A Digital Curation Model for Post-Occupancy Evaluation Data
Abstract

Post-Occupancy Evaluation (POE) is an important component of a cyclical design process that allows
cost savings and promotes accountability of designers, owners, and users, as well as allowing
identification of facilities issues and informed decision-making. It is reasonable to expect that the
combined effect of new data-gathering technologies and the increasing urgency of sustainable
building design will be that POE studies will increase and, eventually, be applied at a mass scale.
Digital Curation (DC) allows for the long-term preservation and constant re-use of research data. Yet
there has been no attempt so far to develop a DC strategy for POE data. This paper introduces the
concept of Digital Curation and relates it to objective, quantitative POE data. A combination of a
literature review and a questionnaire sent to expert respondents is utilised in order to identify data
types and major Digital Curation issues relevant to POE. A Digital Curation Model (DCM) for POE
data is presented, drawing from the existing models, examples, and best practice available, intended to
act as a framework that enables the storage, archiving, management, recovery and utilisation of such
data on a mass scale. Finally, the importance, benefits, obstacles and implications of developing a

suitable DC strategy for Post-Occupancy Evaluation are discussed.
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INTRODUCTION

Background to Post-Occupancy Evaluation

Post-Occupancy Evaluation (POE), defined by Zimring and Reizenstein (1980) as “the examination of
the effectiveness for human users of occupied design environments”, has been conducted in a
systematic fashion for more than 40 years (W. F. E. Preiser, 2005). The main aim of POE is to
provide feedback of the building performance to designers, owners, users and other stakeholders. This
can facilitate a cyclical design process but it can also inform the building operation, management and
use. The benefits of an effective POE are therefore manifold, from short-term benefits, such as
allowing quick identification of facilities issues and supporting informed decision making, to longer-
term benefits such as cost savings throughout the building lifecycle and greater accountability of
designers, owners and users for the building performance (W. F. Preiser, White, & Rabinowitz, 2015).
More generally, the application of POE to a mass scale will contribute to general design knowledge
about the performance of buildings and therefore enable continuous improvement (Zimmerman and
Martin, 2001).

The broad definition of POE given above includes a very wide range of techniques that cover
a great variety of building aspects. Bordass and Leaman (2005) presented a range of techniques, that
allow stakeholders to obtain qualitative feedback from users. The acceptance by the design
community of the phenomenon of the performance gap (De Wilde, 2014) has also increased interest
in quantitative forms of POE, where objective parameters, such as energy consumption or indoor
environmental properties, are measured and analysed in order to identify the actual performance of a
building (Menezes, Cripps, Bouchlaghem, & Buswell, 2012). A recent review by Li et al. (2018)
found that the published research work on POE showed a substantial increase after 2010.

It is reasonable to expect that this increase will continue. The interest in understanding better
the performance of buildings is becoming greater, particularly with regard to their environmental

impact in the context of the climate emergency. Post-occupancy evaluation is an important



mechanism to achieve this enhanced understanding. Simultaneously, the cost of collecting data is
dropping constantly, and more properties can be measured more quickly and thoroughly than ever
before, while more methods of analysis are available via Machine and Deep Learning techniques. The
introduction of the Internet of Things (loT) will increase exponentially the data that can and will be
collected. Individual elements, from building management systems to everyday personal objects, such
as household appliances or mobile phones, can come equipped with their own in-built sensors, data
logging software, and capacity to upload to the cloud on a constant and instant basis. This will mean a
multitude of formats and datasets, with different owners and standards. This not only raises a host of
issues, such as privacy, ownership, storage, and duplication, but also presents a missed opportunity,
by not unifying this data for a common purpose. Digital Curation (DC) provides a strategy for the
long-term storage, archiving, management, recovery and utilisation of data. However, no attention has
been paid until now to the need for, and importance of, a DC strategy for POE data.

Such a strategy can deliver substantial benefits. The nominal lifecycles of buildings are 50-
120 years, and often substantially more. These periods are extremely long compared to the timescales
of data storage and management tools and formats (often changing every 10-20 years), as well as the
stakeholders and managers themselves (who can change as often as every year in some cases). If the
lifecycle performance is to be assessed consistently and effectively, appropriate digital curation
techniques need to be found. Applied at a mass scale, a standardised approach to the storage and
management of such data, promises substantial benefits: it can allow the comparison between
different buildings of similar typologies; it can facilitate the identification of community performance
at various levels, from community to international; it can create the necessary common basis to allow
the implementation of Big Data/Machine Learning techniques. These, however, requires appropriate

Digital Curation strategies.

Background of Digital Curation

With digital technologies and the switch from sequential processing to random access storage, the

preservation, sharing, and usage of digital data have developed at a rapid pace during the past 15



years. Data management has become a field of research in itself, with different groups setting
guidelines and standards for data retention and sharing, particularly on the World Wide Web
(WWW), whose development has promoted a rush on the part of institutions to create web
repositories for data that act as data management infrastructures.

A number of definitions have been suggested to describe these practices, such as digital data
management, data curation, knowledge management (Girard, 2015), and different groups have been
using different terminologies. Digital Curation was first used by JISC in 2003, defined as “[t]he
activity of managing and promoting the use of data from its point of creation, to ensure it is fit for
contemporary purpose, and available for discovery and re-use” (Lord, 2003).

For the purposes of this work, the more recent definition by the Digital Curation Centre
(DCC) is used, namely that of “maintaining, preserving and adding value to digital research data
throughout its lifecycle” (Digital Curation Centre). Digital Curation allows for the long-term
preservation and constant re-use of research data. What adds value to the original data is the set of
actions performed on the dataset that allows for the long-term preservation, accessibility, openness
and re-usability.

Various models have been developed in order to provide a general framework for Digital
Curation, with the objective of allowing researchers to benefit from the sharing possibilities and
analytical tools offered by digital technologies, promoting “data infrastructure literacy”” which allows
participation in the collection and analysis of data (Gray, Gerlitz, & Bounegru, 2018).

Discipline-specific projects have also been set up, with the purpose of building online
repositories for research data. These projects can be examples of Tim Berners Lee’s “Social
Machine”: digital research infrastructures that allow humans and machines to cooperate in order to
create knowledge (Berners-Lee, 2008). Unfortunately, as has been recently indicated (Huebner and
Mahdavi, 2019), the existing digital ecosystem surrounding building infrastructure dataset seems to
be completely scattered, with little effective discussion amongst practitioners on how to benefit from
data sharing.

There is currently no work specific to POE, neither open repositories, nor guidelines, though

some frameworks make general provisions . For example, the Industry Foundation Classes (IFC) used



in Building Information Modelling (BIM) contain generic extensible support for Post-Occupancy
Evaluation measurements via the IfcSensor class (buildingSMART). Semantic data frameworks such
as Project Haystack and BRICK contain relevant tags for environmental properties and sensors.
However, these examples focus on asset representation and not POE data, thus not engaging with the
long-term storage, archival, analysis, and recovery of large environmental datasets. Moreover, they
are intended to be holistic, not specialised. This has an impact on two levels: firstly, they typically
require a substantial level of information to be workable and often, particularly in the case of BIM, via
highly complex, proprietary software applications. Secondly, they are geared towards capturing
building elements that don’t change often. This means that large-scale building monitoring over
prolonged periods becomes difficult or impossible. For example, a BIM or BRICK file containing
POE data for 10,000 buildings over 10 years would be highly uneven in its data distribution and
ultimately unwieldy.

It can be concluded that existing frameworks have been developed with the aim of capturing
the holistic, current picture, and without an emphasis on long-term and mass-scale data capture and
retention. Disciplines such as biology (NIH, 2020) and economics (ESRC; Lab) have adopted
principles of digital curation and set up specialised, centralized repositories for the collection, sharing,
and preservation of the datasets produced by their scientific communities. By contrast, DC does not

appear as part of POE / Building Monitoring. Thus, there is a clear research gap in this area.

Aim and Objectives

The aim of this work is to introduce the concept of DC for objective, quantitative POE data, via a
prototype model that facilitates the storage, archiving, management, recovery, and utilisation of such
data on a mass scale, while highlighting the importance, benefits, and obstacles of developing a
suitable DC strategy for POE.

POE places importance on both qualitative/subjective data and quantitative/objective data.

However, the focus of this paper is on quantitative/objective data only, with an emphasis on



environmental performance and other factors that are likely to lead to energy consumption. The
reasons for this are twofold:

o Environmental data are quantifiable data, measured precisely in physical units. Therefore,
they are more homogenous, lend themselves better to engineering analysis, and can be
collected automatically without human involvement. By contrast, qualitative data are widely
varied, by nature subjective, and require human input for their collection. Thus they tend to be
case-specific and without the capacity to generate substantial volumes of data (often referred
to as “Big Data”) under a common framework.

e The contribution of buildings to climate change, now given greater urgency through
recognition as the climate emergency, pushes the environmental performance and energy
consumption of buildings more urgently as a top priority for designers, researchers, policy

makers, and other users/stakeholders (Construction, Agency, & Programme, 2019).

The objectives of this paper are as follows.
OLl. Introduce Digital Curation concepts and practices relevant to objective POE data.
02. Investigate the current state-of-the-art of Digital Curation practice amongst researchers and
practitioners who collect such data, including considerations, methods, and obstacles.
03. Develop a prototype Digital Curation model for objective environmental POE data.
0O4. Discuss the benefits and costs of developing a Digital Curation strategy for POE data at a

mass scale, and identify obstacles to this being achieved.

METHODOLOGY

Fundamental DC Concepts and Practices

A general review of the current literature and models proposed was undertaken. Digital Curation

models are created by archivists and records managers working in institutions (Public Administration



and historical archives), as well as companies, particularly those dealing with large amount of data.
As digitalisation processes became more common, general data curation models have been developed
to provide organisations with a common basis upon which to build customised data management
systems for the entire data lifecycle, including data that need long-term preservation in the long term.
A 2016 review identified, nine main lifecycle models (Poole, 2016).

1) The Digital Curation Centre (DCC) Lifecycle Model;

2) The 12S2 Idealized Scientific Research Activity Lifecycle Model by the The United

Kingdom Office for Library and Information Networking (UKOLN)

3) The DDI (Data Documentation Initiative Alliance) Digital Combined Life Cycle

Model

4) The ANDS (Australian National Data Servces) Data Sharing Verbs

5) The Data ONE Data Lifecycle by the Data Observation Network for Earth

6) The Research 360 Institutional Research Lifecycle by the University of Bath

7) The Capability Maturity Model for Scientific Data Management by the Syracuse

University School of Information Studies

8) The UK Data Archive Data Lifecycle from the University of Essex

9) The OAIS (Open Archival Information System) model by the Consultative

Committee for Space Data Systems (CCSDS)

For the purposes of this work, three of those frameworks are utilised:
o the OAIS Reference Model, which was accepted as an international standard in 2003 (1ISO
14721), and is currently the only I1SO standard for Digital Preservation (Laughton and Du
Plessis, 2013)
o the Lifecycle model developed by the Digital Curation Centre (Higgins, 2008), which is
particularly flexible, yet extensive, and has seen wide adoption from a range of organisations
e the FAIR principles, which are specifically designed for research data and reflect a range of

university-research based models (Wilkinson et al., 2016)



These are presented in the “Core Concepts in Digital Curation” section.

POE Literature Review

In order to develop a suitable DC model it is necessary to have an overview of the various types of
data currently collected by POE researchers and professionals, as well as any existing DC strategies

amongst individual research groups. Scopus was utilised with the following inclusion criteria:

Research papers published in peer-reviewed journals in the past five years from the time of
search (i.e. since 2014), as the focus of this research is the current state-of-the-art in POE data
collection. This reflects the adoption of real-time collection of data (typically via Wi-Fi

networks), compared to previous systems that relied on periodic collections of data via

downloading. Older work is supplemented via literature reviews.

The article title, abstract, or keywords needed to include at least one of the terms in List A

and at least one of the terms in List B in Table 1 below.

Table 1. Inclusion criteria

“indoor quality” and “indoor assessment” are

used as supersets that can capture terms such as

LN

“indoor environmental quality”, “indoor

List A List B

o post-occupancy evaluation o energy

o building monitoring o fuel

o indoor quality o environmental

o indoor assessment o climate

o thermal

These are the terms typically associated with the o light
collection of objective POE data. The terms o water




environmental assessment”, “indoor These are the terms typically associated with the
environmental quality assessment” etc. environmental building performance and energy

consumption.

The search returned 429 documents. The abstracts of those papers were read in full, in order to
identify research papers that describe projects relevant to the work presented here.
The following types of papers were considered relevant, i.e. providing insights to data that can be
measured:

o papers that dealt explicitly with the measuring of objective, environmental data measured

automatically, i.e. via data loggers, and presented those results;

o reviews of POE work conducted by third parties;

o conceptual or ontological frameworks that reference POE work by others.
In order to focus on the state-of-the-art, papers that were not in a Q1 or Q2 journal and had no

citations (excluding self-citations), were filtered out.

This filtering returned 40 papers, of which 37 were research papers documenting specific projects, 2
were literature reviews, and 1 dealt with building monitoring ontology. A further 12 papers had
aspects that dealt with categorisations of objective POE data and have been considered as
supplementary material. The 37 papers were studied in order to identify the types of data collected by
researchers, with the reviews used to verify the information found in the research papers. The results

are presented in the “POE Literature Review Results” section.

POE Questionnaire



The published POE works surveyed did not cover issues relating to DC, especially with regard to
archiving and long-term storage. As such, it was deemed necessary to contact the researchers in order
to get more information with regard to their DC practices, via an online questionnaire.

The questionnaire sought to identify issues around data collection and retention. On data
collection, the questions aimed to gauge the user- and equipment-related issues. On data retention, the
guestions aimed to gauge the frequency and rationale of data retention, as well as storage and access
issues, including data harmonisation aspects. Finally, there were two dedicated questions focusing on
the cost proposition of POE. The participants were the researchers identified in the literature review
that were either still active in a research role or working in the construction industry in a role with
POE involvement. In addition, a small number of prominent practitioners conducting POE research
were identified and added to the participant list.

A total of 30 researchers (population size N = 30) were contacted, covering all of the 37
papers (as some authors had multiple appearances in the list of identified papers). The response rate
was 70%, as a total of 21 responses were received (sample size n = 21), corresponding to a 12.5%
margin of error (e=0.125) at a 95% confidence level (z = 1.96).

While the sample size provides a reasonably small margin of error, there is a question if the
chosen population size is adequate to reflect contemporary practice. This population reflects the lead
researchers that have published work in the leading journals in this area, and the respondents are from
leading institutions covering Europe, Asia, North and South America, and Oceania. This work focuses
on the state-of-the-art, as it is likely that the issues the leading researchers identify will be eventually
encountered by others that do work in this area using similar techniques. It possible, however, that
more insights could be gained by exploring the practices adopted, and issues faced, by researchers and
practitioners who work with more established techniques, outside those covered recently in the
leading journals. This would be a suitable next step for a further elaboration of this framework.

The results are presented in the “Questionnaire Results” section.

CORE CONCEPTS IN DIGITAL CURATION



The OAIS Reference Model

The OAIS Reference Model describes the environment of an optimal digital repository as composed

of four entities (Figure 1) (Lavoie, 2004):
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Figure 1. OAIS Reference Model, adapted from (Lavoie, 2004)

e Producers, who produce the data and the dataset.

e Consumers, anyone with an interest, current or future, in the data; human and/or machines.
¢ Management, the entity responsible for establishing the policy objectives of the archive.

e Archive, the repository in itself, indicated as the sum of all datasets, infrastructures where it

is held, and the community maintaining it.

The information is circulated via different types of Information Packages (defined as AIP, SIP, and

DIP in Figure 1).



The Digital Curation Lifecycle Model
Similar to the OAIS Reference Model, but with more emphasis on performance rather than on

information collection, the DDC Digital Curation Lifecycle suggests the series of actions that should

be performed on a digital object to ensure its preservation and usability (Figure 2) (Higgins, 2008).
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Figure 2. The DDC Digital Curation Lifecycle, adapted from (Higgins, 2008)

The Lifecycle utilises the following concepts:
e Conceptualise / Create / Receive — creation / reception of the data and their metadata.
e Appraise / Select — evaluation of the digital objects / research data to select those requiring

long-term curation and preservation; to be carried out according to a clear set of pre-defined

guidelines.

o Dispose — disposal of redundant, useless data.



Ingest — ingestion of the data in the system/repository that would allow for access and use.
Preservation — carry out the series of actions to ensure the long-term preservation and
retention of the digital object; this may require migration, transformation, etc.

Store — keep the data in a secure manner as outlined by relevant standards: this includes the
physicality of the servers, drives, etc, where the digital objects are preserved.

Access / Use / Reuse — ensure that the digital objects can be accessed and used by the
designated users, whether the general audience or a restricted group of people.

Reappraise — periodical re-validation of the importance of the digital object. Disposal when

necessary.

The FAIR Principles

These Principles were created by the FAIR Initiative, in order to establish the guidelines for data

curation amongst researchers from academia and industry (Wilkinson, et al., 2016). FAIR is the

acronym for the four principles indicated by the consortium:

Findability — both data and metadata must be easy to find for both humans and computers.
Machine-readable metadata are essential for automatic discovery of datasets and services.
Accessibility — authentication and authorisation may be required; however, standardised
communications protocols that are open, free, and universally accessible should be
implemented.

Interoperability — data and metadata need to be integrated with other data and with
workflows for analysis, storage, and processing; they should use a broadly applicable
language for knowledge representation, controlled vocabularies and references.
Reusability — data and metadata and data should be well-described so that they can be
replicated and/or combined in different settings, with clear data usage licenses, accurate

description and clear provenance (Initiative).



FAIR places considerable emphasis on machine actionability, i.e. the capacity of computational
systems to find, access, interoperate and reuse data with minimal or no human intervention. Though it
is not explicitly mentioned, there are strong references to the concept of the WWW as a “social
machine,” (Hendler and Berners-Lee, 2010). Several prominent web repositories, such as Dataverse,
Mendeley Data, DataHub, and DANS follow the FAIR principles and act as general-purpose digital

curation projects for metadata.

Implications for the Development of a DC model for POE

While a central OAIS-compliant repository for POE data would be an ideal outcome, the
establishment and maintenance of such repositories is challenging, requiring networks of stakeholders
to manage the repository and set the guidelines, as well as funding and time to guarantee long-term
sustainability. The work presented here covers the initial stages of data curation, by suggesting a

subject-specific metadata model that can be adopted by individual researchers during data collection.

POE LITERATURE REVIEW RESULTS

Literature reviews on POE have taken a wide-ranging view, mostly focusing on subjective data.
Vésquez-Hernandez and Alvarez (2017) have identified the following key aspects: Environmental,
Physical and space, Psychosocial, and Socioeconomic. However, objective and subjective elements
overlap: for example, thermal comfort can be subjective (user-reporting), or objective (sensor
measurements). Moreover, socioeconomic aspects often do not address the building, but user
circumstances (e.g. travelling time). In total, they identified that 15.1% of the studies included direct
building monitoring. Guerra-Santin and Tweed (2015) provided a comprehensive review of
measurement methods, classifying monitoring as embedded, reflective-engaged, and independent.

Moreover, they provided descriptions of the methods for the identification of thermal comfort, energy



consumption, and what they describe as ‘building operation’, referring to the effect that occupants’
actions have on the efficiency of the building technologies.

From a theoretical perspective, Mahdavi and Taheri Mahdavi and Taheri (2017) have created
an extensive ontology that is intended to be applied to all types of data that can be monitored in
buildings, classified in six categories. While all-encompassing ontologies are common in academic
research, they often find little applicability in practice. From a Digital Curation perspective they are
problematic, supporting over-collection of data without consideration of how this data will be
managed, archived, processed, or retrieved. Such data structures result in highly demanding
computational operations, while the associated information to make such data meaningful is
overlooked. For some types of POE, this is further exacerbated by the ease of automating data
collection.

The work presented here focuses on three categories, energy consumption data, indoor
environment data, and/or outdoor environment data, covered by objective measurements (i.e. via
equipment, and not user perception. A total of 37 research projects were identified as fulfilling those
criteria. The types of environmental and energy data collected in the papers reviewed are given in

Table 2.

Table 2. Types of Measured Data in the surveyed works

Data type Papers

Data relating to Energy Consumption

Electricity use [general] (Berge and Mathisen, 2016; Filippin, Larsen, & Marek,
2015; Gupta, Barnfield, & Hipwood, 2014; Gupta and
Gregg, 2016; Sodagar and Starkey, 2016; Touchie and

Pressnail, 2014; Yu, Du, & Pan, 2019)




Electricity use [divided by type of

activity]

(Ascione, Bianco, Bottcher, Kaltenbrunner, & Vanoli,
2016; O. Guerra-Santin, Romero Herrera, Cuerda, &

Keyson, 2016)

Gas use

(Filippin, et al., 2015; Gupta, et al., 2014; Gupta and
Gregg, 2016; Pretlove and Kade, 2016; Sodagar and
Starkey, 2016; Touchie and Pressnail, 2014; Yu, et al.,

2019)

Water use

(Gupta and Gregg, 2016; Pretlove and Kade, 2016;

Sodagar and Starkey, 2016)

Photovoltaic use

(Gupta and Gregg, 2016; Pretlove and Kade, 2016;

Sodagar and Starkey, 2016)

Indoor Environment Data

Temperature

(Adaji, Adekunle, Watkins, & Adler, 2019; Adekunle
and Nikolopoulou, 2016; Baja et al., 2019; Barreca and
Pratico, 2018; Berge and Mathisen, 2016; Choi and Lee,
2018; Colclough, Kinnane, Hewitt, & Griffiths, 2018;
Dabaieh and Johansson, 2018; Deuble and de Dear,
2014; Doctor-Pingel, Vardhan, Manu, Brager, & Rawal,
2019; Filippin, et al., 2015; Gerrish, Ruikar, Cook,
Johnson, & Phillip, 2017; O. Guerra-Santin, et al., 2016;
Gupta, et al., 2014; Gupta and Gregg, 2016; Gupta and
Kapsali, 2016; Hua, Gocer, & Goger, 2014; loannidis et
al., 2017; Jentsch et al., 2017; Lee, Wargocki, Chan,
Chen, & Tham, 2019; Liu, Wang, Zhang, Hong, & Lin,
2018; Loyola, 2019; Naspi, Arnesano, Stazi, D'Orazio,

& Revel, 2018; Park, Loftness, & Aziz, 2018; Pastore




and Andersen, 2019; Patlakas, Koronaios, Raslan,
Neighbour, & Altan, 2017; Patlakas, Santacruz, &
Altan, 2014, Pei, Lin, Liu, & Zhu, 2015; Pretlove and
Kade, 2016; Silva, Maas, Souza, & Gomes, 2017;
Sodagar and Starkey, 2016; Tang, Ding, Li, & Li, 2019;
Touchie and Pressnail, 2014; Wang, Xue, Ji, & Yu,

2018; Wang et al., 2015)

Relative Humidity

(Adaji, et al., 2019; Adekunle and Nikolopoulou, 2016;
Baja, et al., 2019; Berge and Mathisen, 2016; Choi and
Lee, 2018; Colclough, et al., 2018; Dabaieh and
Johansson, 2018; Deuble and de Dear, 2014; Doctor-
Pingel, et al., 2019; Filippin, et al., 2015; O. Guerra-
Santin, et al., 2016; Gupta, et al., 2014; Gupta and
Gregg, 2016; Gupta and Kapsali, 2016; Hua, et al.,
2014; loannidis, et al., 2017; Jentsch, et al., 2017; Lee,
etal., 2019; Liu, et al., 2018; Loyola, 2019; Naspi, et
al., 2018; Park, et al., 2018; Pastore and Andersen,
2019; Patlakas, et al., 2017; Patlakas, et al., 2014; Pei,
et al., 2015; Pretlove and Kade, 2016; Silva, et al.,
2017; Sodagar and Starkey, 2016; Tang, et al., 2019;
Touchie and Pressnail, 2014; Wang, et al., 2018; Wang,

etal., 2015)

CO;

(Berge and Mathisen, 2016; Choi and Lee, 2018;
Colclough, et al., 2018; Dabaieh and Johansson, 2018;
O. Guerra-Santin, et al., 2016; Gupta, et al., 2014;
Gupta and Gregg, 2016; Gupta and Kapsali, 2016; Hua,

et al., 2014; loannidis, et al., 2017; Lee, et al., 2019;




Liu, et al., 2018; Naspi, et al., 2018; Park, et al., 2018;
Pastore and Andersen, 2019; Silva, et al., 2017; Tang, et

al., 2019; Wang, et al., 2015)

Total Volatile Organic Compounds

(TVOC)

(Choi and Lee, 2018; Park, et al., 2018; Tang, et al.,

2019)

Formaldehyde HCHO

(Lee, et al., 2019)

CO [ppm]

(Lee, et al., 2019; Park, et al., 2018)

Fine particles (PM 2.5)

(Choi and Lee, 2018; Lee, et al., 2019; Park, et al.,

2018; Tang, et al., 2019)

Particulate matter PM 10

(Park, et al., 2018; Wang, et al., 2018)

Lighting levels (illuminance )

(Baja, et al., 2019; O. Guerra-Santin, et al., 2016; Hua,
et al., 2014; loannidis, et al., 2017; Lee, et al., 2019;
Liu, et al., 2018; Naspi, et al., 2018; Pastore and

Andersen, 2019; Tang, et al., 2019; Wang, et al., 2015)

Sound pressure

(Choi and Lee, 2018; Tang, et al., 2019; Wang, et al.,

2018; Wang, et al., 2015)

Air velocity

(Jentsch, et al., 2017; Lee, et al., 2019; Park, et al.,
2018; Pei, et al., 2015; Silva, et al., 2017; Tang, et al.,

2019; Wang, et al., 2018)

Outdoor Environment Data

Temperature

(Barreca and Pratico, 2018; Colclough, et al., 2018;
Dabaieh and Johansson, 2018; Doctor-Pingel, et al.,
2019; Filippin, et al., 2015; O. Guerra-Santin, et al.,
2016; Gupta, et al., 2014; Gupta and Gregg, 2016;
Tang, et al., 2019; Touchie and Pressnail, 2014; Wang,

etal., 2018)




Relative Humidity (Barreca and Pratico, 2018; Colclough, et al., 2018;
Dabaieh and Johansson, 2018; Filippin, et al., 2015; O.
Guerra-Santin, et al., 2016; Gupta and Gregg, 2016;

Tang, et al., 2019; Wang, et al., 2018)

Atmospheric pressure (Colclough, et al., 2018; Doctor-Pingel, et al., 2019)

Wind direction and speed (Doctor-Pingel, et al., 2019; Filippin, et al., 2015; O.

Guerra-Santin, et al., 2016)

These highlight the type of data the model needs to cover at first instance.

QUESTIONNAIRE RESULTS

The questionnaire provided insights into the data collection, storage, and management practices of
leading researchers.

The POE data collection process can present a number of issues. All (100%) researchers
reported user-related issues with data collection, with user concerns about data privacy being a
concern in 67% of cases. User interference was also an issue during the actual data logging process
for 57% of researchers. Equipment reliability affected a relatively high number of researchers (47%),
while the cost has been an issue for 52% of researchers. Overall this suggests that there are still
challenges regarding the POE data collection at a large scale. However, the core issues appear to be
around user concerns and behaviour and part of the greater discussion around data ownership.

Data retention appears to be standard practice: 100% of researchers have kept at least some of
the POE data collected. As often with data, the possibility of future use is a major driver for keeping
it: 76% of researchers reported their hope that they might find some use for it in the future, with 57%
intending to publish something using it at a later date. In some (14%) cases, the data is retained
simply because the owner has not deleted it: however, these researchers all had recent projects and

this percentage might be higher for older projects.



Researchers store the data in a range of formats (Figure 3).

Raw data - in the files generated by the measuring kit 12

N

Raw text format (TXT or similar)

Spreadsheet-type format (CSV, Excel files, or similar) 17

Database-type format (SQL, Access files, or similar)

(o))

Figure 3. Formats in which researchers keep the POE data

It is interesting that the most popular (81%) format, however, is a spreadsheet type, typically the last
medium in which the data was analysed. Only 19% of researchers store the data in raw text format:
thus the data is vulnerable to compatibility issues across software versions (as in the case of Excel
files) or areas (as in the case of CSV files). Similar issues can appear for raw data generated in
proprietary formats connected to the measuring equipment.

The type of storage used by researchers is also of interest (Figure 4).



a commercial cloud service - 3

a public repository . 1

Figure 4. Storage types of POE data

Only 43% of respondents use an institutional repository, and more than half (51%) of researchers rely
only on a local hard drive. Hence, almost all of the data are either subject to the access policies of an
institution, or connected to a physical medium of limited lifespan, thus limiting significantly the
retention options. The limited availability of data is extended further by the fact that the researcher
responsible for collecting the data is often the sole person maintaining access: amongst the
guestionnaire respondents, this applied to 43% of cases. In 90% of cases, the only persons with access
to data are the researcher and their group.

It is interesting also that 48% of researchers are unable or unwilling to share the data publicly.
The most common concern cited is data privacy policies, typically set by the researchers’ institutions.
However, in some cases this might be a request of the building users/owners or simply the researchers
considering some data to be personal in nature.

Finally, the value proposition of POE studies (i.e. the benefit they provide with respect to
their cost) with the current technologies is generally viewed favourably by researchers, with 57%
thinking the value proposition is excellent or good, and only 9.5% thinking of it as bad. However,
given that these are typically environmental design specialists, the answers are perhaps less
favourable that might have been expected. Figure 5 provides a clearer picture, showing a breakdown

of the impact on the cost of individual aspects of a POE study.
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Figure 5. Impact on cost of different aspects of POE study.

The costs of the equipment and the on-site labour are to be expected, especially given the fact that
these POE studies are typically ad hoc and for a specific project. What is perhaps more surprising is
the impact on cost of the data analysis (62% rating it high or very high) and the communication and
dissemination of results (48% rating it high or very high). Given that most of the researchers do not
have a specific data management and retention strategy, it is also noteworthy that only 52% consider
that the costs of the data storage is low or very low. Given the mass data collection that is typical in
other fields, it is likely that the data types used by researchers has an impact on their evaluation of the

cost.

DEVELOPMENT OF A DIGITAL CURATION PROTYPE MODEL

Model Requirements



The combination of the general DC principles, the literature review, and the responses collected by
the questionnaire allows the development of a prototype model for environmental POE data.

A number of conflicting requirements need to be addressed in order to achieve this aim. The
model needs to have low storage costs, allow easy cross-platform conversion, maximise compatibility,
and minimise legacy issues across versions, while being extensible and customisable. The source data
needs to be human-readable in order to allow the manual extraction and conversion if needed. Finally,
the system needs to be format-, software-, and framework-independent. While there are benefits to
having a system that contains as much information as possible, this comes with exponential overheads
in data collection, homogenisation, processing, retention and management.

A case in point is the introduction of spatial parameters: superficially, requiring the inclusion
of spatial information appears a straightforward demand with clear benefits. However, this comes
with very substantial data collection overheads as the data collection mechanism needs to identify this
location, which needs to be contextualised in a local coordinate system and linked to some type of
universal coordinate system. However, this spatial information is unlikely to be of use independently
without some information about the geometry and construction of a space. Thus this requires
involvement with additional, highly complex, systems in multiple formats, which have their own
major issues of compatibility, data storage etc. Therefore, the model presented here eschews such
data, with the aim of remaining self-contained. It can be viewed as a subset of information systems
that cover building construction, such as Building Information Modelling (BIM), and its structure
should allow for this to be the case.

Set against the DC models and principles presented earlier, the prototype model should be:

o lightweight

e generic

e extensible

e human-readable
e machine-readable

e self-contained



e agnostic of software-specific formats and data structures

A Prototype Model for POE Data Curation

A prototype model was developed for POE data of an objective environmental nature, i.e.
environmental properties that have quantifiable values, measured in scientific units. It is based on the
Extensible Markup Language (XML), thus being human-readable, text-based, generic, extensible, and
format agnostic. It also has the advantage of being a very widely used format, which can also be

converted easily into other formats such as JSON, maximising ease of adoption.

Data Organisation and Structure

The data structure is organised around the concept of a building complex, made up of individual
buildings, each containing groups of individual spaces. The root element can be either a building
complex or an individual building. Data regarding external spaces are provided at a building level,
with an optional subdivision for different locations of measurement. Data regarding internal spaces
are provided at a space level. Data regarding energy can be provided at either a building or space

level. Figures 6-8 show the data structure.
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Figure 6. Space Data Structure
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Integration with BIM and BRICK

As the system is XML-based, integration within other frameworks is relatively straightforward. In
BIM, the main complexity comes from the hierarchy of spaces, as different BIM systems will have
different conceptual hierarchies. A conversion of the space hierarchy to Industry Foundation Classes

(IFC) is included as supplementary material (Appendix I).

Similarly, each monitored element of the prototype model can be represented as a BRICK
Measurable class. A mapping can be made between most data elements presented here (e.g.
<temperature>as BRICK Dry Bulb Temperature), while similar relationships can be

developed between location tags.

A building monitoring project was selected as a case study, in order to evaluate the effectiveness of
the DC model presented here. The case study consisted of a residential building complex in the UK
that was monitored over 1 year with Hobo data loggers. For the purposes of the case study, one
building was selected, with 3 spaces monitored. An XML file containing the first 3,000 monitored

data entries is included as supplementary material.



Model Validation

The model was validated against the Model Requirements described earlier. Specifically:
o lightweight, as the data is 307 KB compared to 839 KB of the source files (37% of file size)
e generic, as the data structure is in generic text format
e extensible, as the data structure is XML-based and thus extensible
e the data is both human- and machine-readable
o self-contained, as all building monitoring data is included

o XML, a software-agnostic, and easily convertible, format

The case study also demonstrates that the prototype model developed here supports the Digital

Curation frameworks discussed above.

DISCUSSION

The advantages of implementing such a DC model for POE data are substantial. Firstly, it would
allow the continuing use of data and development of long-term data series. The majority of
guestionnaire respondents (76%) said they plan to reuse the data. However, without a DRM strategy
this is not feasible and/or cost effective in the long term and the responses suggest that such a strategy
is not in place for most researchers.

A second advantage of a standardised DC model is that it would allow the sharing and cross-
use of data. The questionnaire responses suggest that researchers are not generally unwilling to share
the data, and it is mostly external policy constraints that prevent them from doing so. However, even
if those policy constraints were addressed, POE data is currently collected and stored an ad hoc
fashion. Effective sharing and reuse of such data is difficult. There is also a lack of software
applications that allow the visualisation, analysis, and storage of such data. Where those exist, as in

experimental projects (Patlakas, et al., 2014), the treatment is again ad hoc.



This is at a time where the collection of data is expected to increase in an exponential
manner. The Internet of Things (IoT) will enable the collection of various types of data from multiple
sources, and research projects are already demonstrating what is feasible (Amaxilatis, Akrivopoulos,
Mylonas, & Chatzigiannakis, 2017). The potential of large-scale data to enable data savings is also
beginning to be highlighted (Abrol, Mehmani, Kerman, Meinrenken, & Culligan, 2018). The
continually-increasing scale of these datasets also means that new methods of analysis are required:
techniques borrowed from computer science and machine learning facilitate handling such “big data”
and gauging valuable insights (Geronazzo, Brager, & Manu, 2018).

A more theoretical aspect involves the beneficial effects large-scale datasets would have to
our understanding of core aspects of building performance and, more generally, building physics. The
typical cycle in science and engineering involves developing a hypothesis, testing it, and validating,
rejecting, or adjusting the hypothesis accordingly. On the micro scale, this is generally achievable,
e.g. identifying a single property of single material, or establishing the performance of a single
component in a single aspect. However, the challenge becomes substantially greater in a complex
system, such as the environmental performance of an entire building. Collection of data at a large
scale, over long periods of time, together with the continually evolving methods of analysis in
computing, appear to be the most suitable way to address this challenge. Those datasets, however, will
require a framework for retention and management.

At the same time, a number of challenges remain, which act as an impediment to releasing the
potential of large-scale POE analyses and thus allowing full and effective use of DC strategies such as
those presented above. Questionnaire respondents were largely positive about the value proposition of
POE: however, even these specialists often identified the cost of equipment and on-site labour as high
or very high. Economies of scale can be expected as technology improves and POE becomes more
popular: twenty years ago, few would have anticipated that a simple mobile phone can be used to
collect data for the related field of structural monitoring (Noel et al., 2017). It is not unreasonable to
expect that similar progress can be made for the collection of other types of data. However, some
researchers also identified the cost of storage (24%), analysis (62%), and communication of results

(48%) as high or very high. Compared with the sizes of datasets collected in other fields, POE is



relatively modest. The main issue, then, is that building performance analysis based on monitored data
has not benefited from the state-of-the-art in technology.

A major challenge is that, fifteen years after Bordass and Leaman’s call for making POE
routine (Bordass and Leaman, 2005), there is still a substantial lack of awareness of its techniques and
benefits. The limited interest that does exist is concentrated in the industrial and commercial sector,
with the residential sector relatively untouched, despite its construction volume and importance
(Vasquez-Hernandez and Restrepo Alvarez, 2017).

This lack of awareness partly explains two further obstacles to releasing the potential of large-
scale, long-term POE studies. The first is that there is no policy support. Despite the increasing
interest in sustainable buildings over the last two decades, accreditation schemes still operate
primarily based on construction specification and not on monitored performance. Thus any policy
support is biased towards pre-emptive component-based certification as opposed to whole-system
performance in real conditions of use.

A final issue of particular importance, and a major obstacle to the effective application of
such frameworks, is data ownership. This is apparent on three fronts. Firstly, building users are
understandably reluctant to have data they consider personal, such as building performance,
monitored and analysed. This is supported by the questionnaire findings, as two-thirds of respondents
reported that user concerns about privacy interfered with data collection, a figure that is likely to be
even higher in the case of residential monitoring.

Secondly, commercial organisations that acquire such data, are likely to have a vested interest
in owning, retaining, mining, and monetizing such data, as well as aggressive policies to block sharing
with third parties. The research presented here did not cover such organisations, but the example of
other areas suggests that commercial entities are more interested in “closed silo” approaches and

attempting to build data monopolies.

Thirdly, there are institutional and policy aspects. As questionnaire respondents work in large
research-oriented organisations, institutional policies place strict controls on the retention, access, and

analysis of data. On a more general scale, legal requirements currently appear set to increase. The



European Union’s General Data Protection Regulation (GDPR) ("Regulation (EU) 2016/679 of the
European Parliament and of the Council of 27 April 2016 on the protection of natural persons with
regard to the processing of personal data and on the free movement of such data, and repealing
Directive 95/46," 2016) is a leading example of the strictness of such regulations.

There are, however, good reasons to be optimistic. It is a modern paradox that, while data
collection for scientific, technological, and other socially-beneficial purposes is more strictly
controlled and regulated than ever, individuals have become accustomed to providing and sharing
personal data on a constant basis. It is likely that in an 10T future, data sharing about the performance
of “things” will be commonplace; buildings are no exception to this rule.

On the commercial side, while private organisations might aspire to data monopolies, the final
decision remains with the State regulator. A good example is the field of Building Information
Modelling: while software vendors might attempt format and platform monopolies, the introduction of
IFC, and its adoption by some states as a required or recommended standard, meant that a common,
open format was supported. While by no means perfect at the current stage, the existence of IFC
suggests that, if the State supports a common format, commercial entities follow this lead.

Finally, the issue of legislation trends might be misleading. Research organisations, from
which the questionnaire participants were recruited, tend to have very strict policies, as they push
forward the state-of-the-art, and often encounter new grounds. However, there is an established legal
and philosophical precedent of sharing performance data (and thus, some kind of personal
information), when the greater good is served. Car sellers, for example, need to reveal data such as
mileage and service checks; house buyers are encouraged (and in some cases required) to conduct
surveys. There is no reason why a similar approach cannot be taken for long-term POE data.

Overall, the issue of data ownership is a complex question, touching not simply science and
technology, but also philosophy and politics, and outside the focus of this work. A common
framework, however, can contribute towards changing policy. At first instance, it is more likely to be
applied in closed systems, where building users have a limited say in how this data is collected, such

as work environments or State buildings. Once the benefits have been established, there is no inherent



reason not to collect such data. What is certain, however, is that the issue of data ownership will be of

major importance in all such efforts.

CONCLUSION

This work is the first, to our knowledge, to address the issue of Digital Curation in the field of Post-
Occupancy Evaluation surveys that focus on objectively measured and monitored properties. Such
surveys are a necessary component of the evaluation of building performance, providing datasets that
allow the validation and verification of design assumptions. Advances in hardware and software,
together with the increasing interest shown in sustainable buildings in the context of the climate
emergency, mean that such studies are likely to increase in the future. This increase, however, means
that researchers and practitioners will need to collect, store, manage, analyse, and disseminate very
large datasets. The work presented here introduces DC concepts and provides a prototype model for
this purpose.

This prototype can be a basis for releasing the potential of large-scale, long-term POE
surveys. It can allow for cross-use, re-use, sharing, and pooling of data, as well as address issues of
long-term management and storage. The increasing power of machine learning-based analytical tools
enhances the argument for storing those. A limitation of this prototype is that, in order to achieve the
DC aims, it focuses only on key properties relating to the conditions of a space. It does not engage
with other aspects of POE, such as subjective user feedback, temporary elements (such as equipment),
or aspects that would require linkage with building drawings and 3d models, (such as control
systems). In common with most DC models, it should be viewed as a “made-to-measure” tool aiming
to achieve a specific aim, and not as an all-encompassing system; the feasibility and applicability of
the latter systems remain to be seen.

At the same time, there are major obstacles that need to be overcome so that DC strategies
such as those presented here, and building monitoring more generally, can release their full potential.

The industry awareness of the benefits of POE remains low, dropping to almost non-existent in the



general population. Policy support is minimal. More importantly, collecting environmental building
data on a large scale involves the greater issue of data privacy and protection, a complex, multi-
faceted issue.

There is a number of actions that can be taken to address these issues and release the potential
of DC for POE. Increasing data and information literacy in the Built Environment domain is a
fundamental step: while Building Performance in the entire building lifecycle is established as a topic,
it remains primarily based on tick box benchmarks and simulations. Increasing the validation and
verification of these models is necessary; this comes with the associated data management issues
described. A second aspect is considering this as a policy issue, and not a research or industry one.
The application of common standards depends on State specification, or at least support: the
experience of other areas of data management suggests that left unchecked commercial interests aim
for monopolisation and monetization of data. Finally, it is important to consider Digital Curation as a
core issue more generally, not only for environmental and building performance aspects, but for the

whole of Architecture, Engineering, and Construction (AEC) industry.
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