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Abstract. The paper presents an initial reflection on the possibility of adopting
Suh’s Axiomatic Design (AD) as a framework to integrate and coordinate the
different methods used by the Architecture Engineering and Construction (AEC)
industry to evidence-base decision-making for sustainability. A taxonomy for ag-
gregating the different methods used by the AEC industry is proposed so they
can be inserted into the AD framework and used to support and formulate evi-
dence-based design decisions in a way that is systematic, informed and, among
other things, traceable so true records of the design process can be retrieved. The
taxonomy is based on the new EN ISO standards and the literature on design
research and decision-making. It organizes the discussion about the feasibility of
having AD as a facilitator for integrated building design and operation in the AEC
industry. Three potential issues are identified from this proposition, which call
for further research and academic debate in the AEC and AD communities, laying
the conditions for fruitful future interactions between them. On the one hand, the
paper proposes that the AEC community can consider AD as a catalyzer to pro-
mote integrated design for sustainability. On the other hand, it pushes AD to be
adapted to accommodate the needs of a fragmented design industry which often
produces one-off design solutions.

Keywords: AEC industry, Design for sustainability, Integrated design, Axio-
matic Design.

1 The fragmented AEC design for sustainability process

This paper examines a proposition for integrating Suh’s Axiomatic Design (AD)
with common methods used by the Architecture, Engineering and Construction (AEC)
industry, providing a methodological and theoretical framework to support integrated
design for enhancing sustainability-oriented design decision-making processes. Inte-
grated design, in this context, refers to a reconciliation of methods, decisions and solu-
tions from different specialisms towards providing a single and comprehensive material



response to complex, potentially conflicting, and interwoven requirements, considering
the whole life cycle of a building — from conception to operation, re-use, demolition
and recycling.

Design for sustainability in the AEC industry has to address multiple types of stake-
holders’ needs, deals with large amounts of multi-domain information, and should be
evidence-based to show solutions proposed work effectively (prior to and after an asset
is built) while being heavily regulated and permeated by liabilities. This is particularly
the case in projects that wish to apply for sustainability certification by, for instance,
the Living Building Challenge (LBC) [1], which has clear requirements to achieve liv-
ing within planetary boundaries. These standards have requirements which, to be ful-
filled, need cross-disciplinary interactions and concerted action throughout the design
process; e.g., relying solely on solar power for energy supply balancing demand ac-
cordingly; integrating renewable energy systems with electric vehicles on-site; main-
taining a balance between water supply and demand through rainwater harvesting; us-
ing materials that are renewable, recyclable and do not release volatile organic compo-
nents which can compromise the health of building occupants. In these types of pro-
jects, successfully coordinating the AEC design process for integrated design to achieve
sustainability-related design requirements is not a trivial task. It involves coordinating
the design delivery process from multiple aspects including stage outcomes, core tasks,
core statutory processes, procurement routes and information exchanges among the de-
sign teams [2] to achieve design solutions that outperform current building industry
standards; while protecting professionals from unforeseen and uncommon liabilities.
This is particularly relevant because over the last few decades, technology and special-
ization have created a disconnect in design decision-making, reducing opportunities for
integrated and innovative propositions.

In general, architects adopt solution-focused approaches to ill-defined design prob-
lems, and the process follows a spiral, cyclic structure. On the other hand, engineers
apply problem-oriented strategies to well-defined design problems and the design pro-
cess is implemented through a linear sequence of activities [3]. Architects normally rely
on precedence and repertoire to make complex decisions whereas experts, and engi-
neers tend to work in silos with domain-specific computational models designed to per-
form specific activities, but not integrated into a coherent procedural framework [4].
Precedence, repertoire, and modelling approaches of the physical world, which share
common design parameters but are developed to achieve different performance objec-
tives, do not enable decisions to be integrated. Rather, many times they push conflicts
to be reconciled through Decision Support Systems which are highly deterministic (e.g.,
multicriteria analysis, optimization, etc.).

In practice, approaches such as the Integrated Design Process (IDP), attempt to sup-
port sustainable building design and construction with strategies for project teams to
share a vision of sustainability and work collaboratively to implement goals at appro-
priate design phases during the project development process [5], [6]. IDP seems to suc-
cessfully describe generic management procedures outlining guidance on roles, tasks,
and critical activities during each stage of the process [7]. It complements conventional
project management approaches but falls short in support of coordinating integrated
decision-making within multidisciplinary design teams [7].



Some authors in the literature [8], [9] suggested the re-integration of the architects’
and engineers’ models into a common procedural framework suitable for both disci-
plines to support design teams in transdisciplinary collaboration. According to [8], a
common model of the design process should reproduce the process of going to-and-
from problem and solution, and sub-problems and sub-solutions. In this process, prob-
lem definition should depend upon solution conjectures which, in turn, help clarify the
design problem. The latter should be hierarchically decomposed into sub-problems,
while the overall design solution should be developed by generating, combining, eval-
uating, and choosing sub-solutions which respond to different sub-problems. On the
basis of these premises, Suh’s Axiomatic Design (AD) has been proposed as an appro-
priate common approach for supporting architects and engineers in performing deci-
sion-making in conceptual building design and modular design [10]-[12], but a com-
mon model able to integrate, into the design process for sustainability, the multiple
methods used by different AEC design disciplines to make decisions is still missing.

The lack of an integrated design decision-making framework in both design practice
and research poses a challenge in producing truly sustainable solutions. Key perfor-
mance indicators (KPIs) alone are not sufficient to produce sustainable design, espe-
cially when they need to be achieved through manipulating design parameters that are
common to different knowledge domains. KPIs, in which liabilities are higher or KPIs
which are connected to higher profits, tend to be achieved, many times to the detriment
of KPIs which promote health, wellbeing and/or other environmental gains. Relation-
ships between KPIs and design parameters common to many knowledge domains have
to be coordinated through concerted action so design solutions can achieve multiple
requirements [13]. The AEC industry does not have a framework to specifically support
this coordination; it does not have a framework to support the generation of design
solutions which respond to requirements from multiple domains, particularly those
which are difficult to measure and/or to cost but promote health, wellbeing and/or other
environmental gains.

This paper conjectures that AD could help coordinate the different stakeholders’
needs, design, decision-making, and project control methods used by the AEC indus-
try to achieve integrated building design and operation. In this way solutions may
better address the different sustainability goals of the 21*' century.

The paper starts by proposing a place for AD in the AEC industry. It then groups
common methods used by the AEC industry to extract stakeholders’ needs, make de-
sign proposals, decide upon and test design alternatives, including methods which con-
trol the performance of the end product when designing for sustainability. It finishes by
discussing the position of these methods within the AD approach highlighting fits and
misfits with AD components (e.g., applied principles, axioms etc.), outlining areas for
deeper investigation and future joint AEC and AD development.

2 Proposing a place for AD in the AEC industry

Disagreement in approach between architects and engineers in practice can complicate
collaboration particularly in relation to “how design decisions are balanced to achieve



overarching project targets, negotiated among project team members, propagated into
the information flow of the design process, and subsequently revised as the project de-
velops” [14]. Information management systems and the increased specialisation and
automation of the construction industry call for project coordination to happen in a sys-
tematic way with a clear push for the entire process to be traced, with true records to be
put in place so the diversity of liabilities behind them can be monitored.

AD enables the co-evolution between problem and solution to be traceable, and the
decision-making informed, while facilitating knowledge and information transfer, stor-
age, and retrieval as well as enabling the engagement and coordination of multiple
stakeholders. Moreover, AD provides a sequence of stages and activities to progress
the project (AD domains) and a sequenced creation process based on going to-and-from
problem and solution, plus to-and-from sub-problems and sub-solutions (zigzagging).
In AD, problem and solution are systematically and consistently specified in parallel,
moving down a hierarchy, and design decisions are made in an explicit way, maintain-
ing data. AD is supported by general decision-making principles (Suh’s axioms, corol-
laries, and theorems) which help define effective designs with respect to specified re-
quirements, evaluate the synthesized ideas, and select the most feasible solution among
valuable alternatives [15], [16].

AD has been applied to sustainability issues in designing manufacturing systems
using constraints to avoid undesirable outcomes while enhancing creativity to enlarge
solution spaces [17]. Suh’s axioms guide the selection between candidate design solu-
tions. However, AD is somewhat silent on the generation of candidate solutions. More-
over, a constraint-based approach to design for sustainability can result in diminished
solution spaces and over constrained problems, but this can be addressed fostering cre-
ativity enhancement in design processes [17].

While the AD approach may be suitable to support an integrated design process, it
is important to assess how it can accommodate current AEC methods used in design.
These AEC methods include identifying and mapping stakeholders needs, supporting
decision-making by proving designs attend to these multiple needs, as well as control-
ling the delivery process towards fulfilling them as best as possible. To the best of the
authors’ knowledge, there are no records of how these different methods can be inte-
grated through AD, neither is there a taxonomy that enables their integration within an
overarching framework to be properly coordinated and assessed as the design process
progresses.

Figure 1 shows where the most common methods used by the AEC industry to de-
sign and how they can potentially be integrated via AD, together with a taxonomy used
to aggregate these methods into four different groups namely ‘Briefing Methods’, ‘De-
sign Methods’, ‘Decision Support Methods’ and ‘Project Control Methods. The taxon-
omy was put together combining recommendations from the EN ISO 19650 series,
which refer to information and asset management, together with the literatures in design
research and decision-making in engineering. The rationale behind each group is pre-
sented in section 3, whereas a discussion about how each group of methods can poten-
tially fit within the AD framework is presented in section 4.
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Fig. 1. Placing methods to design for sustainability used by the AEC industry in AD.



3 Methods used to design for sustainability in the AEC industry

Methods and information management systems are operational for designers to design.
They are part of the ‘systems of knowing in practice’ [18] and are important elements
of design practice. They are more informative than design inputs and outputs (as pro-
posed by [19]) to understand decision-making and enable decision chains to be rec-
orded, while at the same time inferring the potential decision-makers behind them. Rec-
ords of this type aid project coordination and provide evidence of correct attribution of
responsibilities and liabilities, which permeate the AEC industry, while also enabling
knowledge transfer within and across the different disciplines involved in the design
process.

Briefing methods, design methods and project control methods reflect the employ-
ment of tacit knowledge in solving design problems, while decision support methods
and information management systems make designers’ ontologies and epistemologies
explicit, facilitating scrutiny when prioritizing, coordinating and reconciling decisions.

Briefing methods are informational and therefore used to collect information to spec-
ify design requirements and constraints. Design methods are transformative, moving
from what a situation is to what a situation will be, and used in the co-generation of
problems and solutions. Project control methods are testable and used to keep in check
the different aspects related to product development process and performance in use.
Decision support methods are procedural as they contain clear procedures to aid in de-
cision-making. Transversal to all these methods, and hence falling out of the scope of
the discussion on AEC methods’ integration in AD, are information management sys-
tems: ontological and relational, enabling different types of project information to be
tracked throughout the whole design process.

3.1  Briefing Methods

Briefing methods were classified by type of information needed to formulate design
problems based on the different information management perspectives presented by EN
ISO 19650-1 [20]. They depend on the needs and aspirations of different stakeholders
who are part of the design process as well as on the needs, opportunities and constraints
imposed by the context in which the design will be inserted, from site to society.

The sub-category ‘Users/ occupants’ groups methods is used to identify needs and
aspirations of building users/occupants to ensure the design solution satisfactorily re-
sponds to them. This sub-category is well known to the Axiomatic Design community,
and it contains methods commonly used in marketing (e.g., House of Quality) and in
human-computer interaction (e.g., personas), to cite a few.

The sub-category ‘Investors’ groups methods used to identify the needs and aspira-
tions of project clients, who might not necessarily be the occupants or users of an asset
but have clear financial targets for it. Methods commonly used to map investors’ needs
and aspirations come from the business domain (e.g., investment logic mapping).

The sub-category ‘Asset management’ is a particular category in the AEC industry
with specific needs for the operational phase of an asset (the longest phase in any asset
life cycle). Methods commonly used to map asset management needs come from



maintenance engineering, building controls and operation (e.g., preventive mainte-
nance, asset auditing, asset tracking) and are potentially alien to the AD community
which mainly deals with the asset up to the end of its production life.

The sub-category ‘Project delivery’ groups methods predominantly used to extract
needs related to the coordination of the different parts of a project supply chain, so they
are satisfactorily completed and delivered to clients. They include project management,
construction, and procurement methods (e.g., procurement routes, organization charts,
construction assemblage systems) and deal with specific needs affecting project re-
quirements from the beginning, many of which cannot be changed after planning ap-
plication or analogous project milestones.

The sub-category ‘Context & infrastructure’ is particular to the AEC industry as it
focuses on methods to extract needs, opportunities, and constraints of the context an
asset will be inserted in, more specifically its site, climate, neighborhood, and its social
and environmental ecosystems. Methods used in this subcategory come from architec-
ture (e.g., site analysis), planning (e.g., SWOT analysis) and building physics (e.g., cli-
mate analysis) and provide usually unique information to design a ‘prototype of one’
as every building is a one-off custom job with little economy of scale or customized
information to design modular solutions.

The sub-category ‘Environment & society’ focuses on methods used to extract wider
societal and environmental needs of a project which are normally prescribed by, for
instance, building sustainability standards (e.g., LEED, BREEAM). These methods en-
sure needs are set based on collective interests, rather than individual ones from clients
and users/occupants alone.

3.2 Design Methods

Design methods were classified based on the type of transformation they enable by
merging the reflective practice approach proposed by Schon [18] with the disintegrated
design process proposed by Jones [19].

Therefore, ‘Concept generation” methods resemble what Jones [19] describes as
“methods of searching for ideas”. They reflect the more intuitive part of the design
process in which searches for potential design solutions are undertaken to select a sub-
set, or one of them, to be further tested and developed. Methods used in this sub-cate-
gory come from engineering design (e.g., design-by-analogy), architecture (e.g., refer-
ence or precedence search) or both (e.g., brainstorming).

On the other hand, ‘Synthesis & development’ methods resemble what Schon [18]
describes as “design experiments in a wider sense”, i.e., not only including Schon’s
experiments but any other potential types of experiments which enable design ideas to
be synthesized and further developed. Design experiments proposed by Schon are fun-
damentally different from Jones’s transformation methods. The former expresses what
designers want to achieve out of the experiments they propose, whereas the latter is a
collection of different procedures to connect problem and solution spaces. Thus, meth-
ods in this sub-category comprise the three classic experiments proposed by Schon [18]
(exploratory experiments, move-testing experiments and hypothesis-test experiments)
but can be extended to include digitally assisted design experiments, which connect



synthesis and development with decision support systems (e.g., parametric design
methods, digital fabrication methods, etc.).

3.3  Decision Support Methods

Decision support methods were grouped based on the type of evaluation they enable
designers to use when making decisions. These can vary from rational decision-making
[21] to decision analysis [22] up to heuristic [22]-[24] methods.

Rational decision-making methods assume there are optimal design solutions and/or
the best choice among design alternatives [21]. Methods of this sort provide value
judgement about the desirability of a design and were grouped under the sub-category
‘Deterministic choice’ methods. They are commonly applied to detailed building de-
sign stages (optimization, multi-criteria evaluation, etc.) to, for instance, fine-tune de-
sign decisions about building materials, service components, etc. They have gradually
been pushed to be implemented in early design stages to optimize building energy per-
formance as a means to rationalize decisions related to, e.g., fagade components and
construction systems [25].

‘Decision analysis methods’ are decision support methods which enable designers
to identify, represent and assess decisions to be made [22]. They are tools for decision
analysis and can be categorized under four different sub-groups; ‘Cause & effect’, ‘Fea-
ture evaluation’ and ‘Risks & Uncertainties’.

The sub-category ‘Cause & Effect’ is widely used to inform performance-based
building design through the application of, for instance, building physics models and
simulations of different sorts (e.g., heat balance, computational fluid dynamics, pollu-
tion dispersion, etc.). Methods of this sort are used to predict the behavior and perfor-
mance of different design alternatives and can be used in isolation, to describe the con-
sequences of different design decisions, or in combination with other decision analysis
and/or rational decision-making methods when judgments need to be made.

The sub-category ‘Feature Evaluation’ groups methods predominantly used to ex-
tract information from data through machine learning algorithms of different types
(e.g., decision trees, multiple regression, cluster analysis, etc.). Methods in this category
are used to identify characteristics between different design variables such as window
and balcony size, which influence daylight performance [26] by post-processing build-
ing simulation results.

The sub-category ‘Risk & Uncertainties’ groups methods used to undertake system-
atic data analysis based on mathematical models developed to assess how variations in
design parameters affect design solutions. Methods of this type are widely used with
building performance simulation (e.g., sensitivity analysis, risk assessment, robustness,
etc.), to assess for instance, how uncertainty in relation to material properties affects
building performance [27]. Recent experimental research can also be found in [28] who
proposes a methodology which integrates robustness and risk assessment examining
decisions made at the early design stages considering reversal in ranks, delayed discov-
ery and insufficient gain or loss of performance gains.

The sub-category ‘Heuristics’ comprises groups of methods applied when decisions
need to be made under uncertainty [22], when intuitive judgement is needed [23], when



multiple alternatives are available [24], etc. basically when a choice needs to be made
in the absence of a deterministic method. This is a commonly used method in the AEC
industry. It can be found, for instance, in early design stages when deciding to proceed
with a specific design hypothesis if it satisfies a basic aspiration level (e.g., satisficing
strategy). And it can also be found during design development when the number of
candidate solutions is reduced by eliminating one-by-one alternatives that do not meet
certain aspirational levels (e.g., elimination heuristics).

3.4  Project Control Methods

Project control methods, providing feedback on whether the purpose of the different
stakeholders’ needs and aspirations for the product are met, were classified by their
testing objective. To this end, they reflect the purposes for an asset listed according to
different stakeholders’ perspectives in ISO 19650-1 [20]. However, their sub-categories
were mainly defined based on the Soft-Landings Approach [29], which focuses on asset
operational performance and meeting of client’s expectations.

The sub-category ‘Asset value’ groups methods related to assessing the value of the
asset to its investors and/or owners. It is a particular sub-category of the building sector
as “buildings [are] financial assets that figure in forms of market exchange...” [30] and
therefore need to fulfill specific investors/owners needs related to strategic business
cases for ownership and operation [20]. Methods in this category come from business
finance and operation (e.g., Market valuation, etc.) and are used to gauge the value of
the asset to investors throughout project development up to buildings in operation.

Since all stakeholders have aspirations for the asset behavior and performance, the
sub-category ‘Post-Occupancy Evaluation’ groups methods that deal with asset perfor-
mance in operation. It groups the methods used to assess building performance in use,
i.e., while the building is already being occupied [31]. It includes user/occupant satis-
faction, building and energy use, providing feedback on how well the asset is fulfilling
users/occupants needs while in use as well as how well the asset is responding to con-
textual, infrastructural, societal, and environmental requirements. Post-occupancy eval-
uation methods come from Psychology, Social Sciences and Economics (e.g., question-
naires, interviews, etc.) when referring to user/occupants’ satisfaction, and from Engi-
neering (e.g., monitoring, etc.) when referring to asset and energy use.

The sub-category ‘Commissioning’, on the other hand, deals with building response
and functioning right after construction, when a series of procedures are undertaken to
test, check and ensure the building and its services are operating as designed. Methods
in this category come from different Engineering domains (e.g., permeability tests, ser-
vices’ auditing, etc.) and form part of a mandatory building delivery stage in many
countries [2].

The sub-category ‘Management & Delivery’ refers to methods employed to control
the whole project organization and delivery, from design to manufacturing and con-
struction of an asset up to its handover to the client. Specific needs for this category are
included in the project brief and followed throughout the life of a project using different
types of project management methods. Examples of project management methods ap-
plied to sustainability include Integrated Project Delivery (IPD) and Lean Construction,
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which respectively focus on the development of sustainable integrated project solutions
and construction waste reduction.

3.5 Information management systems

Contrarily to methods, information management systems were not classified and in-
serted into the classic AD framework [15], [16]. They are a standalone group mentioned
in this section only to highlight that the AEC industry uses a collection of complemen-
tary models, databases, and schemas to represent assets and record associated infor-
mation. These models and schemas collect information throughout the design process
using different ontologies and epistemologies, not always reconciled through interop-
erable software features. For instance, Building Information Management Systems [32]
are structured to represent asset construction properties and the relationships between
them, whereas metadata schemas such as Brick or Haystack are structured to represent
buildings in operation, mainly the operation of their services and controls [33].

4 Can AD coordinate integrated AEC sustainability projects?

An outline on how different AEC methods to design for sustainability can be integrated
via AD has been proposed in Figure 1. This outline acknowledges that problem and
solution are progressively specified, starting from an analysis of needs, and moving to
the generation of possible solutions through an iterative process of zigzagging between
the problem (what) and solution (how) spaces, including Process Domain [34]. Prior to
any empirical testing it is already possible to highlight some conceptual issues in the
proposed framework, which emerge from misalignments between how AD was devel-
oped and is supposed to be applied in product design, and the current AEC design prac-
tice.

The first issue refers to how far one can go with zigzagging in the AEC design prac-
tice. Delivery methods in the AEC industry are structured based on a complex system
in which contracts, procurement and core statutory processes are interwoven. Clear de-
sign stages are put in place for projects to be developed so professional services, infor-
mation exchange and contracts are prepared accordingly (e.g., [2]). These stages con-
tain not only milestones for client approval but also milestones for core statutory pro-
cess approvals (e.g., for the UK are specifically planning, building regulations and
health and safety approvals). Statutory processes of this type imply freezing solutions
as submitted since only minor changes can happen after approval. This means zigzag-
ging is de facto restricted between core statutory process approval points throughout
the design process and design delivery stages, contractually used to set up milestones
for client’s approval.

Acknowledging this limitation and attempting to better bridge issues appearing in
the early design stages with issues related to construction and operation, delivery pro-
cesses have been amended to include Soft-Landing principles [2], [29]. However, much
is still to be done with regards to how Soft-Landing principles can be made operational
as the implementation of these principles mostly depends on the existence of a con-
sistent framework for their integration throughout the design process. AD can be
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extremely helpful in this front if it integrates AEC briefing methods in the zigzag hap-
pening between the Customers and Functional Domains. This is particularly the case if
‘Asset management’ and ‘Project delivery’ methods are brought to the early design
stages and integrated with ‘Investors’ and ‘users/occupants’ methods to better inform
the definition of Functional Requirements (FRs). FRs are the functions that must be
fulfilled by the physical elements, Design Parameters (DPs), in order to satisfy cus-
tomer and stakeholder needs [15]. AD can also be extremely helpful if it integrates
‘Project delivery’ methods in the zigzag happening between the Functional, Physical
and Process Domains filling a particular gap essential in designing for sustainability
[2]; the one of considering Process Variables (PVs), the variables involved in producing
the specified DPs [15], in form generation. According to Frampton [35], the architec-
tural form/shape is the result of “the constantly evolving interplay of three converging
vectors, the topos, the typos, and the tectonic” [35] where the term “tectonics” encom-
passes the construction process from the materials up to the finished building [35], [36].

Interestingly, integrating these methods to the AD approach addresses some of the
flaws highlighted by [37] in the AD literature. Specifically, ‘Briefing methods’, as de-
fined in this paper, address issues with regards to identifying the key stakeholders in-
volved in the design process, which for the AEC industry are clearly listed in the [20].
These same briefing methods are also powerful to identify different stakeholders’ needs
enabling them to be mapped and specified separately, to ensure that all aspects of the
problem are properly defined and addressed [38] as the project progresses.

On the other hand, the mapping of stakeholders’ needs to functional requirements
and constraints as described in AD is not a straightforward task. AD — in its purest form
— does not offer adequate instruments to capture the variety of requirements that the
AEC design process has to master, with consequent problems in the design specifica-
tion phase and in the application of axioms 1 and 2. To this end, the classification pro-
posed by Thompson [37], [38] may supplement the framework proposed in this paper
by providing clear strategies to identify constraints and non-FRs: both common ele-
ments in the AEC design process and requiring special consideration with regards to
decision-making methods used to address and assess them.

Because AD is not prescriptive with regards to design methods to be used throughout
the design process, the variety of methods employed by the AEC industry to deal with
‘Concept generation’ can be seamlessly integrated in the presented integrating frame-
work. ‘Synthesis & development’ methods proposed in section 3 can be used to aug-
ment AD design matrixes, relating DPs and FRs, with matrices relating DPs to DPs.
Design matrices alone do not support specification of interactions between physical
components (DPs) for the physical integration of system elements into a whole-design
solution. This is particularly the case because ‘Synthesis & development’ methods are
centered in design experiments having holistic assessment goals. Therefore, easily ad-
mitting the introduction of, for instance, Design Structure Matrix (DSM) [39], [40] or
Interaction Matrixes [19] which represent how each element in the overall system re-
lates to every other element in the system. Such matrices relating DPs to each other are
used to assure that physical integration does not violate Suh’s Axiom 1, maintaining
independence of the FRs [41]. In this context, combining AD and DSM, for instance,
can well be used to assess the implementation of sustainability requirements such as
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reusing, repairing, and remanufacturing towards resource circularity. Recent applica-
tions show an initial effort to use AD and DSM in construction projects for better con-
trol on changes [42].

A second conceptual issue, however, can be identified when attempting to integrate
‘Decision support methods’ to AD. On one side, the authors acknowledge that the AD
approach already provides designers with two principles, Suh’s Axioms 1 and 2, inde-
pendence and information axioms, to support decision making in order to define effec-
tive designs with respect to specified requirements, to evaluate the synthetized ideas
and to select the most feasible solution among valuable alternatives. One the other side,
it could be said that Suh’s Axiom 2, minimize the information content, does not admit
‘Deterministic choice’ methods because value judgement should never be determinis-
tic. This, in principle, prevents such methods from being implemented in any design
stage, despite these clearly gaining traction in the AEC industry. Whilst ‘Deterministic
choice’ methods can be unsuitable if used in the early design stages as they freeze so-
lutions rather early in the process, their potential to assist decision-making in detailed
design stages can accelerate choice (e.g., use of multi-criteria evaluation or optimiza-
tion routines in fagade design to integrate construction and energy performance). Thus,
the case for using Suh’s Axiom 2 in AEC projects should be further examined.

Moreover, Axiom 2 prescribes the use of a specific decision analysis method,
namely boundary searching [19], in which limits to acceptable solutions are specified
based on probabilities of DPs fulfilling FRs. This prescription leaves room for multiple
‘Cause & effect” methods to be applied to assess the success of manipulating different
DPs towards achieving specified FRs. However, it excludes the application of some
‘Risk & uncertainties’ as well as ‘Feature evaluation’ methods. Despite not being pre-
scriptive about how probabilities are calculated, boundary searching determines how
probability results should be assessed, ruling out methods such as decision trees (part
of the ‘Feature evaluation’ group), and expected relative performance losses (part of
the ‘Risk & uncertainties’ group), to cite a few.

Axiom 2 also limits the use of ‘Heuristics’, including formal methods of heuristics,
by not admitting, among others, the use of Satisficing Strategy and Recognition Heu-
ristics, whilst promoting Elimination by Aspect [24]. Limitations in the use of ‘Heuris-
tics’ can be a problem when assessing non-FRs and constraints as these many times do
not have an associated probability function and therefore require ‘softer’ methods of
assessment, such as for instance Simon’s Satisficing Strategy. Relaxing the use of Ax-
iom 2 would potentially increase the range of admissible decision analysis methods.
However, more work is needed to understand, in detail, how each different decision-
making method can be used if AD becomes the main decision-making framework used
by the AEC industry to promote integrated design. Also, more work is needed to deter-
mine how this collection of methods complements the AD decision-making framework
so it can better respond to the particularities of different design domains.

As part of this examination consider that Axiom 2, on minimizing information,
should be applied after Axiom 1. That is, the best design solution (DP) is the one among
those candidates that maintains the independence of the FRs equally well (Axiom 1),
that has the least information content [14]. Axiom 2 ranks the candidate solutions that
satisfy Axiom 1. Information content is defined as the log of the reciprocal of the
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probability of success in fulfilling FRs and avoiding constraints, therefore minimizing
the information content (Axiom 2) is equivalent to maximizing probabilities of success.
There can be important uncertainties in determining probabilities of success, hence un-
certainty in these Axiom 2 based rankings. Considering Axiom 2 secondarily, however,
limits the need for its applications and the associated difficulties.

The third conceptual issue arises from a set of particularities of the AEC design pro-
cess which make assessing the success of a design solution a substantially difficult task.
Every building is unique, not possible to be prototyped, and has to respond to the needs
of multiple stakeholders with different goals and involved in different stages of the
process.

Buildings have to respond to a specific site, climate, client, and occupant needs.
Whereas standard solutions can be deployed in different parts of the design process
(e.g., construction pre-fabrication, etc.), the combined response is always an idiosyn-
cratic, large, and expensive intervention which cannot be tested through prototyping.
There is no possibility for zigzagging to be implemented until the best version of a
product can be developed. Therefore, testing the response of a building in its fullness
can only be done after the building is built. This means only Project Control methods
related to ‘asset value’ and ‘management & delivery’ can be used in the design stage,
but these primarily respond to the needs of the investors and the project team. Methods
such as ‘Commissioning’ can only be applied at the end of the construction phase as
they specifically check if the building and its services are operating as designed. ‘Post
Occupancy Evaluation” methods, can only be assessed for building already in operation
as they depend on how user/occupants interact with the building while it is managed.

The absence of prototyping makes the predictability of success highly dependent on
decision-making methods used throughout the design process. These methods have to
factor in uncertainties related to use and operation combined with climate related un-
certainties. After all, building performance will depend on how the occupants interact
with the building as well as how the building responds to climatic variations. As a re-
sult, there are large investments in research and practice towards developing decision-
making methods related to predicting these uncertainties (IEA annex 79).

Initial attempts to record occupant-centric design patterns to inform design have
been made in [14]. These patterns contain records of the application of different ‘Cause
& effect” methods to assess buildings’ environmental performance together with ‘Risk
& uncertainty’ methods related to occupant behavior, for facilitating the use of both in
coordination when assessing design proposals. Whereas this proposal does not fully
cover for uncertainties in relation to building usage in general, but mainly energy usage,
it enables user behavior to be directly factored in the EAC design process, thus enabling
performance to be assessed by applying Axiom 2. Occupant centric design patterns can
be used also to simulate design robustness to different types of occupancy behavior,
pushing the use of control methods to the zigzagging between the Functional and Phys-
ical domains. However, these are yet to be tested in practice so they can be expanded
to include further aspects of performance testing, among which user/occupants’ satis-
faction. These call for further research, potentially between the Annex 79 and AD com-
munities.
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5 Conclusions: Adapting AD to the AEC community needs

This paper presents the initial results of an attempt to use AD to coordinate and in-
tegrate, in orderly fashion, many methods used to support evidence-based design in the
AEC industry to produce design solutions which respond to current sustainability chal-
lenges. In theory, using AD to this end would not necessarily clash with the way the
AEC industry currently operates. On the contrary, AD could promote the integration of
many of these methods throughout the design process in a coordinated, traceable, and
informed way, promoting transparency. However, three conceptual issues emerged
from this study, calling for caution in the use of off-the-shelf AD notions in a field
which presents some critical differences with the product design field.

The first issue identified by this research concerns limitations to the possibility to
apply zigzagging in the AEC design practice beyond the boundaries of each of the pre-
scribed project development stages. As a matter of fact, these are highly regulated by
core statutory process approval points and formally stated in contracts, meaning choices
cannot be changed after these points unless external conditions allow. Nonetheless, fu-
ture research could clarify if AD can play a role in responding to this challenge by
facilitating the coordinated implementation of Soft-Landing principles throughout the
design process. One area of interest is the use of AD to coordinate how the different
briefing methods can be used to map stakeholders’ needs in the zigzagging between the
Customer and Functional domains as well as between the Functional, Physical and Pro-
cess Domains. From an AEC design perspective, exploring this issue provides oppor-
tunities to build a sufficiently complete problem framing for staggered project devel-
opment. From an AD development perspective, this opens a debate on the opportunity
to have domain-specific guidance to capture a complete set of requirements and con-
straints (possibly considering FRs and non-FRs) to respond to the specific challenges
involved in designs which cannot be prototyped.

The second issue identified by this research shows the critical points in bringing AD
to the AEC industry when coordinating the application of decision support methods
while zigzagging from the Functional to the Physical domains. This calls for further
empirical research and practice-based investigations to verify in more detail the com-
patibility between axioms and each of the decision support methods used by the AEC
industry. Potential starting points could be to further investigate the admissibility and
complementarity of: (i) ‘Deterministic choice’ in detailed design stages, in relation to
Axiom 1; (ii) different heuristic methods in assessing non-FRs and constraints; (iii)
each of the different decision analysis methods (‘Cause & effect’, ‘Feature evaluation’
and ‘Risk & uncertainties’), one by one.

The third issue, however, is the most difficult one to address. It refers to the fact that
the AEC deals with a prototype of one, meaning it has very limited means, if at all, to
enable full zigzagging between all domains (which hinders the assessment of user/oc-
cupant satisfaction, among other things). Although the AEC industry has attempted to
put in place mechanisms to transfer this assessment to the design stages by producing
more sophisticated decision-making methods, much is still needed in relation to testing
and deploying these methods in practice. The methods are mainly limited to assessing
occupant behavior in relation to building energy consumption and need to be expanded
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to account for other aspects of building usage such as, for instance occupancy satisfac-
tion. Challenges remain in relation to how this can be done so that predictability can be
increased to enable the application of Axiom 2.

In a nutshell, AD seems promising to support the coordination and integration of the
different methods used by the AEC industry to achieve evidence-based designs which
are able to respond to current sustainability challenges. It can be useful to coordinate
the different stakeholders’ needs, promote the translation of design problems into sus-
tainable design solutions, test design alternatives and control projects. The taxonomy
produced to group and organize different stakeholders’ needs, design, decision-making
and project control methods supports new AD applications and opens new avenues for
design research as well as new topics for AD development.
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