality buildings and construction processes.

Background Integrative Computational Design and Construction (IntCDC)

Goals Model of Quality, Assessment of Quality, Support of Decisions

Approach Holistic Quality Model and Assessment for Co-Design in Construction

Aspects Social Quality Environmental Quality

Adaptable usability, decent Global warming potential,

work, accessibility, ! R
flexibility. . erosion, human toxicity ...

—

e.g. interrelated consequences of human-machine-interaction on social (flexibility, decent
work), environmental (Global warming potential, erosion) and technical (timeliness,
correctness, load-bearing resistance) quality

Concept Requirements, characteristics, parameters, criteria, control points,
decision points

Figure 1. Holistic Quality Model (HQM) and Assessment for Co-Design in Construction.

Accuracy, correctness,
completeness, load-bearing
resistance, timeliness...

A quality model is application-oriented and based on requirements. It consists of the quality
characteristics, quality parameters, criteria, and interrelations that enable description and modelling of
the quality structurally (for their definitions see Section 2.1). Different technical quality models have
been established for different applications (see Section 2.2), however, to date, no quality model has been
developed which integrates more than just technical aspects. The HQM will break new ground in that
it takes a decisively interdisciplinary approach. It is based on requirements and consists of technical,
environmental, and social quality characteristics and parameters and integrates different quality aspects
into one quality model by considering the interrelations. The main challenge for setting up the HQM
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is to specify the interrelations among the three quality aspects and render them manageable. In this
project, disciplinary reflections support the interdisciplinary work on quality characteristics based
on concepts of socio-cultural quality and social sustainability [5,6], life cycle assessment (LCA) for
environmental quality (ISO 14040-14044), and technical quality model development for the integration
of technical quality characteristics [7]. On this basis, one model will be set up for considering the
different quality characteristics and parameters and the interrelations between them. The digitalisation
and automation of construction processes will influence the form of human-machine-interaction,
and therefore influence the interrelations between technical, environmental, and social characteristics.

The HQM is the focus of this paper and can describe the quality processes and products holistically.
Based on the HQM, control and decision points are defined to assess the quality of processes and
products in a holistic way. The idea is to define points in the construction process where quality control
takes place (control points) and quality-relevant decisions are taken (decision points) in order to allow
quality-relevant considerations to take place at an early stage in the construction process.

From this perspective, high holistic quality of building life cycles refers to conformity with
standards (technical quality), a fair and decent production process and liveable, user-friendly buildings
that allow for social wellbeing and a good life for a diversity of users (social quality), and compliance
with planetary boundaries and the least possible impact on the natural environment (environmental
quality). The holistic quality concept that will be developed requires a global perspective on questions
of inter- and intragenerative, social and environmental justice and is in this sense fundamentally
oriented towards sustainable development.

1.2. State of the Art in Construction Processes

A construction process is usually a precisely defined and linear process which goes through the
phases of definition, planning, execution, and use as well as end-of-life [8] and describes the life cycle of
buildings. Figure 2 shows the five phases and their associated information or digital tools. In addition,
the management of the construction process, including financial controlling, resource planning and
cooperate planning, also plays an important role during the whole process; however, they are not the
focus of this paper, so Figure 2 does not explicitly address them.

Figure 2. Construction process and digital tools (CAD: Computer Aided Design, CAE: Computer
Aided Engineering, CAM: Computer Aided Manufacturing, CAC: Computer Aided Construction,
CAFM: Computer Aided Facility Management, CADC/R: Computer Aided Deconstruction/Recycling).

As illustrated in Figure 2, the requirements of the construction need to be defined based on
their future function at the beginning of the construction process, meaning in the definition phase [8].
The basic task here is to construct a building with the required functionality and budget within the
planned schedule. In addition, also safety, health and environmental aspects should be considered [8].
The planning phase consists of architectural design and structural planning. Digital tools such as CAD
and CAE have long been applied in the planning phase. Although the on-site construction is still mainly
a manual process, the digital prefabrication and digitalisation is the trend of the construction process [9].
The execution phase refers to off-site prefabrication, on-site fabrication, and on-site assembly. The use
phase of the building provides the user with the functions of the building. After completion, the main
tasks in the use phase are facility management and maintenance and repair of the building, but also
more comprehensive measures such as replacements or refurbishments. While this phase is oftentimes
not digitalised, tools for facility management are available and increasingly applied [10]. At the end of
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the building service life is the end-of-life phase, which includes the deconstruction and potential reuse
and recycling of buildings.

In practice, due to financing and time constraints, parallel processes usually replace this sequential
linear process and there is no feedback between the phases. Therefore, this process often results
in problems such as short planning times, high susceptibility to errors in the construction process,
information overload on construction sites and, often, conflicts over deadlines and costs [8].

Building Information Modelling (BIM) is a digital tool to facilitate collaboration between planners,
engineers and other stakeholders. Its uptake has increased in recent years, but many parties are
still rather reluctant for a number of reasons, particularly in Europe. Reservations are related to,
among other things, a lack of trained personnel and technical expertise, increased operational costs at
the beginning and other the well-known resistance to change in the construction sector [11]. In short,
current approaches mainly focus on the establishment of a linear digital chain for the sequential
construction process phases. Co-Design, which will be introduced in Section 3.1, is, in contrast,
supposed to achieve a non-linear construction process [12,13].

1.3. Sustainability in the Construction Sector

Several works indicate that the construction industry, even within strong economic environments,
is suffering from low productivity, which has been stagnating since the 1990s [14,15]. At the same time,
the sector is being held responsible for significant environmental impacts, including 40% of global energy
consumption and 50% of global waste [15]. Furthermore, the construction sector has been vulnerable
to phases of exuberant activity followed by economic bottlenecks with many insolvencies [16,17],
problematic working conditions (some of which are on the verge of legal employment), one-sided
profit optimization [18], and the high environmental impact of buildings of questionable necessity [19].
In order to achieve environmental enhancement, most of the strategies have focused so far on energy
saving, which only solves this issue partially and do not consider, for instance, resource-efficiency and
indirect emissions [16]. Last, but not least, while the population is increasing and resources destined to
dwellings, offices and the like are growing, part of the world population is still lacking sufficient living
space [20].

Such paradoxical situations have been already largely discussed among countries, which have
subscribed to a commitment for new sustainable development within the Agenda 2030 and Sustainable
Developments Goals (SDGs) [21]. As emphasized by the World Green Building Council, new building
design can contribute towards meeting several SDGs, by improving people’s wellbeing and promoting
new sustainable cities and communities. An innovation of the whole building industry can furthermore
spur new climate-resilient construction, create new job opportunities and improve the environmental
performance of buildings [22].

Tangible and meaningful indicators for the assessment of environmental sustainability of products
and, consequently, for an alignment of targets with specific SDGs, are provided by life cycle approaches:
among them, Life Cycle Assessment (LCA) [23]. LCA is a methodology developed in the last decades
based on the framework and specifications in the ISO14040 and 1SO14044 standards. It is a technique
for assessing the environmental aspects associated with a product/service over its life cycle and used for
the analysis of the contribution of the life cycle stages to the overall environmental load, for comparison
between products, strategic planning, marketing and other purposes.

In an analogous form, several approaches have tried to identify social impacts, such as Social
Impact Assessment (SIA) and Life Cycle Sustainability Assessment (LCSA). SIA is a methodology
to evaluate social effects of infrastructure projects as well as unexpected events, such as disasters,
demographic change and epidemics. LCSA refers to the evaluation of all environmental, social,
and economic negative impacts and benefits in decision-making processes towards more sustainable
products throughout their life cycle, by combining results coming from LCA, Life Cycle Costing (LCC)
and Social LCA [24]. Due to their complexity, unlike LCA, these are still under discussion in order to
establish an international standard.
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In a more concrete way, there are ongoing initiatives which aim to exploit such methodologies
within the product design process, i.e., design for sustainability. Hereby, holistic life cycle approaches
will be an integral part of product development and provide feedback to improve its functionality,
technical performance, increase product lifetime or promote a sustainable users behaviour [25].

More specifically for buildings, sustainable building assessment (SBA) and certification systems
are widespread. A first generation of building certification systems (e.g., BREEAM) has tried to address
sustainability assessment in a qualitative form [26]. More recently, a new generation of certification
systems (e.g., DGNB) has quantified the environmental performance of buildings products and, unlike
the first generation, revolves not only around environmental aspects but also includes a holistic
examination of the entire life cycle of a building or urban district [27].

Despite such developments and the growing awareness of sustainability issues, the environmental
performance assessment of buildings and building construction occurs only in retrospect, after the
process has been completed. Due to the lack of information during the early stages, sustainability
assessment is aimed at obtaining a certificate for the building and not at providing timely feedback for
improving the sustainability of product and process [28].

In conclusion, the role of LCA and its contribution to sustainable construction are still topics that
deserve in-depth discussion. When building processes become more and more complex in all fields and
especially with regard to building sustainability, new digital tools and new expertise are required in
order to offer construction alternatives and promote environmental values from the beginning [29,30].

1.4. Research Gap and Hypothesis

It seems that technical, environmental, and social quality aspects interrelate and cannot be
pursued independently from each other. Yet, at present, quality models which systematically consider
and integrate technical, environmental and social quality aspects of buildings and construction
processes throughout the life cycle of buildings are still missing. Accordingly, conventional quality
assessment cannot take possible long-term effects of such interrelations into account, thus missing
many opportunities for making buildings and construction processes more sustainable.

Since the Co-Design construction process is non-linear, Co-design will considerably increase
the complexity of the construction process and the resulting interdependence of different quality
aspects. Thus, new tools are required to ensure quality under conditions of increased complexity.
Four levels of hierarchy (for a definition see Section 3.1) are defined to support the Co-Design approach.
Therefore, a deeper understanding of how different quality aspects are interrelated and interdependent
throughout the different construction phases and between different levels of hierarchy can contribute
to improving the ability to control construction processes and achieve better results.

To make a significant contribution to establishing a high-quality sustainable building industry,
a quality assurance concept which consists of the HQM and holistic quality assessment is developed
and will be introduced in Section 2. The HQM starts from the assumption that every material or
building component that is used and processed will affect environmental, social, and technical quality
characteristics, not only at a certain point in time or concerning a certain construction phase or level of
hierarchy, but throughout the entire life-cycle of the building. The model will help to identify and
facilitate quality-relevant options at crucial decision points (for a definition see Section 2.1) which affect
a set of coherent quality characteristics and thereby allow for improved decision-making. Mapping
those connections over the different phases and levels of hierarchy can clarify the implications of
certain decisions.

An HQM allows for the realization of quality and sustainability-related goals through a consistent
identification and addressing of control points (for a definition see Section 2.1) and decision points
for quality assessment. Throughout the whole construction process, the model considers technical,
environmental, and social quality characteristics and their interrelations. While specifying the different
quality characteristics requires different disciplinary contributions, one joint model can address the
different aspects and identify connections and their overall influence on quality. Giving feedback
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at defined control and decision points over the entire construction process will not only allow in
evaluating, but also, if need be, to intervene in the construction process in order to secure and improve
quality. Hereby, the HOM not only allows to equally consider different kinds of quality and their
interrelations in the complex non-linear construction process but also a real-time quality assessment at
an early stage regarding the entire building life cycle.

2. Quality Assurance Concept and Quality Models for Co-Design in Construction

2.1. General Definition and Quality Assurance Concept

Quality assurance is part of quality management and focuses on providing confidence in the
fulfilment of quality requirements [31]. As illustrated in Figure 3, the quality assurance concept
consists of two parts: a holistic quality model, which holistically describes the quality of processes and
products in the context of Co-Design in construction, and a holistic quality assessment, which realizes
the evaluation of quality in a holistic way.

Quality is defined as the “degree to which a set of inherent characteristics fulfils requirements” [31].
As illustrated in the left part of Figure 3, the HQM is derived from the technical, environmental and
social requirements of Co-Design processes and products.

The left part of Figure 3 shows the structure of the quality model. The quality model consists
of quality characteristics, which concretize the quality model. Generally, quality in the construction
industry is the fulfilment of requirements of construction products (e.g., building components) and
processes (e.g., the associated production processes for building components), therefore product- and
process-related quality characteristics are defined.

Social, Environmental and technical
Requirements (Process and Product Definition)

A 4

Holistic Quality Model Holistic Quality Assessment
Social Quality Environmental Quality

interrelations Evaluation and Analysis at Control

and Decision Points

v
I <« I > v a

concretize concretize }

Co-Design
Construction Process

Figure 3. Quality assurance concept for the Co-Design construction process.

The quality characteristics present the structure of the quality model qualitatively. Therefore,
several quality parameters (quantitative measures) are necessary to concretize the quality characteristics.
For example, accuracy is one quality characteristic; the corresponding quality parameters could be the
standard deviation, the maximal deviation etc. Furthermore, quality criteria are defined based on the
quality parameters for quality assurance purposes. A quality criterion defines a target or a sub-target
of a quality assessment, which means that optimization of one quality parameter (e.g., the standard
deviation should be minimized) is needed or a critical value for a quality parameter that should not be
exceeded. In some cases, instead of optimizing an individual parameter, some quality characteristics
need to be optimized or should be simply available, e.g., “conversion should be possible”.

Quality characteristics and parameters are application-orientated, so they derive from the
requirements of different applications. Within IntCDC, a comprehensive requirement analysis through
several face-to-face meetings with researchers from other research projects of the cluster was conducted.
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Moreover, an online questionnaire was created, and more than 50 participants from different disciplines
responded. The respondents had to rank different potentially relevant aspects of quality. This allowed
us to establish which quality characteristics are perceived as important by the respective disciplines
and how the interrelations between the characteristics may be described. In addition, there was
the option of open answers, so that the participants could introduce quality characteristics which
had not yet been taken into account. Besides the face-to-face meetings and the online questionnaire,
the relevant literature and selected key documents such as the SDGs (see Sections 2.2-2.4) was reviewed.
This enabled us to document, identify and investigate the technical, environmental and social quality
requirements of all the disciplines within IntCDC. Extensive quality characteristics could be derived
from the requirement analysis for setting up the HQM.

The HQM is the focus of this paper, the technical, environmental, and social quality of Co-Design
processes and products will be described in Sections 2.2-2.4 individually. In order to integrate all
the three aspects of quality in one HQM (left part of Figure 3), the interrelations between the quality
characteristics and quality parameters of these three quality aspects form the key elements within the
HQM. The setup of the HQM with all three aspects will be introduced and demonstrated in Sections 3.2
and 3.3 through examples.

The holistic quality assessment (right part of Figure 3) is based on the HQM and takes place at
control and decision points integrated into the Co-Design construction process.

Control points specify situations in the construction process where certain quality characteristics
and parameters of processes or products can be defined, measured and assessed with regard to quality
requirements. Decision points are situations in the construction process where a decision with relevant
influence on process or product quality is made either by humans or by algorithms. To provide feedback
on potential quality-related implications of a decision, the potential future quality characteristics and
parameters resulting from the decision are predicted through simulation. The assessment performed
at control points thus occurs in two ways: as a retrospective and as a predictive assessment of quality
characteristics and parameters of processes or products. Retrospective assessment at control points
serves to assess the quality of the actual manufacturing processes and the existing products. Predictive
assessment performed at control points serves to generate information about the potential implications
of the choices made at specific decision points.

2.2. Technical Quality

The evaluation of technical quality is of great importance in everyday life and also ranks as
the most important criterion for quality assessment in the responses to the online questionnaire.
Different technical quality models have been developed for different fields in recent years. These are
used, for example, in software development, where the software is evaluated on the basis of quality
characteristics such as correctness, efficiency, reliability, and functionality [32]. In geodesy, quality
models have been defined for a long time. For instance, the accuracy, reliability, and sensitivity, as well
as separability, are defined as quality characteristics for engineering geodetic networks [33]. In the field
of transport telematics, a quality model has been developed which contains quality characteristics such
as reliability, integrity, and accuracy [34]. In the construction sector, some technical quality models
have already been developed. For example, a quality model and real-time quality assurance system
for residential houses have been developed [35].

The quality assessment also plays an important role in the development of BIM. A BIM-based
building quality management system has been developed [36] which contains data from the planning
to the execution of the building. However, this quality management system only has a list of criteria
but does not contain any quality models with quality characteristics and parameters.

For the technical quality assessment of Co-Design processes and products, the online questionnaire
showed that most technical quality requirements for timber and concrete construction are derived
from national and international norms and standards. In contrast, there are currently no norms
and standards for the use of fibre-composites for planning and manufacture Quality characteristics,
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which are relevant for the assessment are extracted from the received standards [37-44]. In order to
clarify the understanding of the technical quality characteristics, exemplary quality characteristics,
parameters, and criteria are shown in Table 1. These refer to the requirements that are defined within
the framework of the requirements analysis in the project.

Table 1. Exemplary quality characteristics, parameters and criteria for the technical quality [45].

Requirements Quality Characteristic Exemplary Parameters Criteria
DIN EN ISO 286-1 Accuracy Standard deviation Standard deviation
should be met
DIN EN 18202 Correctness Tolerance tolerance met
Tolerance correctness
The bglldmg should be Number of missing Number of missing
built completely
. Completeness elements and odd elements
(according to the plan, Number of odd elements should be zero
Codes of Good Practices)
DIN EN 1990 Load-bearing Resistance Load app llcatlor} time Re51stanc'e should be
Pressure, tension maximized

These quality characteristics will be evaluated at previously defined control points (see Section 2.1)
for retrospective assessment. For the quality assessment at the control points, measurable parameters
are needed, such as the length of a component, in order to compare the actual values with the nominal
values and to decide whether the criteria were met.

For predictive assessment, the quality will be propagated for the upcoming processes in order
to make a prediction about the quality of the overall product. For instance, the variance-covariance
propagation or the Monte-Carlo simulation can be used for the same quality parameters [46].

With these predicted parameters, the nominal can already be compared with the actual value at
the time of computation, so the prediction can provide information for the decision points. However,
this prediction does not replace the measurement, so that it can only be used as an aid for the decision.
Nevertheless, a measurement should be done for the final nominal/actual comparison at the end of
the process.

2.3. Environmental Quality

According to Johnson, “environmental quality” represents a measure of the condition of an
environment relative to the requirements of one or more species and/or to any human need or purpose
(1997) [47]. The specification of the fundamental definition can vary and depends on the context and the
field of the application. In the context of LCA, environmental quality usually is related to the stability
of environmental systems, grouped in areas of protection [48,49]. The method of LCA quantifies the
potential damage of technical systems to these areas of protection through environmental impact
assessment, following cause-effect chains and attributing anthropogenic activities to their potential
destabilization of the earth’s system. The method makes use of environmental impact assessment
models characterizing the potential impact on elementary flows that pass the system boundary of
the global anthropogenic system and optionally allows for normalization and aggregation [50,51].
While there are manifold environmental impact assessment methods and indicator frameworks
available, there are only a few holistic approaches that aim to cover all relevant areas of protection (see
Table 2) [49,52]. Among these, the planetary boundary framework is of special interest as it provides a
safe operating space quantification on a global level for nine planetary boundaries developed within
the interdisciplinary work of environmental experts on global biophysical systems and global resource
stocks [53-56].

As the concept itself does not refer to LCA, there is an additional attribution necessary to make the
planetary boundaries accessible for LCA. The Joint Research Centre (JRC) of the European Commission
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provides a normalization framework based on the planetary boundaries that allow for applying the
planetary boundaries in the context of LCA and deriving single points on environmental quality. As all
environmental impact assessment methods provide their characterization factors freely, this approach
provides feedback on the impacts on the global environmental quality of any modelled system through
an application on any LCA model.

Based on this information, a concept of environmental quality for Co-Design was developed.
When applied in the specific context of Co-Design, LCA models have to be provided for all processes
considered and materials relevant for the available design space and decision options. As for buildings
where environmental quality is strictly related to building certifications, data requirements are thus
defined by the systems considered and vice versa, as only systems with existing models can be assessed
regarding their environmental quality.

Environmental quality requirements are requirements to the system with regard to its impact
on environmental areas of protection derived from bio-geophysical system stability. The evaluation
of environmental quality relies on quality characteristics and parameters. Quality characteristics are
LCA-related impact categories addressing the areas of protection. Quality parameters represent Life
Cycle Inventory values related to impact category through their respective characterization factors.
Environmental quality criteria constitute the quantification of an environmental quality requirement
under consideration of scientific findings and political requirements. Consequently, they define a
maximum impact threshold (minimum quality) and/or a target value. The following Table 2 provides
such definitions in the form of concrete examples for a better understanding. Based on, for example,
the requirement of climate system stability (planetary boundaries), the Global Warming Potential
(GWP) over 100 years is considered as quality characteristic. According to ISO 14040, ISO 14044,
and EN 15804, the total emissions of carbon dioxide equivalent (due to CO, and other greenhouse
gas emissions) are evaluated as a quality parameter (kg CO; eq.) the GWP. There are many examples
available of political measures which try to identify and achieve a target value. One example is the
political target of climate neutrality (net zero CO; equivalents). In Switzerland, this has been derived
based on a top-down benchmark of 1000 kg CO, equivalents per person and per year as further
maximal impact threshold [57]. With an assumed living space of 45m? per capita, this would result in
an impact of less than 6 kg CO, equivalents per m? and year for residential buildings. For Germany,
such a value has not been specified yet.

Table 2. Exemplary quality characteristics, parameters and criteria for environmental quality.

Requirements Quality Characteristic Exemplary Parameters Criteria

Share of global warming potential
of the building should not exceed

Climate system
stability

Global warming Potential
(LCIA method IPCC, 100
years) [58]

kg CO; eq. emitted

6 kg CO, equivalents per m2 and
year derived from the impact each
person not exceeding (1000 kg
CO; equivalents per year)

Land-System
protection,
water-based
erosion resistance

Erosion potential,
transformation (LCIA
method LANCA® v2.5) [59]

Area and type of
transformed patch of
land (x m2 transformed
from land use type A to
land use type B)

Threshold based on Soil Quality
Index, Impact should be
minimized

Land-System

Groundwater Regeneration

Area and type of
transformed patch of

Threshold based on Soil Quality

protection, reduction Potentlal, land (x m2 transformed Index, Impact should be
groundwater transformation (LCIA from land use tvpe A to minimized
regeneration method LANCA® v2.5) [59] land use tyg}:B)
Human toxicity, cancer Chromium emissions to
Human health ffoct (Ii) CICAtI};Cth Cz agricultural soil (kg) Disability-adjusted life years
protection etiects cLho Formaldehyde emissions (DALY)

UseTox 2.0 [60])

to air (kg)
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2.4. Social Quality

Social quality is a complex concept that has received increasing attention in recent years, not least
because SDGs have made it more important to take social needs into account on the path to sustainable
development in general and in the context of buildings in particular. Some basic ideas will be presented
on the concept of social quality in relation to buildings and construction processes and how this concept
can be integrated into an HQM.

So far, social quality has not been integrated systematically into quality assessment models in the
building sector. Approaches like Universal Design or Design for All [61] usually only refer to a particular
aspect of social quality. In addition, model-based strategies of integrating sustainability and universal
design aspects often come down to considering mainly cost expenditure [62]. On a policy level, social
quality aspects of housing and urbanity have been addressed in the context of the UN sustainable
development goals (SDGs) and the concept of social sustainability. Although social sustainability has
become a prominent concept in sustainability policy discourse and literature, it is still found vague
and undertheorized [63]. In particular, there is a lack of empirical and theoretical studies that specify
the meaning of social quality and social sustainability for building construction and examine how
social quality aspects can be integrated into the quality assessment of buildings and building processes.
Therefore, the research presented in this article covers new and uncharted territory by, first, specifying
social quality requirements for the building construction sector, and, second, integrating social quality,
environmental and technical quality assessment into a holistic quality model, and, third, developing a
(holistic) model of quality assessment for real-time quality assessment during the ongoing design and
construction process, which is unparalleled in the field so far.

To do so, this understanding of social quality is based on social science literature in the field
of technology assessment and social sustainability research, as well as relevant codifications and
recommendations on social quality and sustainability pertaining to buildings on the national and
international level. According to Grunwald, who understands (social) sustainability as an integrative
concept that encompasses different dimensions, namely intra- and intergenerational justice, a global
orientation, and an anthropocentric approach [64]. Those dimensions allow different substantial
requirements to be formulated due to different normative positions. Further, a normative-functional
concept of sustainability is presented by Renn. This means that social sustainability is both a normative
concept that indicates a desirable state of the social world based on justice and individual quality of life
and a functional one that indicates that basic functional requirements must be fulfilled to secure the
lives of present and future generations [6]. Therefore, social sustainability can be seen as a condition
for ensuring the functioning of society and technological innovations as well as a normative ideal
constituted by the values of justice and human well-being. How these values are interpreted in a
particular context may vary according to different normative and socio-cultural value systems and
orientations. Social sustainability, in any case, encompasses the fair distribution of benefits and burdens
on the way to a more sustainable future and thus forms a precondition for reconciling social demands
and environmental sustainability [5]. Social sustainability thus also serves to create the conditions of
acceptability for functional and environmental provisions to promote sustainability.

This normative-functional understanding of social sustainability can be applied to the concept
of social quality in the context of buildings and construction processes. Like social sustainability,
the concept of social quality also refers to the basic values of justice and fairness as well as well-being
and the opportunity to participate in social life. Additionally, like social sustainability, social quality can
be considered a prerequisite of technical functionality and environmental sustainability of buildings
and construction processes. Firstly, because technical systems do not only become functional through
their technology, but their functioning is also determined by their arrangement as socio-technical
systems. Thus, the function and functionality of technologies are always dependent on their use,
the users, their context and the associated social structures. Social structures and technological systems
shape each other recursively [65]. Social quality and sustainability refer not only to the social impacts
of technical systems but also to the effect of social structures on technical systems. Social quality thus
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aims to ensure fairness and functionality of socio-technical systems and thereby the acceptability of
socio-technical systems.

In order to specify the requirements of such a normative-functional concept of social quality for the
purposes of an HQM for buildings and construction processes, it can be drawn on established policies
pertaining to matters of sustainability and construction, as formulated by international organizations,
national governments, and national or international stakeholders.

In addition, expert discussions are useful to specify social quality requirements for the HQM
that have not yet been explicitly and institutionally defined in the building context. Debates about
human-machine-interaction, cyber-physical workspaces or future-proof Co-Design processes and
products and socio-aesthetic requirements have gained significance in recent years. This is especially
relevant for Co-Design processes and products, as can be seen by the comprehensive requirement
analysis derived through the expert survey (see Section 2.2). Respondents in this survey considered
not only conventional requirements, like work safety, well-being, and accessibility to be important,
but also accountability and transparency in computational systems, participation in different phases of
the construction process as well as usability of buildings.

Based on the social science literature, relevant policy documents and the expert survey in IntCDC,
some exemplary requirements, characteristics and parameters of social quality are identified for the
HQM in Table 3.

Table 3. Exemplary quality characteristics, parameters and criteria for social quality.

Requirements Quality Characteristic Exemplary Parameters Criteria
Possibility to set up own work
station [68]
) Access to all relevant o
Decent Work Control Capacity information [69] Should be maximized
66,67] Transparency of algorithmic
decision making [70]
(Re-) Configuration of Generation of new jobs, Creation of jobs for high and
workforce and skills [71] demise of obsolete ones low skilled workers
Barrier-free access to all usage
Accessibility [73] units for diverse groups of Should be high/ given
Inclusiveness population
66,72 i -
[ ] Adaptable Conversion potential of

buildings: Percentage of Should be maximized

usability/flexibility [74] support.free floor plants

Building culture
diversity/aesthetic
[76,77] Public and/or expert

- Evaluation carried out
evaluation [76]

Socio-cultural and
functional quality
[72,75,76]

Urban development
quality [76,77]

Number of areas and number
of seats available in relation to
number of users should be
maximized [79]

Public spaces in the

Wellbeing [78] building [77]

Social quality refers to buildings and construction processes and their respective capacity to enable
social justice and a good life for a diverse workforce and user community. Social quality thus concerns
work processes in construction and the built spaces (the buildings) which (materially) structure social
life for the users. In this respect, the consideration is limited to the relevant structures and their
dynamics to buildings and construction processes as socio-technical systems that are subject to decision
making in and by the construction process.

Whether a certain matter is subject to decision-making in the construction process is a central
criterion for including its social characteristics in the HQM. While certain aspects, such as social
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security legislation, and the quality of the surrounding infrastructures, such as public transport, are
not subject to decision-making by the actors involved in construction, others are, such as usage of
technology, company-based competence development or creating inclusive working conditions and
inclusive built spaces.

Thus, requirements are included which refer to subjects of decision-making by the actors involved
in construction processes. The requirements that are taken into account are based on known relationships
between the character of the socio-technical construction processes and buildings and decision making
which are considered relevant by public and expert discourses.

Based on these requirements, characteristics for social quality can be identified and operationalized
and parameters can be derived from them which allow for the comparison between the desirable
socio-technical configurations, which act as target values, and the actual socio-technical configuration.
While a numerical assessment of those configurations is generally not possible (what would, for instance,
be the double amount of access to relevant information?), different categorical stages of a purely
qualitative parameter (not quantitative) can be formulated, like high-mid-low, ranked and used to
evaluate how close the actual state gets to the target.

3. Results

3.1. Co-Design in Construction

As the current state-of-the-art research mainly aims to improve single aspects, innovation remains
incremental and fragmented. Co-Design aims to harness the full potential of digitalisation through an
integrative non-linear construction process based on computational feedback loops. The HQM will
support the integrative construction processes and provide the basis to control feedback loops.

Figure 4 illustrates the integration of holistic quality assessment in the innovative Co-Design
construction process. In contrast to the linear construction process, the Co-Design construction process
is non-linear and integrative. There are computational feedback loops between planning and execution,
and the process is no longer sequential.

Controland
decision points . ¢

Phases Definition i

%2 Controland
decision points

Figure 4. Holistic quality assessment in the Co-Design construction process.

Furthermore, the current approaches are mainly based on the digitalisation of already existing
construction processes and materials; whereas in IntCDC, the novel, sustainable and adaptable
materials and Co-Design processes and products are not established yet, which is the challenge.

To support the Co-Design approach, the Co-Design processes and products are broken into four
levels of hierarchy of building: building, construction, component and material [80], since a building
consists of several constructions, which in turn consist of several components made of different
materials. These levels of hierarchy have their products and the associated processes.
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In addition, the order in which the individual levels of hierarchy are run through differs in
planning and execution. In the planning phase, planners can define only a few fundamental aspects,
i.e., building type, the required area, the construction type (e.g., lightweight, hybrid or concrete
construction) and the energy standard required. Then constructions can be examined regarding the
insulation required or the materials used. Afterwards, the planner can design the construction in detail,
by choosing components and the manufacturing process required. For this purpose, the connecting
elements required, such as screws, are included, in addition to the individual components. Finally,
the individual materials required for the building components are considered.

In the execution phase, the levels of hierarchy work in reverse order to the planning phase. Here,
the workers start with the acquisition and processing of the materials, before the individual components
are manufactured from them. These components are assembled to form constructions and, finally,
are assembled in the buildings.

In the Co-Design processes and products, the integration of the planning and execution occurs on
different levels of hierarchy, from novel, sustainable materials up to the complete Co-Design processes
and products.

As introduced in Section 2.1, the HQM, which contains quality characteristics and parameters can
be applied for holistic quality assessment. The different technical, environmental, and social process-
and product-related quality characteristics and parameters are assigned to each of these construction
phases and levels of hierarchy of the construction process by using the control and decision points.
In this way, the quality of the Co-Design construction process phases and levels of hierarchy can be
assessed in a holistic and systematic way.

In this approach, the results of the holistic quality assessment will be used as a basis for decisions
for the further construction process and aim to detect problems at an early stage and estimate their
impact on the overall building. It allows the model user to foresee the effects of their decisions and
project the effects with regard to the complexity of the entire building life cycle. However, because
of the novelty and non-linearity of the construction process, some of the connections between the
phases and levels of hierarchy are still unknown, which makes the prediction of their impact in the
future challenging or limited. Moreover, the quality assessment or prediction is not only based on the
respective quality characteristics and parameters but also includes the interrelations with other quality
characteristics, which can make the prediction and decision even more challenging.

3.2. Holistic Quality Model Setup

The technical, environmental, and social quality of Co-Design processes and products are
introduced in Sections 2.2-2.4, the interrelations between these are used for the integration of the three
aspects in HQM.

While on-site construction is still mainly a manual process, IntCDC will integrate semi- and
fully automated construction processes using intelligent machines (e.g., cranes) and robot systems.
Therefore, the changing socio-technical arrangement (the relationship between social and technical
structures), e.g., in the form of human-machine-interfaces, and changed environmental impacts, e.g.,
due to digitalisation and automation as well as novel materials, are essential parts of the object that
will be considered systematically. Furthermore, the novel production process, e.g., how the products
are fabricated, constructed and assembled and how the quality characteristics interrelate need to
be understood. Figure 5 shows the setup of the HQM with the interrelations between technical,
environmental and social quality. There are interrelations and overlaps between two aspects, as well as
between all three aspects when setting up the HQM. Typical performance parameters in the HQM and
examples for overlaps and interrelations will be outlined.
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Y\QM for IntCDC
® interrelations @ interrelations
(social-technical) (technical-environmental)
transparency of human- I'echnical quality of component
machine-interaction relates relates to changing maintenance
to reliability frequency

social environmental

quality quality

interrelations ® interrelations
(social-technical-environmental) (social-environmental)
Load-bearing resistance relates to adaptable usability relates to the
conversion and material consumption life-cycle of buildings (LCA)

Figure 5. HQM setup with exemplary interrelations among technical, environmental and social quality.

The technical quality of processes and the related technical product quality constitute the reference
flow and the functional equivalent as an integral part of the environmental quality. Furthermore,
each of the processes investigated causes direct and indirect environmental impacts and thus influences
all the environmental quality characteristics. Products, as a result of a process chain, are the aggregate
of the quality characteristics of all processes in relation to the functional equivalent, or the technical
product quality of a building. When, for instance, the technical quality influences the service life of
components such as the fatigue strength of a beam, resulting in changing the maintenance frequency,
the environmental quality is directly affected (shown as an example in the upper right of Figure 5).
This change in environmental quality can be investigated through prediction of component service life.

For an example of a social quality requirement and its interrelation with technical quality, the case
of decent work here is used. Decent work requires fairness and a guarantee of fundamental rights.
It refers, among other things, to the workers’ control capacity in the form of being able to influence
and configure options, training and development opportunities, organization of working times,
physical and psychological job requirements, work intensity, and employment security [68]. Since the
Co-Design construction process is supposed to include a high proportion of computational and
robotic processes, quality characteristics that refer to the nature of automated processes, such as
transparency and access to relevant information, are particularly relevant. They refer to the workers’
chances of understanding their work, making responsible decisions and participating in shared
control in human-machine-interaction instead of just carrying out tasks based on machine instructions.
Transparency, access to information, and shared control, in turn, require training and open up scope
for action and personal development, thus enabling meaningful work. At the same time, this increases
the resilience of technological processes [81] and, thus, technical quality, especially with regard to
reliability. This is shown in the upper left of Figure 5.

Inclusiveness is a crucial social quality requirement for all buildings. Inclusiveness means that
the building enables equitable access and usage by a diversity of users according to their needs,
without excluding or marginalizing certain groups. Two important characteristics that can be derived
from this requirement are accessibility and adaptable usage or flexibility. Accessibility has become a
well-accepted standard that describes buildings which can be found, accessed and used by people
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with disabilities on an equal basis with others, in the generally customary manner without particular
difficulty, and, in principle, without outside help [82]. The concept of adaptable use is still less
common. It means that buildings are designed to be as flexible as possible and that the greatest possible
conversion capacity is provided for [74]. Adaptable use enables people with a variety of different
lifestyles or special needs to find housing or stay in their houses and adapt them to their needs when
life circumstances change, for instance in later life. An example for the interrelation between social
and environmental quality characteristics can be found in Figure 5, bottom right. The potential for
conversion, which is a prerequisite for adaptable use, is strongly related to the technical implementation
of the building concept; it extends the life of the building and is therefore strongly related to LCA [74].
A simplified example referring to load-bearing resistance may illustrate some interrelations
between the three aspects of quality (as shown in Figure 5, bottom left). While load-bearing resistance
is a genuine technical quality characteristic for the performance of the building, it is also directly
associated with social quality and, indirectly, with environmental quality. Load-bearing resistance
influences the social quality of the building in that it affects the conversion potential and, therefore, the
flexibility of the building in terms of adaptable use. Even if load-bearing resistance may not have a direct
impact on the environmental quality of the building itself, higher loadbearing resistance may mean
higher material consumption and thus have an impact on the environmental quality of the production
process. However, the interrelations cannot be understood as shared criteria. While technical quality
criteria require a certain degree of load-bearing resistance, social quality criteria may require a higher
load-bearing resistance with regard to possible future conversion. At the same time, in simplified
terms, increased material consumption for a higher load-bearing resistance can also have a detrimental
environmental impact and would therefore be contrary to environmental quality criteria. This means
that different quality criteria may compete with each other and that conflicting objectives may arise.
There cannot be a “perfect” building that meets all the requirements at the same time. The HQM and
holistic quality assessment cannot always provide a “perfect” solution for such conflicts, but they
provide a means to make them visible and manage them in a deliberate and responsible manner.

3.3. Exemplification

The HQM will be explained based on the example of semi-robotic production of gradient concrete
slabs in IntCDC. It will be explained how the three quality aspects interact and what the relevance of
control and decision points is in order to discuss the holistic quality assessment of building components
and construction processes.

The purpose of semi-robotic production is to produce the required components as precisely as
required according to the requirements of the planning like a given size and a defined load-bearing
resistance, while taking into account the interaction between human and machine.

Here, the HQM needs to consider various defined properties and requirements of a concrete slab.
Human-machine-interaction plays an important role here, as smooth interaction and communication
between humans and machines can significantly influence the quality of the production process and
the products. Furthermore, the concrete slab should have a certain technical size and, for the intended
robustness, a predefined load-bearing resistance is required.

The lower part of Figure 7 shows the interrelations between the quality characteristics. Considering
the process in Figure 6, human-machine-interaction influences the reliability of a production process,
which in turn influences the timeliness. The total duration of production also influences the amount
of energy required, which is higher in the case of many interruptions because of faults, as the
machines are in use longer. This also directly impacts environmental quality characteristics, such as
the energy consumption effects and global warming potential (GWP). Regarding GWP, next to direct
process-related energy, the energy-related impacts of the cement production process (mainly the
clinker production) and the direct process-related carbon dioxide emissions from carbonization are
relevant. In addition to this, since energy intensity due to clinker production represents the highest
share, particular attention is currently given to a possible reduction in the material by especially
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reducing the clinker-to-cement ratio. This simultaneously has an effect on the product. Furthermore,
the application of additives may directly impact human health. In addition, depending on how the
human-machine-interface is designed, different degrees of accuracy can be achieved.
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Figure 6. Process, decision and control points for semi-robotic production of concrete slabs with
hollow spheres.

Quality characteristics are identified for all three quality aspects. In compliance with the HQM,
process- and product-related quality characteristics are analysed, as shown in Figure 7. The production
and the component are shown with exemplary quality characteristics and their connections in Figure 7.
The quality assessment of this concrete slab is divided into an assessment of the production process
and an assessment of the concrete slab itself (product) including foreseeable implications for the future.
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Figure 7. Holistic quality model and assessment for semi-robotic production of the concrete slab with
hollow spheres.

For the product itself, the correctness of the component, in this case, the tolerances of the
dimensions of the component itself and the flatness of the component, influences the load-bearing
resistance of the component. From an environmental point of view, reducing the material and clinker
quantities, on the one hand, decreases the CO, emissions, and thus the GWP, but, on the other hand,
it may affect the load-bearing resistance and thus require more material to meet the design requirements
(and higher impacts accordingly). Furthermore, changes in concrete admixtures regarding sand and
gravel content will have an impact on soil erosion potential due to open-pit mining activities in the
upstream chain. The load-bearing resistance of the building component and the material properties
are of great importance for possible conversion in the future and for the effects on the service life of
the building.

For quality assessment, one decision point and two control points are defined as an example.
The production incorporates a decision point specifying the product and process design. One control
point is for the assessment of the process, and one for that of the product.

At the decision point, the planner chose the concrete admixtures, as well as the production process.
These decisions directly affect technical, environmental and social quality aspects. The choice of
additives in the mixture not only influences the concrete behaviour during the production process and,
thus, the technical product quality, but also influences the environmental quality, as the admixtures
have different environmental impacts. Furthermore, as the admixture choice might also limit process
options, the working environment and corresponding social quality will be affected. To support the
decision, a predictive quality assessment investigates the influence of the decision options at control
points and provides quality feedback on the potential outcomes of decisions. The outcomes of the
decisions made can be checked at the control point through quality measurement.

The two quality evaluations of the component, during and after the production process, can be
defined as two control points. The worker can firstly take measurements during the production process
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using a Terrestrial Laser Scanner (TLS), which can be defined as one control point of the process.
For example, TLS can measure the position of embedded elements (e.g., reinforcement) in the concrete
slab during production process. By comparing the measured positions with the nominal positions of
the embedded elements and the tolerance, the worker can obtain information and decide whether the
production process has to be adapted or not, because inaccuracy position of the embedded elements
affect the load-bearing resistance negatively. This control point allows for real-time quality control that
is integrated into the process.

Furthermore, as a control point of the product, after the prefabrication of the concrete slab,
the worker can use the TLS to measure the flatness and the size of the concrete slab and check if the
deviation to the nominal value is within the tolerance so that this slab can be used for assembly later
on. In this way, the worker is able to detect a lack of quality at an early stage.

This simplified example will be used to show how different characteristics relate to each other.
It shows how the quality characteristics of the individual products or processes can be assessed, but also
the interrelations between them and their impact on other life cycle phases. With this information,
the far-reaching effects of seemingly banal decisions can be made visible and considered in planning.
The next step of the quality model setup will be to determine the direction of the relationship between
the different characteristics. For example, the load-bearing resistance measured at a control point
influences the conversion potential and the LCA in opposite directions. While a higher bearing
resistance can positively influence the future conversion potential of the building, it has a negative
effect on resource consumption and, thus, on emissions. Information on these potential impacts must be
provided at the relevant decision point in order to be able to balance the different quality characteristics.

4. Summary and Outlook

As part of IntCDC, which aims to make a significant contribution to establishing a high-quality
and more sustainable building industry, a quality assurance concept for Co-Design processes and
products was developed. This quality assurance concept consists of an HQM that enables holistic
modelling of the quality and a holistic quality assessment which realizes the quality evaluation by
using control and decision points.

The focus of this paper is the setup of the HQM. First, the technical, environmental, and social
quality aspects are described. Up to now, there are no quality models that consider and integrate all
these three aspects throughout the life cycle of buildings. Based on disciplinary requirement analyses,
quality characteristics, parameters, and criteria are outlined exemplarily. The main challenge is the
integration of the three quality aspects into one HQM. Therefore, the focus was on the interrelations
between the three quality aspects. For quality assessment, the control and decision points serve not
only to assess the quality at a certain point in time but also to predict the effects of the decision at these
points throughout the entire life-cycle of the building in order to enable sustainable decision-making.
The interrelations between the quality characteristics and the control and decision points were shown
exemplarily for this production process. Furthermore, the levels of hierarchy are defined to support
the Co-Design approach.

As the HQM is application-oriented, an investigation and concretization of quality characteristics,
parameters, and criteria are needed, as well as their interrelations for different processes and
products: for example, for the novel timber construction and long-span fibre-composite construction.
The challenge and focus of this work will be the integration of the three aspects. In addition, if the
production process changes, the HQM and quality assessment should also be adapted: For example,
the production of concrete slabs could be fully automatic in the future. This approach would,
for instance, change human-machine-interaction and affect the different quality characteristics and
their interrelations.

Furthermore, the control and decision points also need to be defined for different processes and
products in different construction phases and levels of hierarchy. It will be challenging, due to the
novel non-linear and integrative construction process. The design of the decision points is currently
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especially problematic. The major challenge here is that the Co-Design approach is still in development.
Therefore, it is not yet possible to establish when, and by which actor, decision points will be used.
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