
Automation in Construction 129 (2021) 103822

Available online 6 July 2021
0926-5805/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Automated compliance checking in healthcare building design 

Joao Soliman-Junior a,*, Patricia Tzortzopoulos a, Juliana Parise Baldauf b, Barbara Pedo a, 
Mike Kagioglou c, Carlos Torres Formoso b, Julian Humphreys d 

a Innovative Design Lab, School of Art, Design and Architecture, University of Huddersfield, Huddersfield HD1 3DH, UK 
b Building Innovation Research Unit (NORIE), School of Engineering, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre 90035-190, Brazil 
c School of Engineering, Design and Built Environment, Western Sydney University, Penrith, NSW 2751, Australia 
d Community Health Partnerships Limited, Manchester One, 53 Portland Street, Manchester M1 3LD, UK   

A R T I C L E  I N F O   

Keywords: 
Healthcare building design 
Regulatory requirements 
Automated compliance checking 
Requirements taxonomy 
Recommendations 
Subjectivity 

A B S T R A C T   

Regulatory frameworks associated to building design are usually complex, representing extensive sets of re-
quirements. For healthcare projects in the UK, this includes statutory and guidance documents. Existing research 
indicates that they contain subjective requirements, which challenge the practical adoption of automated 
compliance checking, leading to limited outcomes. This paper aims to propose recommendations for the adoption 
of automated compliance checking in the design of healthcare buildings. Design Science Research was used to 
gain a detailed understanding of how information from existing regulatory requirements affects automation, 
through an empirical study in the design of a primary healthcare facility. In this study, a previously proposed 
taxonomy was implemented and refined, resulting in the identification of different types of subjective re-
quirements. Based on empirical data emerging from the research, a set of recommendations was proposed 
focusing on the revision of regulatory documents, as well as to aid designers implementing automated compli-
ance in practice.   

1. Introduction 

Design solutions need to be assessed against the project scope and 
expected benefits. Assessment consists of identifying and uncovering 
inconsistencies between design and requirements, including regulatory 
constraints [18,60,82], before design is frozen or finalised. In the build-
ing design context, these cycles of analysis and evaluation improve 
design quality by ensuring that (a) stakeholder and clients' needs are 
fulfilled [37] and (b) design solutions are compliant to guidelines and 
statutory requirements [15,56]. Thereby, design assessment enables the 
elimination of errors and provides an opportunity to improve value 
generation [23,24,36]. 

The use of automation to support design compliance checking has 
been suggested as an important means to navigate through this process, 
and the literature highlights several potential benefits from it [18]. 
Automation allows connecting and coordinating different types of in-
formation in building models [10,40,42], and checking design compli-
ance through a faster, more efficient and reliable process [18]. 

In fact, automated compliance checking is based on rule checking 
algorithms and has been a research topic for over 20 years. This led to the 

development of multiple approaches, models, frameworks, systems and 
programming languages (see Table 1). However, there has been limited 
success on the implementation of automated compliance checking in 
practice, as there are difficulties in dealing with myriad regulatory re-
quirements [18,43] as well as limitations from existing technology to 
support this process [75]. 

Ensuring compliance is even more difficult in the healthcare design 
context. This is due to: (i) the complexity of healthcare projects, resulting 
from the variety of elements, systems and subsystems that dynamically 
interact [19,30,70,71]; (ii) the large amount of information involved in 
the healthcare design process [47,49] related to the diversity of re-
quirements from design, construction and operation [7,30,84]; (iii) the 
frequent changes that happen during design [9,61]; (iv) the interaction 
between regulatory and clients' requirements, which can be conflicting, 
and evolve over time [40,41,74]; and (v) the large number and high 
complexity of existing regulatory documents, which have been developed 
through a piecemeal, and therefore uncoordinated approach especially in 
the UK, leading to a confusing mix of healthcare design statutory and 
guidance documents [31,51]. 

* Corresponding author. 
E-mail address: J.SolimanJunior@hud.ac.uk (J. Soliman-Junior).  

Contents lists available at ScienceDirect 

Automation in Construction 

journal homepage: www.elsevier.com/locate/autcon 

https://doi.org/10.1016/j.autcon.2021.103822 
Received 15 January 2021; Received in revised form 20 May 2021; Accepted 26 June 2021   

mailto:J.SolimanJunior@hud.ac.uk
www.sciencedirect.com/science/journal/09265805
https://www.elsevier.com/locate/autcon
https://doi.org/10.1016/j.autcon.2021.103822
https://doi.org/10.1016/j.autcon.2021.103822
https://doi.org/10.1016/j.autcon.2021.103822
http://crossmark.crossref.org/dialog/?doi=10.1016/j.autcon.2021.103822&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Automation in Construction 129 (2021) 103822

2

Healthcare facilities aim to deliver health and social care so that 
people can have better access to services through high quality buildings. 
In the UK context, their design has been described as essential to 
improve services delivered to communities, having a direct impact on 
the health and wellbeing of patients and staff [11,26]. 

The use of automated checking in design has been suggested as funda-
mental to enhancing quality and to deal with the complexity associated 
with healthcare design [58,67]. The literature clearly indicates that manual 
approaches for building compliance checking may lead to inconsistencies 
and are prone to error [6,18,28,34,43,47,56,64,68,69,89,90]. 

Non-compliance to regulations and guidance might compromise the 
quality of the built environment and the quality of the services delivered 
within healthcare facilities – which, in turn, can impact on health out-
comes [84]. Also, compliance issues may lead to delays in healthcare 
design, extra costs, as well as design rework and poor quality. Despite 
advances in existing research, there are still gaps in understanding the 
information content of guidance and statutory documents [75,78], 
which has led to difficulties in the practical implementation of auto-
mated solutions in this domain. 

This paper proposes recommendations for the adoption of automated 
compliance checking in the design of healthcare facilities. It discusses 
the utilisation of digital tools aligned with process changes that are 
necessary to improve the future adoption of automation. More specif-
ically, these recommendations aim to provide a structured approach 
which can simplify automated compliance checking. 

Specific objectives include:  

(i) test the utility and refine a taxonomy devised in a previous study 
[79] to classify requirements from statutory and guidance 
documents; 

(ii) map quantitative, qualitative, objective and subjective re-
quirements in a sample of UK healthcare statutory and guidance 
documents to identify opportunities and difficulties in the prac-
tical use of automated checking;  

(iii) model a sample of requirements and rulesets in a case study 
project, using a commercially available tool (Solibri Model 
Checker); 

Initially, this paper discusses the healthcare design regulatory frame-
work in the UK. The paper then synthesises existing research in automated 
compliance and rule checking. Thereafter, the method adopted in the 
research is described. Results are presented, followed by the recommen-
dations. Finally, an analysis of results is presented. 

2. Healthcare design regulations in the UK 

The National Health Service (NHS) Constitution commits the NHS 
to ensure that services are provided in a “clean, safe, secure and suitable 
environment” ([14], p. 7). Consequently, much emphasis has been 
given to the importance of design quality in the context of healthcare 
facilities [31]. 

In the 1990s and 2000s, Public Private Partnerships (PPP) were used 
to deliver healthcare facilities in the UK. The Private Finance Initiative 
(PFI)1 was the most popular PPP model used by this government [2]. 
The Department of Health (DH) coordinated capital programme resulted 
in the prolific development of new standards and tools [2,51], which 
contributed to an evidence and experience base, as well as common 
benchmarks and standards presented in the Health Building Notes 
(HBNs) developed at the time [51]. DH assumed a central role in this 
process, being in charge of managing the relationships between public 

and private organisations [51]. This has been facilitated by the devel-
opment of standards, design gateway reviews (e.g. OGC2 gateway re-
view process) and centralised procurement methods, such as the PFI, 
Local Improvement Finance Trust (LIFT) and Procure 21 (P21) [51]. 

This process has gradually modified the healthcare building design 
culture [31]. While PFI processes enabled innovation at first, they have 
led to multiple issues associated to financial constraints and lack of trust 
between healthcare planners, clinicians, architects and the PFI consor-
tia, often leading to an adversarial design environment [31]. Further-
more, the focus on healthcare infrastructure has also changed in this 
context, shifting from the development of new buildings to upgrading 
existing assets. This was needed to reduce running costs, reshape 
existing buildings to enable modern service delivery and to improve 
standards [51]. Currently, ProCure21+3 and ProCure 224 frameworks 
are the recommended procurement methods for publicly funded 
healthcare capital projects over £1 million. 

Health Building Notes (HBNs) and Health Technical Memoranda 
(HTMs) play an important role in supporting healthcare building design 
decision-making in the UK. They should be understood as best practice 
guidance standards, providing “essential information on how to comply 
with the statutory and policy framework around the assurance of estates and 
facilities” ([12], p. 2). 

HBNs focus on planning and designing both new and existing 
healthcare facilities, providing information to support briefing and 
design [12]. HTMs give comprehensive advice and guidance on the 
design, installation and operation of specialised facilities and engi-
neering technology in buildings used to deliver healthcare [13]. The 
focus of HTMs is on healthcare-specific elements of standards, policies 
and established best practice. The legal framework bounding these 
documents is presented in Fig. 1, based on the contents from Health 
Building Note 00–01 [12]. 

The ‘UK healthcare design regulatory framework’ can be described 
as: (a) design guidance provided by the Department of Health (HBNs and 
HTMs); and (b) statutory documents, such as legislation, approved 
documents of building regulations,5 provided by the Ministry of Hous-
ing, Communities & Local Government. It is important to highlight that 
some of these documents are devolved to individual nations in the UK. 
Different regulatory design requirements help achieving specific quality 
outcomes [51]. Hence, detailed checking of designs against this type of 
documents is essential [56]. 

The following policy challenges in the UK healthcare regulatory 
context have been identified by Mills et al. [51] through workshops 
involving the Healthcare Infrastructure Regulatory System and Depart-
ment of Health Standards and Guidance Review:  

• There is a complex mix of statutory and guidance documents, which 
creates a confusing regulatory environment; 

• The majority of standards has evolved over time, leading to a con-
voluted definition of risks and lack of clarity on liabilities and 

1 “PFI enables the private partner to build a facility to the output specifica-
tions agreed to with the public agency, operate the facility for a specified time 
period under a contract or franchise with the public sector client and then 
transfer the facility to the latter party when the contract expires.” ([2], p. 602). 

2 The Office of Government Commerce (OGC) was part of the government 
treasury and produced guidance about best practice in procurement and project 
management, highlighting preferred government procurement routes and sup-
port through the OGC Gateway Review process.  

3 The ProCure21+ National Framework consists of an agreement with the six 
Principal Supply Chain Partners (PSCPs) and their supply chains for capital 
investment construction schemes. More information on https://procure21plus. 
nhs.uk/about/  

4 The ProCure22 consists of a construction procurement framework for the 
development and delivery of NHS and Social Care capital schemes in England, 
governed by NHS England and NHS Improvement. More information on https 
://procure22.nhs.uk  

5 There are changes yet to be applied to The Building Regulations. The full list 
of updates to be incorporated into the documents is available on https://www. 
legislation.gov.uk/uksi/2010/2214/introduction 
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compliance responsibilities. This also leads to gaps and overlaps that 
may impact design quality;  

• Changes in regulations have occurred with little understanding of 
estates and facilities quality and standards;  

• No single healthcare infrastructure quality and safety tool to drive 
compliance, assurance and prevention exists. 

Hignett and Lu [31] also highlight the complexity arising from the 
uncoordinated regulatory framework in this context. They identified 
that review panels can stifle design, and the use of guidance documents 
is perceived as a constraint, with non-compliances having a great impact 
in the project and tendering process. Mills et al. [51] further argue that 
the approach to standards and guidance currently in place to direct 
healthcare building design quality improvement lacks rigour. This 
context makes efforts to enable some level of automated compliance 
checking difficult to be achieved in practice. 

3. Regulatory requirements and automated compliance 
checking 

Building codes, regulations, design guidance and other statutory 
documents are written in natural language, and have been developed, 
read, interpreted and used by people [18,52]. Hence, a large number of 
complex expressions are used to describe requirements. At times, these 
sentences contain multiple layers of implicit knowledge. Fenves et al. 
[20] argue that regulatory requirements are indeterminate by nature due 
to their open-text elements, which can hardly be applied in automated 
scenarios. This is because (a) they are context-dependent, requiring a 
considerable degree of interpretation to be judged [20]; and (b) have an 
open-ended number of senses, which, in turn, implies vagueness and 
ambiguity [52]. The above makes the process of translating such sen-
tences for use in automated approaches challenging [43]. 

Even though issues related to requirements' subjectivity have been 
identified many years ago by e.g. Fenves et al. [20], they have been 

Fig. 1. Guidance documents and the legislative framework in the UK, based on HBN 00–01 [12].  
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reported by recent research still as a key challenge. Solihin and Eastman 
[78] stated that using regulatory documents as an input for automated 
rule processing is a very complex endeavour due to the language 
interpretation issue, which should be able to capture human knowledge 
in a formalised way to ensure completeness and precision. One of the 
main difficulties reported by existing research is in translating infor-
mation from the regulatory framework, written using text, schedules, 
drawings, sketches and pictures, to computer-oriented logic expressions 
[43], without losing meaning. It has been the motivation of many efforts 
to structure and translate information from statutory and guidance 
documents for automated compliance checking over the years [75]. 

The above is observed not only in the healthcare building design 
context in the UK, but across many countries and in different design 
contexts, as evidenced by Table 1, which outlines the main de-
velopments reported in the literature in recent years. Publications are 
presented according to the type of outcome produced, their focus and 
target use, as well as their scope of development, testing, application and 
analysis. Countries associated to each publication scope are also pre-
sented, whereas in cases where information was not available, countries 
from the leading authors were included. 

Existing research in automated compliance checking highlights 
diverse developments in technology and computation. They tend to 

Table 1 
Recent automated compliance checking developments.  

Reference Main type of 
development 

Focus Target 
use 

Scope of development/testing/application/analysis Country (scope) 

[20] Literature review A IDV 1977 ACI Building Code Requirements for Reinforced Concrete (ACI 1977) USA 
[85] Approach A IDV Software-based (IT) Singapore 
[18] Framework A IDV; RA CORENET; HITOS project - Norwegian Statsbygg; Australian Building Codes; US 

International Code Council; General Services Administration (GSA-US) 
Singapore, Norway, 
Australia, USA 

[53] System A D; IDV Structural engineering design N/A (USA)a 

[87] Approach A RA C3R (Conformance Checking in Construction — Reasoning) prototype France 
[83] Approach A D; IDV Building envelope design Canada 
[86] Method A RA C3R (Conformance Checking in Construction — Reasoning) prototype France 
[4] Analysis/Approach SA D; IDV Building energy performance (BEP) simulation N/A (USA) 
[62] Overview A IDV; RA Acoustic performance (test case) - acoustic performance regulations Belgium (and EU) 
[21,22] Project A RA Legal requirements - accessibility and egress USA 
[54] Framework A RA Legal requirements - automated code compliance checking USA 
[52] Overview A – – N/A (USA) 
[55] Overview A – Structural BIM N/A (USA) 
[90] Model A CQI Construction quality inspection China 
[1] Literature review A – Semantic web N/A (UK) 
[15] Literature review A; SA – AEC industry in New Zealand New Zealand 
[56] Literature review A – – N/A (USA) 
[35] Framework A IDV Energy performance analysis N/A (Germany) 
[44] Programming 

Language 
A IDV; RA Spatial objects, group of spaces, circulation paths, their properties, and relations. N/A (Republic of Korea/ 

USA) 
[5] Approach A IDV; RA BREEAM and code for sustainable homes UK 
[64] Overview A IDV; RA – N/A (Belgium, USA) 
[77] Classification A IDV; RA General use for classification N/A (USA) 
[88] Method A RA International Building Code 2009 USA 
[16] Overview A RA New Zealand Building Code (NZBC) New Zealand 
[32] Framework A IDV; RA BIM based model checking concepts N/A (Norway) 
[34] Approach A IDV; RA Constructability review (focusing on reinforced concrete structural elements) United States 
[43] Approach A RA; SD Korean Building Act Republic of Korea 
[49] Programming 

Language 
A; M D Design brief Australia 

[59] Programming 
Language 

A RA Korean Building Act Republic of Korea 

[68,69] Programming 
Language 

A; SA IDV German fire code DIN 18232–2; Korean Building Act Germany, Republic of 
Korea 

[78] Approach A SD Building rules USA 
[47] Model A SD; PM İzmir Municipality Housing and Zoning Code (IMHZCode) Turkey 
[63] Overview A SD SPARQL and SPIN; EYE and N3Logic; SWRL rules with a semantic graph database N/A (Belgium) 
[65] Literature review A SD Semantic web technologies N/A (Belgium) 
[89] Schema A SD Quantitative requirements IBC 2009 Chapter 19; two-story duplex apartment test case in 

two ways, using perfect information and imperfect information 
USA 

[80] Overview A; SA; 
M 

D; IDV; 
RA 

Healthcare - emergency sector of hospital design Brazil 

[25] Model A IDV; RA Business rules and requirements; nuclear power plant engineering France 
[27] Approach A; SA IDV; RA International Residential Code; guidelines for design and construction of hospital and 

health care facilities 
USA 

[39] Programming 
Language 

A IDV; RA Korean Building Act Republic of Korea 

[45] System A IDV; RA China Code of Building Fire Protection; school project China 
[57] Framework A; SA IDV; RA FBC 2017- Residential; two-story building USA 
[72] Model A; SA P Site layout planning Germany 
[81] Overview A; SA; 

M 
IDV; RA Healthcare - primary care design UK 

[76] Overview A IDV; RA; 
SD 

– N/A (Singapore, New 
Zealand, USA) 

A – Automated; SA – Semi-automated; M – Manual; IDV – Internal Design Validation; D – Design process; RA – Regulatory Approval; SD – Software Development; PM – 
Policy Making; CQI – Construction Quality Inspection; P – Production. 

a N/A relates to cases where information was not available. Countries from the leading authors were indicated. 
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focus on very specific contexts, as indicated by Table 1, which com-
promises their widespread use [39,57]. Table 1 also indicates that most 
developments focus on the complete automation of design checking, not 
considering the partial use of automation alongside human inputs (e.g. 
semi-automated or hybrid approaches). Additionally, the majority of 
research was developed to (i) support internal design validation or the 
regulatory approval process; or (ii) provide some degree of software 
development. 

Identifying the nature of regulations and the hierarchical re-
quirements information is essential to enable the implementation of a 
degree of automation in the design assessment process [47]. Solihin and 
Eastman [78] highlighted that analysing regulatory requirements is a 
very important step to enable automation. Clearly identifying re-
quirements that cannot be automated is also essential to realise the 
limitations of automated systems [55]. Such analysis needs to be con-
ducted by experts and could be facilitated by using classifications to 
enable grouping elements in different classes, according to their very 
own characteristics, such as a taxonomy [32]. 

Existing research proposed a taxonomy to classify regulatory re-
quirements focused on automated compliance checking, based on the 
Brazilian healthcare design framework [79]. This taxonomy consists of 
four classification elements:  

(1) the nature of requirements, supporting the identification of the 
type of information i.e. qualitative, quantitative, or ambiguous 
(where it is not possible to identify the predominance of quali-
tative or quantitative information).  

(2) translation to logic rule describes whether a requirement can be 
re-written as a logic expression. This step is based on the Atomic 
Sentence (AS), “a type of declarative sentence that is either true or 
false” ([59], p. 425), in which formalised sentences originate the 
functional codified requirements according to a S (subject) + V 
(verb) + O (object) structure. These sentences are based on two key 
elements: (i) content (related to their meaning, e.g. object infor-
mation, properties, location) and (ii) condition (usually associated 
to the verb-object (VO) in the sentence, defining which criteria the 
content must fulfil) [43]. This classification follows the semantic- 
based process described by Lee et al. [43], in order to obtain an 
Arithmetic Logic Unit (ALU). It does not rely on specific software 
constraints (e.g. rule modelling in Solibri Model Checker), as it 
only depends on the requirements' logical structure.  

(3) element represents a 3D model object, expressing its relationship 
to regulatory requirements. This element of the taxonomy is 
based on the main types of objects used in building models, such 
as Furniture, Fixture and Equipment (FF&E) and Space. It links 
requirements to 3D objects, evidencing elements and information 
that need to be defined and modelled with precision, hence 
consisting of an important element of the taxonomy.  

(4) classes of parametric rule from [77], i.e. requirements that can 
be translated into logical rules are classified in classes 1 to 4: (1) 
Class 1 — rules that require a single or a small amount of explicit 
data; (2) Class 2 — rules that require simple derived attribute 
values; (3) Class 3 — rules that require extended data structure; 
and (4) Class 4 — rules that require a “proof of solution”. These 
classes represent the degree of logical complexity associated to 
requirements data structure, from both the building model and 
the rule sentence perspectives. Thus, Class 1 represent rules with 
low degree of complexity, while Class 4 represents the highest 
rule complexity. 

One key element in this classification consists of understanding con-
tent and conditions included in the sentences [59], and whether they can 
be expressed under a computer-readable format, according to a logical 
rule structure [39]. Additionally, classifying the content of guidance and 
statutory documents can also support the identification of relationships 
between different requirements [47], as well as relationships between 

similar requirements described in different documents, which might 
enable the development of databases to feed into automated systems. 

Despite the complexity of the healthcare design regulatory frame-
work, there is a considerable part of the requirements that is explicit and 
prescriptive, such as design parameters, mathematical equations and 
dimensional constraints [16]. Such objective requirements have been 
considered in existing research efforts (e.g. [18]), and there are sub-
stantial benefits to be achieved in practice when used in automated 
compliance checking. Macit ̇Ilal and Günaydın [47] discuss that research 
efforts are still needed to deal with the less explicit or more abstract 
regulatory requirements. This can also be identified as a gap in the 
taxonomy proposed by Soliman-Junior et al. [79], which does not 
include any classification and analysis related to objective and subjec-
tive requirements. 

4. Research method 

Design Science Research (DSR) is the methodological approach 
adopted in this investigation. DSR has a prescriptive character and is 
used to address practical problems with theoretical relevance through 
the development of artefacts [29,38,46]. DSR was considered suitable 
for this research as the research problem is focused on the need to enable 
automation to improve healthcare design compliance checking. The 
artefacts refined and developed in the research are (i) a taxonomy used 
to classify information from regulatory requirements, and (ii) recom-
mendations for the adoption of automated compliance checking in the 
design of healthcare facilities. 

4.1. Research design 

This investigation was divided into three phases: (i) understanding of 
the problem; (ii) development of the artefacts; and (iii) analysis and 
reflection, which are the typical stages of a DSR research project, as 
suggested by Holmström et al. [33]. Several learning cycles were un-
dertaken due to the iterative nature of this research approach. One 
empirical study in the design of a Primary Healthcare Centre (PHC) was 
conducted in collaboration with an institution responsible for primary 
healthcare buildings across England. 

The planned PHC will be located in the West Midlands and will 
replace temporary facilities, serving a list of 10,000 local patients. This 
project demonstrated close fitness and relevance to the research and was 
chosen because: (i) the PHC was conceived as a test bed from the owners' 
perspective, aiming to assess innovative approaches for healthcare 
infrastructure delivery, which introduced multiple challenges to design, 
increasing the project complexity (i.e. BIM and digital design compli-
ance, use of the passive house approach, and modular offsite construc-
tion); (ii) the number of regulatory implications in this project included 
both objective and subjective requirements; (iii) the team undertaking 
the project had significant experience and therefore would benefit the 
research due to their expertise; and (iv) the project was at an early stage 
of development when the collaboration started, providing an opportu-
nity to support all stages of the research. 

A schematic representation of the research design is presented in 
Fig. 2, including its phases, main activities, sources of evidence, and the 
research artefacts according to their implementation, refinement and 
development (further details on Sections 5.1, 6.3 and 6.4). 

Phase 1 focused on understanding regulatory requirements in the 
healthcare context. It included the identification of statutory and guid-
ance documents to be analysed, and mapping the requirements embedded 
in those documents. Phase 2 was characterised by the construction of the 
artefacts. Healthcare statutory and guidance documents were classified 
according to the requirements taxonomy proposed in a previous investi-
gation [79]. During this phase, the taxonomy was implemented, assessed 
and refined. The strong iteration between Phase 2 and Phase 3 allowed 
refining the artefacts through learning cycles, which also enabled 
reflecting upon practical and theoretical implications. 
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4.1.1. Sources of evidence 
The main sources of evidence of this research are presented in Table 2. 

Semi-structured interviews were carried out with practitioners and 
members of the Higher Education. They were voice recorded, transcribed 
and adhered to a semi-structured interview protocol including: (i) 
context and key characteristics of healthcare projects; (ii) requirements 
management; and (iii) automation in the design process. Immediately 

after each interview, interviewers' notes and insights were incorporated 
into a database, complementing transcriptions and creating a compre-
hensive repository of information. 

The documents analysed during the research correspond to both 
statutory and guidance elements of the healthcare framework, but also 
relevant design documents and reports. Dissemination meetings, work-
shop and symposium served as an opportunity to present research 
findings and discuss their outcomes. 

4.1.2. Analysis of regulatory requirements 
The choice of documents to be analysed was based on interviews, 

aiming to include the most relevant documents for the primary health-
care building context. Client representatives indicated key statutory and 
guidance documents according to their perspective, which have been 
prioritised in the research. The five analysed documents are (Fig. 3): (a) 
Health Building Note 11–01 – Facilities for primary and community care 
services; (b) Health Building Note 00–01 – General design guidance for 
healthcare buildings; (c) Health Building Note 00–03 – Clinical and 
clinical support spaces; (d) Health Technical Memoranda 07–07 – Sus-
tainable health and social care buildings; and (e) Building Regulation – 
Access to and use of buildings – Volume 2: Buildings other than 
dwellings. 

Requirements were classified by using the taxonomy, and later 
stored in a database. As three researchers were involved in the classifi-
cation process, a systematic protocol and classification guidelines with 
examples were developed to ensure quality and consistency. To mitigate 
the risk of misinterpretation, all researchers involved in the tasks of 
identifying, analysing and classifying requirements had the same 
training at the beginning of the process. Moreover, researchers were 
assigned to adjacent workstations in the same office, supporting con-
stant interaction and discussion of emerging issues. Furthermore, all 
classified requirements have been reviewed by the same researcher 
multiple times during and at the end of the classification process, 
ensuring prompt feedback and that consistent and appropriate classifi-
cations were adopted. This process supported the refinement of the 
taxonomy and the classification protocol. 

4.1.3. Rule modelling 
Rule modelling was performed in the case study (PHC) using Solibri 

Model Checker® (SMC) to test automated rule checking, including a 
sample of requirements from HBN 11–01. This sample was defined 
following (i) key requirements prioritised by the company collaborating 
in the study and (ii) relevance of specific types of requirements 
considering their coverage and scope in HBN 11–01. These are further 
described in Section 5.3. 

Fig. 2. Research design.  

Table 2 
Sources of evidence.  

Source of 
evidence 

Description Participants Research 
phase 

1 2 3 

Semi-structured 
Interview 

Healthcare Estates 
(Management and Facilities 
Services) 

1 X   

Semi-structured 
Interview 

Higher Education (Design 
Professor) 

1  X  

Semi-structured 
Interview 

Healthcare Design/Practitioner 
(Healthcare Architects A) 

1 X X  

Semi-structured 
Interview 

Higher Education (Civil 
Engineering Professor) 

1 X   

Semi-structured 
Interview 

Healthcare Design/Practitioner 
(Healthcare Architects B) 

2 X X  

Semi-structured 
Interview 

Higher Education 
(Requirements Management 
and BIM Professor) 

1  X  

Semi-structured 
Interview 

Healthcare Design/Practitioner 
(Healthcare Architects C) 

1  X X 

Analysis of 
Documents 

Analysis of 5 documents from 
the UK framework HBNs, HTMs 
and Building Regulations 

N/A  X X 

Analysis of 
Documents 

Analysis of design documents 
(2D plans, 3D models, 
operational process 
descriptions and assessment 
reports) 

N/A X X  

Dissemination 
Meeting 

Dissemination meeting with 
PHC stakeholders 

8  X X 

Workshop Presentation of research 
findings (client representatives, 
designers, software developers 
and policy makers) 

26  X X 

Dissemination 
Meeting 

Dissemination meeting with 
national healthcare chief 
executives 

11  X X 

Symposium Presentation of research 
findings and discussion 
(practitioners and leading 
international researchers) 

28   X  
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SMC was chosen for this test because it is currently the only stand- 
alone commercial application focused on automated rule checking 
supported by open formats (e.g. IFC) [75]; while HBN 11–01 consists of 
a key document for the design of primary healthcare facilities. The aim 
of the test was to assess the utility of the taxonomy, considering re-
quirements classified as possible to translate to logic rules. Codified 
requirements were inserted in the software interface through the “ruleset 
manager”, with rules modelled according to the software predefined set 
of rules. The sample of classified requirements was inserted in SMC, 
translated, modelled and checked against the PHC building model, 
following the major steps proposed by Eastman et al. [18]. 

5. Results 

Fig. 4 defines key constructs used in the research. Statutory and 
guidance documents represent the healthcare regulatory framework. 
Components are items within each of these documents, containing none, 
one or multiple requirements, as different parts of the sentence or dia-
grams might relate to different attributes and functions of the built 
environment. Requirements are the elements itemised and classified in 
this research according to the taxonomy. For traceability reasons, each 
requirement has been catalogued using a unique identifier (ID) e.g. 
11.01.5.19.1. Table 3 describes how many components were identified 

in each of the analysed documents, and how many requirements derived 
from those. From this table, there is evidence that not all information 
included in the documents lead to requirements, as well as the differ-
ences on the number of requirements on each document. This is high-
lighted by e.g. HBN 00–03, consisting of 1872 requirements, whereas 
HTM 07–07 includes only 130 requirements. The detailed analysis of 
regulatory requirements is presented in Section 5.2. 

5.1. Requirements taxonomy 

The purpose of the requirements taxonomy is to enable a structured 
process of analysis and classification of information from regulatory 

Fig. 3. Analysed documents.  

Fig. 4. Statutory and guidance documents, components and requirements.  

Table 3 
Number of identified requirements.  

Statutory and 
guidance documents 

Components Components that contain 
requirements 

Requirements 

HBN 11–01 460 317 782 
HBN 00–01 412 324 576 
HBN 00–03 641 572 1872 
HTM 07–07 477 85 130 
BR M2 157 134 456  
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documents. An early version of this taxonomy (T0) was presented in 
Section 3, based on previous work [79]. Originally, the taxonomy con-
sisted of four elements (T0) (i.e. nature, translation to logic rule, 
element, and classes of parametric rule). It was implemented, assessed 
and refined (T1) is this research study, and two classification elements 
were added (T1): accuracy and referencing. 

(i) accuracy: helps to identify whether requirements can be classi-
fied as objective or subjective. From the software engineering 
context, objective requirements are based on factual information 
[3] and their compliance can be assessed objectively [66], not 
depending on human interpretation. Alternatively, subjective 
requirements usually include personal feelings, views, emotions 
or beliefs [3], being subject to different opinions from experts 
[66], thereby depending on human reasoning and knowledge to 
be understood and assessed. 

(ii) referencing: it is related to whether requirements in one docu-
ment refer to other documents or databases. Referencing is not a 
classification on its own right, but it informs about links between 
requirements across diverse regulatory frameworks and other 
documents. 

5.2. Regulatory requirements taxonomy analysis 

The UK healthcare design regulatory framework currently includes 
approximately 108 documents, i.e. (a) 37 Health Building Notes (HBNs) 
and 52 Health Technical Memoranda (HTMs); and (b) 19 Building 
Regulations. The five documents analysed in this research study corre-
spond to approximately 5% of the overall framework. Fig. 5 summarises 
key quantitative results of applying the taxonomy, presenting individual 
results per analysed document as well as an overall analysis. Table 4 
includes a list of requirements and their classification according to the 
taxonomy T1. They are both used to illustrate findings discussed in 
subsequent sections. 

5.2.1. Nature of requirements 
In the five analysed documents, most requirements are qualitative 

(63%), which means they contain information which is not quantifiable, 
numerical, nor rely on measurements. From the remaining requirements, 
35% are quantitative and 2% are ambiguous. It is important to highlight 
that ambiguous requirements were only identified in HBN 00–03 and 
were represented only in this diagram in Fig. 5. The documents have most 
of the requirements classified as qualitative, with the exception of HBN 
00–03, in which 54% of requirements are quantitative. 

5.2.2. Accuracy 
Requirements in the analysed documents are 49.7% subjective whilst 

50.3% are objective. HBN 00–03 has the majority of objective re-
quirements. In contrast, most of HBN 00–01 contains subjective infor-
mation, which demands a considerable level of human interpretation for 
consideration in the design process. This document presents general 
guidance for healthcare design, often expressed through conceptual di-
agrams and abstract relationships. As observed in Fig. 5, it is important 
to highlight that while most of the quantitative requirements are 
objective (97%), qualitative requirements are both objective (26%) and 
subjective (74%). 

5.2.3. Translation to logic rule 
Across the analysed documents, 53% of requirements cannot be 

transformed into a logical rule sentence. However, this is not the case in 
HBN 00–03 and HBN 11–01. HBN 00–03 has a high number of quanti-
tative requirements, while HBN 11–01 is mostly qualitative. Despite 
differences in their nature, as seen in Fig. 5, both HBN 00–03 and HBN 
11–01 have a significant number of objective requirements, which might 
evidence a relationship between accuracy and the possibility of trans-
lation to logic rules. 

The above is also suggested in Table 4, considering that requirements 
classified as ‘No’ are also subjective. In this case, the sentence content or 
condition cannot be directly identified to formalise the logic rule 
without human interpretation. For requirements classified as ‘Yes’, for 
instance: ‘Automatic movement-detected lighting should be considered 
in toilets and washrooms’. The elements of the logic sentence are: 
[Automatic movement-detected lighting: subject] – [should be considered in: 
verb] – [toilets and washrooms: object]. According to the AS structure (as 
described in Section 3), whereas the content refers to the subject, the 
condition is related to the verb-object. The logic sentence could then be 
used to obtain an ALU, following the steps proposed by Lee et al. [43]. 

5.2.4. Classes of parametric rule 
Requirements that could be translated to logic rules, i.e. 1801 re-

quirements (Fig. 5), were analysed according to their internal logical 
complexity using the classes of parametric rules developed by Solihin 
and Eastman [77]. Results indicate that 99% of these requirements 
belong either to Class 1 or 2 (Table 5). They indicate a high tendency of 
using automated rule checking approaches for these requirements, as 
Class 1 and 2 represent the cases of low to medium logic complexity, 
which is favourable for automation. 

5.2.5. Elements 
It was not possible to draw a direct relationship to an object in the 

building model for every analysed requirement. This factor is critical to 
automated compliance checking, since rule checking depends on rela-
tionship between objects, their properties and parameters. Across the 
five documents, 2601 relationships were identified. Most of them are 
related to ‘Furniture, Fixture & Equipment’ (55.4%), which include 
mainly healthcare furniture and medical equipment, and ‘Space’ 
(36.8%); followed by ‘MEP’ (4.8%), ‘Door’ (0.9%) and ‘Remaining’ 
(2.1%), which includes other elements e.g. Wall, Lift, Window and 
Floor. Table 6 includes examples of requirements and their classifica-
tion. From a design perspective, these consists of key elements which 
should be prioritised while developing a building model to be used for 
automated compliance checking purposes. 

5.2.6. Referencing 
As the documents were analysed, referencing to standards and other 

documents was mapped. Usually, these documents refer back to different 
types of publications, including HBNs and HTMs, building regulations, 
scientific publications and other NHS documents. In the five documents, 
158 different publications were referred to 385 times. Overall, the 
highest referencing is to HBN 00–01 (167 references), followed by HBN 
11–01 (139 references) and HBN 00–03 (73 references). In terms of 
referencing, these findings were expected, as HBN 00–01 refers to general 
design guidance for healthcare buildings, while HBN 11–01 is focused on 
the design of primary and community care facilities. Both documents are 
important considering the scope in which the empirical study was 
developed, hence their highest referencing. 

Furthermore, HBN 11–01 has self-referenced itself 18 times (13% of 
references), meaning that across its extension there are multiple refer-
ences to other sections and diagrams from the same document. HBN 
00–01, was referenced 16 times in HBN 00–03 (22% of references), and 
the set of HBNs was referenced 12 times in HBN 00–01 (7% of refer-
ences) (i.e. HBNs as the entire set of documents, not related to one 
specific document). 

5.3. Application of Solibri model checker 

In the test, 221 requirements from HBN 11–01 could be automati-
cally verified by using Solibri Model Checker® (SMC). They represent 
53% of the requirements that can be translated to logic rules (419) and 
28% of all requirements from HBN 11–01 (782). In practice, a significant 
number of requirements could already be used in SMC, saving time for 
designers and prioritising their work. Conversely, this means that not all 
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Fig. 5. Key quantitative results from the analysis of regulatory requirements.  
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requirements that can be translated to a logic rule can feed SMC rules, 
due to software limitations and its native rule structures with limited 
flexibility. 

Translating, modelling and verifying regulatory requirements in SMC 
partially assessed the utility of the taxonomy, in terms of translating re-
quirements to logic rules. Three checking routines were tested according 
to the selection criteria presented in Section 4.1.3 and are further 
described below (the percentage refers to requirements that could be 
tested in SMC i.e. 221): (i) compliance of areas (47%); (ii) components 
(19%); and (iii) dimensions (2%). Despite dimensions covering a small 
share of requirements in HBN 11–01, corridor widths and ceiling heights 
were included in the checking sample. These requirements have been 
prioritised by the company involved in this investigation because they 
often result in non-compliances. Other types of requirements that could 
be translated to logic rules and used in SMC but have not been included in 
the checking sample are related to accessibility (3%), adjacency (4%), 
number (14%) and types of spaces (11%). 

Floor area and ceiling height rules were successfully verified. The 
design verification automatically pointed out insufficient floor area for 
one treatment room and three consulting rooms. Another verified rule 
was the existence of components within spaces, such as equipment and 
furniture. It relates to FF&E and Space objects, which are the most 
common type of relationship between regulatory requirements and 
building models, as described in Section 5.2.5. 

The use of a specific rule to check the width of corridors in SMC has 
been partially satisfactory. This verification flagged inconsistencies 
regarding doors in red (Fig. 6), which are perceived as inaccessible. 

The above problem indicates a software limitation, which can be due 
to different reasons and is not clearly explained to the user because of 
the ‘black-box effect’ [43,78]. Despite SMC providing a predefined set of 
rules, which is flexible and customisable and allows fine tuning of some 
of the parameters by the user, the checking process is not transparent 
and fully accessible, making the identification of inconsistencies a 
convoluted trial and error process. In this example, the identified issues 
can be due to multiple reasons, such as: (i) doors appearing to be 
considered not as transition elements between spaces, but as obstacles in 
the corridor space; and (ii) the analysed corridors having irregular 
shapes, which can be conflicting to the pre-determined rule structure. In 
both cases, this information is not clearly presented to the user and was 
inferred by the researchers, hence the suggestion of a ‘black-box’. 

This issue in SMC introduces an inherited risk to the automated 
checking process reported in the research. The ‘black-box effect’ can also 
lead to false-compliant outcomes. This means that inconsistencies from 
multiple sources (e.g. rule definition, building model) could be unno-
ticed in the checking process due to its lack of transparency. 

In previous studies [18,50], SMC was successfully used to verify re-
quirements related to accessibility, properties of spaces and systems 
within specific areas. This research study confirms what is reported in 
existing literature, despite being limited to the types of requirements 
analysed, as well as the issue observed in spaces with irregular shapes (e. 
g. checking corridor widths). 

Approximately half of the requirements initially indicated as trans-
latable to logic rules could be incorporated to SMC. In fact, this also 
confirms previously literature findings [43,50,69,78], regarding the 
software limitations and the difficulties of translating regulatory re-
quirements to feed SMC rules and other rule checking systems. Findings 
presented here suggest that SMC has a constraint in adapting its existing 
rule structures to the diversity of logical relationships identified in 
different documents. Furthermore, the lack of transparency related to 
rule checking in SMC might lead to inconsistent and false-compliant 
outcomes. 

Table 4 
Examples of requirements and their classification according to the requirements taxonomy.  

ID Requirement Classification 

Nature Accuracy Logic 
rule 

Class Element 

00.01.18.42.3 Adequate sound insulation needs to be considered between different rooms. Qualitative Subjective No – – 
00.03.07.01.1 A safe and secure children's play area should be provided off all main waiting areas. Qualitative Subjective No – – 
11.01.5.15.1 Staff rest rooms should provide good-quality environments to encourage their use and promote 

staff interaction. 
Qualitative Subjective No – – 

11.01.3.17.1 Experience and ergonomic analysis suggest the following room sizes provide a good fit for most 
generic rooms in primary and community care buildings: 8 m2, 12 m2, 16 m2, 32 m2. 

Quantitative Objective Yes C1 Space 

11.01.3.19.22 The recommended size for a clean utility is 8 or 12 m2. Quantitative Objective Yes C1 Space 
00.03.3.103.7 Examination/physical therapy room - Space on sides of couch (double-sided access) is 800 mm. Quantitative Objective Yes C1 FF&E 
00.03.2.12.1 The preferred maximum number of beds in a multi-bed room is four. Quantitative Objective Yes C1 FF&E 
00.01.16.03.1 Automatic movement-detected lighting should be considered in toilets and washrooms. Qualitative Objective Yes C1 MEP 
00.03.3.04.1 Where separate consulting and examination rooms are provided, there should not be adjoining 

doors between adjacent examination rooms for reasons of patient privacy. 
Qualitative Objective Yes C1 Door 

00.03.07.30.3 A children's play area in the waiting area should be based on 10% of the number of main waiting 
places and sized at 2 m2 per child (with a minimum space for three children). 

Quantitative Objective Yes C2 Space 

11.01.12.01.98 Staff rest and mini kitchen - allow 40% of staff to be in rest room at any one time. Quantitative Objective Yes C3 Space  

Table 5 
Detailed analysis of regulatory requirements – classes.  

Class 1 Class 2 Class 3 Class 4 

Rules that require a 
single or a small 
amount of explicit 
data 

Rules that require 
simple derived 
attribute values 

Rules that require 
extended data 
structure 

Rules that 
require a 
“proof of 
solution” 

94% (1695 
requirements) 

5% (82 
requirements) 

1% (24 
requirements) 

–  

Table 6 
Detailed analysis of regulatory requirements – elements.  

FF&E Space MEP Door Remaining 

55.4% 36.8% 4.8% 0.9% 2.1% 
1442 requirements 957 requirements 125 requirements 24 requirements 53 requirements  
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5.4. Analysis of results 

The quantitative analysis presented in Section 5.2 identified more 
than 3800 requirements. Most of these requirements are qualitative. In 
practice, this means they are presented as descriptions, definitions or 
inclusion and exclusion criteria, usually through words and pictures 
[73]. This is in contrast to quantitative requirements, which represent 
quantities, dimensions and other measurements, generally by using 
numbers or other discrete categories [73]. The classification also ana-
lysed requirements in terms of their accuracy (Section 5.2.2), indicating 
that half of the requirements are subjective. This means they depend on 
human interpretation to be transformed both into a design specification 
and verified in design proposals. Currently, it is not possible to use these 
requirements to feed directly into rulesets for automated compliance 
checking. It is important to understand accuracy as unrelated to nature: 
qualitative requirements are often assumed as subjective, but that is not 
necessarily the case, whereas quantitative requirements are generally 
assumed to be objective, but neither that is true [73], confirming find-
ings highlighted in Section 5.2. 

Findings reported on Section 5.2.3 demonstrate that 53% of the re-
quirements could not be translated into a generic logic rule, needing 
further consideration mostly due to their subjectivity (further described 
in Sections 6.1 and 6.2). This step represents an initial reasoning on 
sentences being transformed to a logic structure, so they could be further 
used as checking rules in automated checking systems. The above sug-
gests a potential relationship between accuracy and the possibility to 
translate requirements to logic rules. Sentence structuring has a direct 
impact on translating requirements into rules and attempts to review 
regulatory documents should aim to streamline this translation process 
and improve the use of automation. 

When it comes to commercial software, this represents a lower 
number of requirements. Considering HBN 11–01, for instance, only 
28% of its requirements could be used in SMC. Furthermore, 25% of 
requirements from this document can be represented as logic rules but 
could not be incorporated into SMC due to the software limitations, such 
as described in Section 5.3. In this case, requirements could be used to 

feed in-house checking routines based on their logical representation by 
using Visual Programming Language (VPL) tools, such as Dynamo and 
Grasshopper, as plug-ins to modelling tools. 

Even though most of the identified requirements are difficult to feed 
into automated checking systems, some represent quantitative or objec-
tive information and clear logic relationships. Often, such requirements 
tend to be classified mostly as C1 and C2 [77], which is favourable to 
automation due to representing cases of low logical complexity. 

Furthermore, over 10% of the identified requirements have cross- 
references to an external publication or other sources of information. 
This represents a great challenge for designers to ensure both statutory 
and guidance documents are followed, leading to compliant designs. It 
also provides evidence of the interrelated character of the healthcare 
building design framework in the UK, which makes automation difficult 
to be achieved in terms of compliance checking. This may be the case in 
other countries as well. In the Brazilian context, for instance, there is 
only one healthcare building design regulation [8], which has many 
references to other building regulations [79]. Nevertheless, further 
application of the taxonomy in different contexts is needed to identify 
whether this represents only an isolated situation, which is amplified by 
the convoluted regulatory framework in the UK. 

The research demonstrates that despite difficulties, commercially 
available software like SMC can still support automated compliance 
checking for both quantitative and qualitative requirements with some 
limitations, as demonstrated in Section 5.3. Hence, existing software can 
be used to achieve partial automation in design compliance checking. 
This paper also highlights that analysing the information content from 
regulatory documents is essential to enable automated compliance 
checking, whereas requirements that cannot be automated should also 
be clearly identified [55]. 

Difficulties related to design creativity and the use of automated ap-
proaches in practice were highlighted by the interviewees. They might be 
due to the fact that existing research has tended to oversimplify real 
needs and overlook subjective requirements, which are key to creativity 
and fundamental to design. As previously discussed, subjectivity has been 
pointed out by literature as detrimental to design compliance checking 

Fig. 6. Application of Solibri Model Checker – Example of checking corridor width.  
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[21,77]. Thus, objective and subjective requirements need to be dealt 
with differently, i.e. automated rule checking can be used for quantitative 
and objective requirements, and hybrid or semi-automated support sys-
tems could be developed to deal with subjective requirements. In fact, 
existing research recognise the importance of semi-automated ap-
proaches as a transition towards complete automation [15,16,47]. Such 
importance was also identified as beneficial from the interviewees' 
perspective, but with a more permanent character rather than temporary. 

6. Contributions of the research 

From the evidence generated by this research, it is clear that 
subjectivity cannot simply be eliminated from the regulatory framework 
while it is key to enabling automation. Two types of subjectivity were 
identified in the regulatory framework: natural and artificial subjec-
tivity. By understanding how subjectivity exists within regulatory re-
quirements, a refined version of the taxonomy is proposed (T2), and a 
clear pathway to better address subjective requirements in automated 
compliance checking can be defined. The refined taxonomy consists of a 
key contribution of this research, which is presented in this section 
alongside recommendations, followed by a critical analysis of results. 

6.1. Natural subjectivity 

Natural subjectivity originates from abstract information included in 
requirements' definition, represented by abstract elements e.g. design 
flexibility. This type of requirement cannot be directly translated into an 
objective sentence and shaped into a logic rule without some level of 
human involvement and cognitive reasoning. Consequently, they cannot 
be checked through automated approaches. Abstract and intangible 
requirements need to be transformed into concrete attributes to enable 
its use in automation, and this is not a straightforward process, 
demanding expert knowledge and being prone to bias. 

In practice, natural subjective requirements are part of the regulatory 
framework to support design decision-making without over constraining 
design solutions. They are used by designers, and interpreted through 
abductive processes, as part of decision making. Hence, natural sub-
jective requirements represent a major barrier for the implementation of 
automated compliance checking. They demand careful consideration by 
policy makers creating or revising statutory and guidance documents. 
An unbalanced amount of natural subjectivity can either over constrain 
the design process or impede a degree of automation to be implemented 
in practice. 

6.2. Artificial subjectivity 

Artificial subjectivity is a consequence of poorly written statutory or 
guidance documents. Often, requirements are subjective not because 
they represent abstract and intangible information (i.e. natural subjec-
tivity), but due to the way they are transformed into sentences and how 
these are grammatically written. 

Artificial subjectivity could be eliminated by making better use of 
objective, precise, clear, non-redundant and independent sentences. The 
existence of artificial subjectivity further highlights the need for re-
visions on the existing healthcare design regulatory framework. Exam-
ples of natural and artificial subjective requirements are presented in 
Table 7, followed by suggestions on how to improve clarity, precision, 
definition and objectivity of sentence structuring whenever possible. In 
this table, the key elements which justify either natural or artificial 
subjectivity are in bold. As an example, adequate sound insulation is 
classified as artificial subjective because sound consists of a measurable 
parameter, with specific acceptable levels being objectively defined in 
HTM 08–01. By contrast, safe and secure leads to a natural subjective 
requirement because these are abstract elements which cannot be 
directly measured, relying on human interpretation to be translated to 
concrete attributes. 

6.3. The refined requirements taxonomy 

Identifying these two different types of subjectivity consists of a 
further refinement to the proposed requirements taxonomy, presented in 
Sections 3 and 5.1. Both natural and artificial subjectivity can be used to 
classify subjective requirements, representing a further branch of the 
‘accuracy – subjective’ elements. This addition originates an updated 
version of the requirements taxonomy (T2), shown in Fig. 7, high-
lighting the element ‘logic rule’– ‘yes’ or ‘no’ as the final stage of the 
classification process, serving in practice as a trigger to automated 
compliance checking. In this process, requirements classified as ‘yes’ 
could lead to logic rules following the AS structure [59], while classes 1 
to 4 [77] refer to the logical complexity associated to requirements data 
structure, as described in Section 3. 

6.4. Recommendations for improving automated compliance checking 

The recommendations were structured around two main topics, 
which represent improvement opportunities on the use of automated 
compliance checking in healthcare building design: (1) the need to 
revise statutory and guidance documents; and (2) strategies for de-
signers to adopt automation in healthcare design compliance checking. 

Table 7 
Examples of natural and artificial subjective requirements.  

ID Requirement Classification 

00.03.07.01.1 A safe and secure children's play area should 
be provided off all main waiting areas. 

Natural 
Subjective 

11.01.3.01.1 Because the mix and range of services to be 
delivered from primary and community care 
buildings can change over time, it is important 
that the accommodation is flexible and 
adaptable. [followed by a list of strategies at an 
abstract level] 

Natural 
Subjective 

11.01.6.16.1 The layout of waiting areas should be flexible 
enough to accommodate patient flow at peak 
times. 

Artificial 
Subjective 

Suggestion to improve sentence structuring: 
‘flexible enough’ is a convoluted expression 
which should be better defined. Flexible 
enough results in artificial subjectivity because 
of how this expression is presented to 
designers; what is flexible enough? After 
consideration, emerging requirements 
associated to this example might still be 
classified as natural subjective, due to 
involving an abstract element (i.e. flexibility). 
Careful consideration is needed.  

00.01.18.42.3 Adequate sound insulation needs to be 
considered between different rooms. 

Artificial 
Subjective 

Suggestion to improve sentence structuring: 
‘adequate sound insulation’ could be defined 
objectively based on insulation components 
and materials' properties. Reference to levels of 
accepted noise in decibel (dB) could be 
provided to define what is adequate in this 
situation, as in HTM 08–01. Furthermore, this 
could be understood as a duplicated 
requirement in different documents.  

11.01.10.23.3 Space for plant and services should provide 
adequate space around the plant and services 
to permit inspection, maintenance and 
replacement. 

Artificial 
Subjective 

Suggestion to improve sentence structuring: 
‘adequate space’ is an expression frequently 
used in the regulatory framework. It could be 
defined quantitatively and objectively by 
informing the actual needed space and 
dimensions in each situation, based on 
ergonomics   
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6.4.1. Revision of healthcare design statutory and guidance documents 
Regulations should be simplified by improving the structure of 

documents and making them better integrated. The large number of 
existing statutory and guidance documents, the repetition of informa-
tion in different documents, and large incidence of cross-references 
between documents is disruptive as it increases the complexity of 
design development and assessment. It is challenging for designers to 
deal with so many requirements. The benefits of revising documents 
include (i) opportunity to update the content of requirements, consid-
ering the latest research evidence and specific issues e.g. Covid-19; (ii) 
an opportunity to eliminate duplication; and (iii) simplify and clarify the 
structure of the regulatory framework, helping designers to focus on the 
most important requirements for each project. 

Improve consistency and clarity on language usage. One of the 
main issues while using information from statutory and guidance doc-
uments in automated compliance checking is vagueness and ambiguity 
arising from language usage. Hence, clearly defining the intended 
meaning e.g. of modal verbs such as ‘must’, ‘should’ and ‘may’ is an 
important step towards enabling a degree of automation. This would 
also help in reducing ambiguity and divergent interpretations by 
different stakeholders, and as such reduce rework, misunderstandings 
and derogations, supporting faster approval processes. 

Clearly indicate requirements which could be easily used in 
automated checking systems. The taxonomy here proposed supports 
the identification of different types of regulatory requirements. This can 
be used to demonstrate to designers and those responsible for assess-
ment which requirements could be easily automated, and which are 
subjective and as such might require detailed design consideration. One 
step towards enabling some level of future automation in practice is the 
clear indication in the documents of which requirements can be easily 
automated now. For this purpose, requirements could be visually indi-
cated by a symbol in the main document or listed as an appendix. Dia-
grams, room layouts and floorplans could also indicate requirements 
that can be easily automated. From a practical perspective, designers 
and those responsible for design assessment can benefit from cost and 
time savings through this recommendation. 

Reduce the amount of subjectivity in the regulatory and guid-
ance documents. Subjective requirements cannot be simply eliminated 
from the documents because of the intrinsic subjective character of the 

design process. Natural subjective requirements should be used only 
when they are fundamental, so the creative aspect of design will not be 
constrained. Artificial subjectivity should be eliminated in such docu-
ments, ensuring better use of coherent, objective and quantifiable sen-
tences in the revision of regulations. This could be achieved through the 
use of examples, graphical representation, better sentence writing and 
definition of more precise terms in the requirements. 

6.4.2. Recommendations for designers (to support the implementation of 
some level of automated compliance) 

Implement automated approaches wherever possible. Automa-
tion of specific tasks can help designers by (i) supporting better decision- 
making through improved information availability and (ii) providing 
time gains by eliminating the need for designers to do repetitive and 
elementary tasks. The application of these approaches can also aid 
design visualisation, supporting improved awareness and feedback from 
stakeholders. The use of automation should be supported by transparent 
and intuitive processes, so inconsistencies and eventual mistakes can be 
identified and promptly corrected. 

Natural subjective requirements should be carefully considered 
in all stages of the design process, so value generation is supported. It 
is likely this type of requirements will continue to be part of regulatory 
and guidance documents, so appropriate approaches are needed to 
support their consideration in design e.g. semi-automated design sup-
port systems. The use of design support systems can have a greater 
impact on decision-making. They can aid designers on their creative 
process, while ensuring some degree of compliance through better in-
formation availability and guidance. Such systems would still be helpful 
for a standard room design approach, which by default should already 
be compliant. Design support systems could assist designers to assemble 
rooms and individual components into a functioning building, which 
involves natural subjective requirements and creative reasoning. 

Designers can develop in-house rule databases and checking 
routines. The taxonomy here presented can help designers identify 
easily automatable requirements and develop in-house rule databases 
and routines to enable automated checking. They could use commer-
cially available software like SMC, but also Visual Programming Lan-
guage (VPL) tools such as Dynamo and Grasshopper, as plug-ins to 
modelling tools. This becomes especially relevant in situations where 
SMC rules are not flexible enough to represent the requirements logic 
structure. The main benefit for designers to incorporate these elements 
to their development process is to simplify compliance checking. They 
should be implemented throughout the design, rather than at end of 
stages, potentially reducing rework and time dedicated to resolve non- 
compliances later in the process. 

Automated compliance checking systems should be structured 
according to design stages and to different Levels of Development 
(LOD). Design teams should assess design compliance during all stages 
of design development, according to its major stages (e.g. RIBA Plan of 
Work in the UK). This complements the previous recommendation, 
which indicates the need for designers to use a systematic approach to 
compliance checking. Further research is needed in relation to making 
information readily available to design teams over different design 
development stages. 

6.5. Critical analysis of results 

Healthcare regulatory documents have been developed in a piece-
meal way over the years, with poor consideration of the complexity of 
overall regulatory framework. This process creates practical challenges 
for designers to ensure compliance, and also inhibit attempts to imple-
ment automation. 

The analysis presented in Section 5.2 provides evidence of the chal-
lenge associated to the transition from manual to automated compliance 
approaches. The complexity associated with the current regulatory 
framework is noteworthy. Practitioners have evidenced through 

Fig. 7. Requirements taxonomy (T2).  
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interviews that the use of statutory and guidance documents in practice is 
diffused and fragmented, which corroborates previous research findings 
[31,51]. One of the key reasons for this is because of the convoluted 
sentence structure and plethora of information, as well as the high number 
of cross-referencing observed in the documents. 

In the analysed documents, 3816 requirements were identified, with 
an average of 763 requirements per document. As the healthcare regu-
latory framework in the UK consists of at least 108 statutory and guid-
ance documents, we estimate there are over 80 thousand requirements 
in the whole healthcare regulatory framework. The complexity arising 
from the number of requirements is further aggravated by the interde-
pendency between different types of requirements and documents, 
making compliance checking difficult to be performed across the design 
process. 

Most of the difficulties of using regulatory requirements in automated 
compliance checking reported by existing literature are linked to the fact 
automation has been approached mostly as a means to replace human 
operations. Interviews confirmed this is perceived in practice as a 
limiting perspective, and there is a need to address and explore how 
automation could be used more widely to support design decision mak-
ing. Interviews, alongside with the dissemination activities and work-
shops from the final stage of the DSR, provided fundamental inputs to the 
proposition of recommendations. Most of the recommendations identify 
needed changes which rely on joint actions from multiple stakeholders. 

From a methodological perspective, the recommendations presented 
in this paper are an output of DSR which could be understood as 
guidelines [29]. They were developed based on findings and insights 
from this research, focusing on overcoming major constraints identified 
in practice and reported by existing literature. Their development was 
based on outcomes from important sources of evidence, i.e. dissemina-
tion activities, semi-structured interviews, and implementation and 
refinement of a taxonomy (that was also originally developed following 
the DSR approach). Despite recommendations being developed within 
the UK healthcare building design domain, they could potentially be 
relevant and applicable to other contexts. From a DSR perspective, this 
suggests their instantiation could be further refined and evaluated in 
terms of their utility and applicability [17,48]. 

This paper has a particularly relevant methodological contribution, as 
it consists of an example of how and where typical DSR artefacts interact 
with each other. Furthermore, it demonstrates how activities undertaken 
following a DSR approach support developing and implementing specific 
artefacts, contributing to both theory and practice. This confirms two key 
aspects from DSR, evidenced by Hevner et al. [29] as: (i) outcomes of DSR 
being related to the artefact itself, but also to its associated construction 
and evaluation; and (ii) different types of artefacts being combined, so 
that innovation emerges through their implementation. 

7. Conclusions 

This research provided insights into the complexities of the UK 
healthcare regulatory framework, highlighting issues around the large 
number of regulatory and guidance documents and the high number of 
requirements. The use of DSR enabled an iterative research process in 
which artefacts were implemented, assessed in terms of utility, refined 
and developed based on multiple learning cycles. 

The empirical study developed in this research demonstrated the 
importance of understanding information to be used in automated 
compliance checking. Results are based on the analysis of 5 documents 
from the UK only, and this is a limitation. Future research should extend 
the application of the taxonomy to a larger scale, analysing other rele-
vant sets of documents such as the International Health Facility guide-
lines (iHFG). 

The use of a taxonomy as described here is beneficial as it provides 
means to identify what types of information exist within existing stat-
utory and guidance documents. It also includes the identification of 
subjectivity embedded in requirements, which was defined in this 

research as natural or artificial. Indeed, these two variants are based on 
the source of subjectivity in requirements, and future research on this 
topic is still needed due to its importance to the automated compliance 
checking subject. Additionally, the relationship between prescriptive or 
performance-based requirements to the proposed taxonomy has not 
been explored in this paper and should be addressed by further research. 

This paper highlights strategies to support automated compliance 
checking for designers and those involved in the development of docu-
ments, through the proposition of recommendations. In practice, the 
taxonomy and the recommendations can improve the healthcare design 
process and can be used to create new documents or revise existing ones, 
even in different contexts from that reported in this paper. They also 
support eliminating unneeded subjectivity and identifying requirements 
that either can or cannot be automatically checked. 

Results demonstrate that automation can be relatively easily ach-
ieved for quantitative and objective requirements, whereas subjectivity 
is still a fundamental constraint in the automated compliance process. 
Our research identified that while artificial subjective requirements 
could be simply eliminated, human knowledge still is needed to consider 
natural subjective requirements. This suggests that different types of 
automated compliance approaches are needed due to the diversity of 
requirements. 

In this context of multiple approaches, hybrid solutions should be 
further explored as a means to deal with requirements subjectivity. They 
could potentially streamline the design process, reduce design rework 
and derogations, while improving compliance and supporting further 
applications of automation. 
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[35] M. Kadolsky, K. Baumgärtel, R.J. Scherer, An ontology framework for rule-based 
inspection of eeBIM-systems, Proc. Eng. 85 (5) (2014) 293–301, https://doi.org/ 
10.1016/j.proeng.2014.10.554. 

[36] M. Kagioglou, R. Cooper, G. Aouad, M. Sexton, Rethinking construction: the 
generic design and construction process protocol, Eng. Constr. Archit. Manag. 7 (2) 
(2000) 141–153, https://doi.org/10.1108/eb021139. 

[37] J.M. Kamara, C.J. Anumba, N.F.O. Evbuomwan, Establishing and processing client 
requirements: a key aspect of concurrent engineering in construction, Eng. Constr. 
Archit. Manag. 7 (1) (2000) 15–28, https://doi.org/10.1108/eb021129. 

[38] E. Kasanen, K. Lukka, A. Siitonen, The constructive approach in management 
accounting research, J. Manag. Account. Res. 5 (1993) 243–264. https://mycourse 
s.aalto.fi/pluginfile.php/183797/mod_resource/content/1/Kasanen%20et%20al% 
201993.pdf (accessed October, 26, 2016). 

[39] H. Kim, J.-K. Lee, J. Shin, J. Choi, Visual language approach to representing 
KBimCode-based Korea building code sentences for automated rule checking, 
J. Comp. Design Eng. Soc. Comp. Design Eng. 6 (2) (2019) 143–148, https://doi. 
org/10.1016/j.jcde.2018.08.002. 

[40] A. Kiviniemi, Requirements Management Interface to Building Product Models, 
Stanford University, 2005. https://www.researchgate.net/profile/Arto-Kivinie 
mi/publication/248399790_Requirements_management_interface_to_buildi 
ng_product_models/links/564f902f08ae1ef9296ead6b/Requirements-manageme 
nt-interface-to-building-product-models.pdf (accessed August, 22, 2017). 

[41] B. Kollberg, J.J. Dahlgaard, P.P.-O. Brehmer, Measuring lean initiatives in health 
care services: issues and findings, Int. J. Product. Perform. Manag. 56 (1) (2006) 
7–24, https://doi.org/10.1108/17410400710717064. 

[42] M. Laakso, A. Kiviniemi, The IFC standard - a review of history, development, and 
standardization, Electron. J. Inf. Technol. Constr. 17 (May) (2012) 134–161. 
http://www.itcon.org/2012/9 (accessed April, 25, 2017). 

[43] H. Lee, J.K. Lee, S. Park, I. Kim, Translating building legislation into a computer- 
executable format for evaluating building permit requirements, Autom. Constr. 71 
(2016) 49–61, https://doi.org/10.1016/j.autcon.2016.04.008. Elsevier B.V. 

[44] J.-K. Lee, C.M. Eastman, Y.C. Lee, Implementation of a BIM domain-specific 
language for the building environment rule and analysis, J. Intell. Robot. Syst. 79 
(3–4) (2014) 507–522, https://doi.org/10.1007/s10846-014-0117-7. 

[45] P.-C. Lee, T.-P. Lo, M.-Y. Tian, D. Long, An efficient design support system based on 
automatic rule checking and case-based reasoning, KSCE J. Civ. Eng. 23 (5) (2019) 
1952–1962, https://doi.org/10.1007/s12205-019-1750-2. 

[46] K. Lukka, The constructive research approach, in: L. Ojala, O.-P. Hilmola (Eds.), 
Case Study Research in Logistics, Publications of the Turku School of Economics 
and Business Administration, Series B1 (2003), 2003, pp. 83–101. https://www.res 
earchgate.net/profile/Kari-Lukka/publication/247817908_The_Constructive_Res 
earch_Approach/links/5cf669fda6fdcc8475032f22/The-Constructive-Research 
-Approach.pdf (accessed May, 14, 2020). 
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