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Abstract
The importance of Post-Occupancy Evaluation (POE) surveys is paramount in understanding building performance and evaluating building technologies. However, only a small percentage of completed buildings go through a POE. A reason is that clients and non-specialist
designers often do not see the value POE can add, and consider it a specialist pursuit. This
paper presents ways developed to address some of these issues. Firstly it presents a software
application that was developed to visualise POE data in a 4D context. It continues by describing its utilisation in a game designed to introduce students to the basic concepts of building
performance and facilities management. The setup and the rules of the game are detailed,
including its optimisation during the process. A pilot study and two standard workshops are
described, and their results presented using both quantitative and qualitative measures. The
advantages and challenges of gamification described in the literature are generally confirmed
by this experiment. The paper concludes by noting the potential of novel ways of presenting
building data, including 4D visualisation, in enabling more stakeholders to engage with the
issue of building performance thus promoting the sustainability agenda.
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Introduction
Sustainability researchers can be confident that their discipline has never enjoyed such widespread attention and been assigned so much importance. The importance of the topic extends
outside the Built Environment scientific and technical community, with a number of leading international policy making bodies, most notably the United Nations, placing it at the forefront
(Lukan et al, 2014). This has been accompanied by a number of subsidies and other policy-making
tools to support environmentally-friendly design and other pro-sustainability solutions. The issue
of altering consumers’ preferences by educating them on the economic benefits of sustainable
designs has attracted much less attention in the policy debate.
However, despite the generally wide support, the technical community has not always been able
to deliver the intended outcomes. The term “credibility gap” was first used more than a decade
ago to describe the difference between the design expectations and the actual energy use of a
building (Bordass, 2004). Today this has been established as an accepted reality, with the term
“performance gap” being the most common term employed to describe this phenomenon.

Issues in Environmental Design
Environmental design is meant to rely on standard iterative processes, variations of which are
used in many engineering disciplines: a theoretical approach, is typically developed by researchers, often accompanied by tests in laboratory conditions; this approach is then applied in a real-world building, which functions as a case study; the building is monitored to gather performance-related data, which is analysed to gauge the effectiveness of the design. This then feeds
back into the theory thus helping to optimise the design and lead to further improvements.
While theoretically sound, this approach has many issues when it comes to practical application.
A fundamental issue arises from modelling the proposed design itself, where the designer might
make assumptions that might not be easily implemented in construction practice and building
use. A further problem is associated with the simulation process itself. Most environmental rating systems, such as the Building Research Establishment Environmental Assessment Method
(BREEAM) and the Leadership in Energy and Environmental Design (LEED), rely on digital Building
Performance Simulation tools (BPS) whose effectiveness and consistency has often shown to be
problematic (Schwartz and Raslan, 2013). The problem here is twofold, on par with standard engineering processes. Firstly, there is the issue of the validity of the model itself, i.e. how accurately
the model represents reality. Secondly, there is the issue of the verification of the, often extensive,
calculation processes applied on the model.
While important, these problems are not insurmountable. Other engineering disciplines have
addressed similar issues in the past: the twin issue of validation and verification appears in the
vast majority of methods employed in civil and mechanical engineering. The iterative process described earlier, with the emphasis of gathering results that feed back into the theoretical analysis,
aims to respond exactly to such challenges. There are, however, two key differences that differentiate environmental design for the built environment from other engineering endeavours.
Firstly there is the issue of user behaviour. Unlike disciplines such as structural engineering, assumptions made by environmental designers during the planning and design stage often differ
widely from how the building is utilised once delivered and put to actual use. The precise reasons
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for that are unclear and often differ from case to case. Possible reasons include unrealistic assumptions of user behaviour, inadequate building performance, or simply users lacking an incentive to conform to the design assumptions (Santos Silva and Ghisi, 2014; Bourgeois et al, 2006; de
Wilde and Tian, 2009; Gill et al, 2010).
A secondary reason is the relative lack of validation of the predicted design performance. While
most buildings today incorporate at least some degree of pro-sustainability technologies, this is
typically done on the design stage via meeting specific requirements set out in the local building
regulations. Only a small percentage of completed buildings is monitored for environmental performance once it’s been put in use, usually when there is specific research interest. Even then, the
monitoring only happens for small periods of time which might not be representative, or might
be subject to a range of technical problems (Swan et al, 2015).
As such, the importance of Post-Occupancy Evaluation (POE) surveys cannot be understated.
They are fundamental in closing the aforementioned loop. Menezes et al have shown how they
can be used to address the performance gap (2012), while Bordass and Leaman (2005) called for
POEs to become a routine part of project delivery over a decade ago. While the benefits are obvious, a key barrier was identified early in environmental design research: most clients do not see a
direct benefit from a POE thus creating fragmented incentives (Zimmerman and Martin, 2001). It is
not difficult to appreciate why this appears so from a client’s perspective: from a strictly business
perspective there is no legal requirement to conduct one and the results might show design flaws
that a developer might prefer hidden.
This, however, does not justify why there is relatively limited take-up amongst architects as well as
big institutional clients who commission and manage buildings for their own use. A possible factor is the relative disconnect between the presentation tools architects use and the format of data
gathered by data loggers, the devices that measure, record, and store parameters related to the
environment for further analysis by environmental specialists. Designers work with highly visual
tools (these days almost exclusively in 3D) while the output of data collected by loggers is typically in a Comma Separated Values (.csv) or variations of this. Similarly, the significant amounts of
data collected by loggers are not always easy to communicate to senior managers, building users,
or other decision makers and stakeholders without built environment expertise.

The EnViz software application
In order to address some of these issues, a prototype software application was developed as part
of a research project. The application is called EnViz (for “Environmental Visualisation” app)- visualises temperature and relative humidity data in a 4D context of volumetric 3D models over time
(Figure 1). The standard usability process consists of: input of a building model; input of data logger output; selection of timescale and time ratio; (optionally) selection of desired thermal comfort
criteria. The user can then see static (3D) and dynamic (4D) visualisations of the respective data
(Figure 2) based on predefined colour maps.
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Figure 1: Sample snapshot of the EnViz application, showing the locations of data loggers

Figure 2: Sample snapshot of the EnViz application, showing temperature of spaces
The application was developed in Java SE 7, utilising the OpenGL programming interface, as implemented in the Lightweight Java Game Library (LWJGL). The model input format is COLLADA,
an open-source text-based format for 3D graphics, while the data logger input can be either via
XML or directly via Comma Separated Values (.csv) and Microsoft Excel (.xlsx) files.
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Validation and Usability Testing
While the benefits of large dataset visualisation, including enhancing comprehension, enabling
multi-scale evaluation, and facilitating hypothesis formation (Ware, 2012) have long been established in principle, there is little guarantee that an individual software application will achieve
these aims. To validate the effectiveness of EnViz, a two-year testing programme was initiated.
Usability testing is generally viewed as an aspect of Human-Computer Interaction (HCI). A major
part involves field testing with non-expert users, ideally with controlled experiments that allow
the collection of both quantitative and qualitative data (Te’eni et al., 2007). A typical approach is
to measure parameters such as Response Time, Response Accuracy, and Mental Effort (Huang et
al., 2009).
The EnViz testing programme involved modelling and testing three different examples of different scales and building typologies. The usability testing was in the form of eight workshops with
a total of 89 participants which took place in three venues in the UK and Mexico. The Response
Accuracy of the participants was measured directly while the Mental Effort was gauged indirectly via user self-reporting in questionnaires. In these experiment, participants had increased Response Accuracy when using EnViz compared to the traditional spreadsheet form (despite the
users not having used the application before), while there was a clear preference in using the
application to examine the data, as opposed to using Excel. The results were documented extensively in a journal paper (Patlakas et al, 2014).

Gamification in the Built Environment
Gamification, defined here as using a game-like format to achieve a target outside pure entertainment, diversion, or leisure, has seen a rapid increase in application the past few years. An
extensive survey by Hamari et al (2014) found it being applied in various fields such as commerce,
health/exercise, business, data gathering, and innovation. In the Built Environment, sustainable
energy use has been a focus as described by Gustafsson et al (2009) and Coen et al (2013). Unsurprisingly, education has been a major field of application of gamification with a wide variety of
techniques utilised for this purpose; according the Kapp (2012) the research consensus is largely
that appropriately-designed games can be beneficial as learning tools for both games and adults.

Designing a Built Environment Game: Pilot Study
Huang and Soman (2013) have identified a five step process to applying gamification in an educational setting. The authors designed a game using this five step process. Specifically:
1. Understand the Target Audience and the Context
The game was targeted at undergraduate university students. The core target audience was firstor second-year students in Built Environment programmes, with a secondary audience of students at higher levels and, potentially, neighbouring disciplines.
2. Defining Learning Objectives
The aim was two-fold: firstly, to provide students with an introduction to concepts of POE, environmental design, and facilities management in an entertaining and engaging way.
Secondly, to compare the student engagement and performance when using a spreadsheet-based
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system (as typically employed by professionals engaged in POE) and when using a 4D based approach (the EnViz software).
3. Structuring the experience
Students were firstly introduced to fundamental POE concepts in a 30’ seminar. This was followed
by a quick 10-15’ demonstration of the EnViz software with a trial model (all students were familiar
with Excel). Then the rules of the game were explained. This was followed by the core gaming
activity. Finally, students were asked to complete a questionnaire providing feedback on the two
types of activities.
4. Identifying resources
It was decided that the game should require only a standard PC per student, either at a university
computer lab or with students using their own machines. The only additional resources required
were standard stationery.
5. Applying Gamification Elements
The game was point-based, devised around a hypothetical scenario, of a simplified real-life problem. Students were provided with sketches of floor plans of a real-world building (Figure 3). They
were also provided with POE data in two formats: in the first half of the game, they were given
Excel files with the source data. In the second half, they were provided with the EnViz software
with appropriate source files.

Figure 3: Visualisation of the building used in the game.
The scenario assumed that the given building was found to be problematic in a number of areas. A POE survey was commissioned, in all the areas that were supposed to fail in achieving
the standard temperature and/or relative humidity criteria for thermal comfort identified by the
Chartered Institute of Building Services Engineers (CIBSE).
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The students were given the role of a facilities manager whose aim is to “fix” different areas of the
building in the best possible way, within the costraints of an allocated budget.
The rules of the game were:
• The budget was approximately a quarter of what would be required to fix the entire building,
and hence the students were required to prioritise the areas with the greatest percentage of
failure. The students were awarded points based on the percentage of actual failure of an area.
For example, if they decided to fix an area that failed to reach the required temperature 75% of
the time, they would be awarded 75 points.
• The cost to fix each area was proportional to its surface (based on area categorisations), and
the points awarded were also similarly proportional (if an area was four times as large as the
base area category, and it failed 75% of the time, the student would be awarded 75 x 4 = 300
points). Effectively, the requirement of the game was for students to identify which areas performed worse, and prioritise them accordingly.
• In the pilot study, areas were also given “importance” coefficients based on their use. So, corridors were awarded a multiplier of 0.1 (10% of points), secondary spaces a multiplier of 0.5 (50%
points) and office spaces and classrooms a multiplied of 0.5.
• Penalty points were applied to students who went over budget that negated any benefit from
breaking the rule.

The total sum of the points followed the equation below:
P=ixaxF
where:
		
		
		

P is the points awarded
i is the importance of the area (0.0 to 1.0)
α is the area factor (1 to 8)
F is the failure rate of the space (0 to 100)

The workshop was part of a taught module. As an incentive to commit to the game, the student
that won the most points would be given additional marks in a related summative assignment
for the module.

Pilot Workshop Results and Redesign
A pilot workshop was run at a UK University with 8 first-year students enrolled on a BA in Architectural Technology programme. The students executed both parts of the game and completed
a questionnaire with their views.
The results of the pilot workshop were inconclusive. When using EnViz, students performed generally better, however, in both cases most students were heavily penalised for going over budget.
Also, some students appeared to ignore completely the importance factor of a space and concentrated on circulation spaces. Thus it was difficult to gauge how effective each method was with
regard to response time.
Qualitative feed provided via questionnaires and informal chats after the experiment generally
suggested that the students preferred to work with the 3D model than with spreadsheets (de-
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spite the students reporting a greater familiarity with Excel than 3D tools before the experiment).
Following the pilot study, a number of decisions were taken:
•
•

the game was simplified removing the coefficient of the importance of a space. All spaces
were given equal importance with regard to points.
an interactive system was built for logging the points (Figure 4). With this, the students could
see immediately the area factor of a space, and the cost effects the space had. Thus no student
would now be over budget.

Figure 4: Snapshot of the interactive game environment given to the students

Second and Third Workshops
Two workshops were run with the new design. The first took place with a cohort of 12 students
enrolled on an Environmental Design and Engineering Masters programme at a second UK University. As this group had already taken a semester-long module covering POE and while outside
the core target group, it was decided that it would be interesting to gauge if they performed
differently, as a benchmark exercise
As the voluntary workshop took place outside a taught module, the incentives for committing to
the game were therefore lower. The top three students would have their scores published on the
virtual learning environment of the related module. Potentially due to the low incentives to commit to the game, some students did not complete one of the components, did not engage fully, or
broke the core rules (e.g. collaborated on one or more activities). All students were nevertheless
allowed to remain for the entire duration as the educational component was considered more
important than strict enforcement of the rules.
Among those who completed both components according to the rules, there was a marginally
better performance when using EnViz, of approximately 7.5% when comparing averages (Figure
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5). Qualitatively, students rated EnViz as a preferred method of work in most categories (Figures 6
and 7). The students were asked to rate the two approaches in the following categories:
•
•
•
•
•
•
•

Easy to learn
Easy to use
Allows me to identify the required data easily
Allows me to combine different information easily
Allows me to evaluate the change over time easily
Helps me understand how the data is connected to the space
Helps me appreciate what is actually going on in the building

Finally there was a separate entry indicated as “Satisfied Overall”.
The scale was 1 to 5, with 1 being the most negative and 5 the most positive.

Figure 5: Points scored by each student group (Average with Standard Deviation)
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Figure 6: Ratings students gave on the two types of systems on different categories.

Figure 7: Overall rating the students gave to the two approaches.
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A third workshop was run with a cohort of 9 core target audience BA students (first year Architectural Technology) and the same brief as the second workshop. Issues of engagement with learning the software reflected on the results, with two students not completing one or both tasks,
while three more scored very low when using EnViz suggesting that they did not engage with
learning the software (something visible during the workshop). As a result the average scores of
the students when using EnViz were significantly lower (33%) (Figure 5). As before, all students
were more familiar with Excel than 3D modelling. However, when it came to evaluating the two
applications, all students rated EnViz more highly than the spreadsheet-based method, while
they found that it allowed them to work better in all aspects (Figures 6 and 7). It should be noted that these opinions were expressed anonymously, in order to allow students to express their
views candidly.
From a teaching perspective, while there were issues with engagement in learning the software,
which affected performance, as discussed above, it is important to note that most students appeared to enjoy the activity. The undergraduate students that completed these workshops as
part of a taught module appeared to have a better grasp of POE compared to students from
previous years, as evidenced in end-of-year assessments. They have also talked favourably about
the activity in informal discussions during the year. As the sample is very small, and the results
of the POE segment fall within a greater report, a quantitative study was judged to be of little
importance and benefit.

Conclusions
This paper presented a game devised to allow undergraduate students to understand better issues relating to building performance, POE surveys, and facilities management. The experiment
demonstrated both the advantages and challenges of gamification, in agreement with the experiences reported in the literature. The main advantage of the game approach appeared to be a
generally greater interest from the students in the topic. It is characteristic that most students engaged for a 90’ period in a topic which, when delivered in seminar form in previous years, did not
appear to hold equal interest. The event also appeared to be more memorable to the students,
probably due to the difference in format from the more standardised learning and teaching activities they covered in the rest of the year.
At the same time, gamification is not a panacea. The game needs to be carefully structured to
avoid overloading the students with information (as in the pilot study), and be entertaining and
intuitive while still enabling students to achieve the learning objectives. Finally, while gamification did appear to lead to greater engagement, students still need appropriate incentives to commit fully and can be strategic in their choice of engagement with a topic.
The second aim of the experiment, to allow comparison between the spreadsheet-based and
the 3d visualisation methods, was only partially achieved. The small sample, the different student
profiles, and the different levels of engagement meant that the results were different and with
significant standard deviation. Thus, Workshops 1 and 2 seemed to largely follow the results of the
more rigorous surveys. Workshop 3, however, showed that most students did not engage with the
visualisation software sufficiently to enable direct comparison. This is to be expected to an extent;
despite the conversation of the so-called “digital natives” in recent years, software fatigue appears
to be a phenomenon across almost all age brackets.
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It is interesting, however, that all students preferred working with the 3d visualisation method,
irrespective of their degree of attainment, which also agrees with previous studies. This suggests
that there are potentially significant benefits in visualising large datasets from buildings in creative and innovative ways, enabling non-specialists to engage with them more easily. If the aspiration of POE studies becoming a standard part of the building process is going to be realised, its
outputs should be easily communicable and comprehensible by all stakeholders, and not just the
domain of specialist practitioners.
Our overarching objective is to examine whether 3d visualization improves the quality of decisions that influence environmental properties of buildings. In future work we aim to examine
the effects of gamification when some methodologies from behavioural disciplines such as experimental economics are introduced. In particular, offering financial incentives for good performance could increase cognitive effort and improve commitment to the game. Furthermore,
ensuring a sufficient power of the experimental design by increasing the sample sizes will allow
for formal statistical analysis.
Informing educated consumer choice with regard to sustainable housing should be a key component to policies aimed at promoting the mass consumption of affordable sustainable homes.
POE data capture environmental properties that can be used for informing the choice of decision-makers, including consumers.
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