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Abstract: At universities worldwide, the notion of a ‘smart campus’ is becoming increasingly appeal-
ing as a response to the multitude of challenges that impact campus development and operation.
Smart campus tools are widely used to support students and employees, optimise space use and
save energy. Although smart campus tools are supposed to support campus managers in their
decision-making processes, the use of the information delivered by smart campus tools and their
application in organisational processes has received little attention. In this paper, we focus on the
use of dashboards in the connection of IoT information to strategic decision-making processes in the
management of university campuses. To this end, we developed a briefing approach for dashboards
that expresses the needs of campus management and matches the structure of decision-making
processes. In two cases, dashboards based on this approach were use-tested by stakeholders for
defining information requirements for IoT applications. The results suggest that users are able to use
dashboards for assessing portfolio performance and determining interventions. Through iteration
the usability of the dashboard is improved and information requirements are refined, resulting in
a brief for a campus management dashboard. The results suggest that the briefing approach can
be used to determine IoT information requirements, though further research is required to study
indications and contra-indications of the proposed method.

Keywords: smart campus; real estate management; internet of things; decision making; univer-
sity campus; dashboards; design research

1. Introduction

At universities across the world, the notion of a ‘smart campus’ is becoming in-
creasingly appealing as a response to the multitude of challenges that impact campus
development and operation. Firstly, universities are faced with an increasingly uncertain
demand for facilities, both qualitatively and quantitatively. A growing share of interna-
tional students results in a more uncertain student influx [1] and a more diverse demand for
student facilities and services on campus [2,3]. Furthermore, as securing research funding
from public or private sources is increasingly competitive in ‘academic capitalism’ [4,5],
there is competition for financial resources. This results in more temporary employment
contracts and uncertainty in the demand for offices and laboratories. Secondly, the mod-
ernisation of many campuses is becoming pressing. Many campuses in Europe and the
United States consist largely of ageing buildings that are often in need of renovation and
therefore (re)investment [6,7]. Combined with reduced government funding, this leads
universities to alternative financing models. Newell and Manaf [8] observe a tendency
amongst five Australian universities to use different funding models for their investments
such as leasing, debt funding, donations and private development. In the UK, universities
have already invested significantly using, e.g., private bond issuing, commercial bank
lending and loans from the European Investment Bank [9]. Put together, these challenges
greatly increase the difficulty of strategic decision making in campus management.
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The combination of more ambitious goals and pressure on energy, financial and human
resources drive universities to invest in efficient campus management, including by means
of information, through smart tools. In previous research, the authors researched the
use of smart campus tools in universities. Smart campus tools are defined as follows: “a
smart campus tool is a service or product with which information on space use is collected
real-time to improve utilization of the current campus on the one hand, and to improve
decision making about the future campus on the other hand” [10]. Although there are many
examples of smart campus tools available in both practice and literature, the utilization of
information delivered by smart campus tools in organisational processes has received little
attention [11].

In previous research we studied strategic decision-making processes in campus man-
agement and explored how information from the Internet of Things (IoT) can support them.
The conclusion was that the IoT can deliver valuable information to the overview of real
estate supply and its performance. As this overview normally requires information from
many different sources, its creation tends to be very time-consuming. A more efficient and
reliable alternative is to bring together data from various IoT applications, other databases
and sources in a platform that supports automated production of overviews [11].

Based on that, the main objective of the present research is to develop an appropriate
connection of IoT applications and their data to real-life decision-making processes. The
paper reports on two cases (Radboud University and TU Delft) in which organisations
are supported to determine the information needs for their decision-making processes by
designing dashboards.

In addition to the managerial results, the design outcomes (the dashboards) are also
of interest for the case study organisations: they provide examples of the performance
required in strategic decision making. Therefore, the secondary objective of this research
is to design usable dashboards for campus managers, using the conceptual design in
Figure 1 as a starting point. The main research question of this paper is thus: How can
the information demand of campus management be matched to the capabilities of IoT
applications, and optimally displayed in a dashboard?
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Figure 1. Conceptual design for the structure of the dashboards, based on previous research (see also Section 3).

Design research is chosen as the strategy to answer the main research question, as the
subject calls for an operational exploration of the fundamental principles and conditions
of dashboards that contain information from the IoT. The dashboard designs presented in
this paper express indicators and relations relevant to campus management, which are first
designed, and then refined and tested together with users. The novelty of this research lies
in this use of design research. To the best of the authors’ knowledge, there is no research
that fulfils the following conditions: (a) it discusses dashboard prototyping as a needs
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analysis method for IoT applications in campus management (see Section 2.2), and (b) the
dashboard designs report a combination of indicators from the IoT and legacy systems
related to all four stakeholder perspectives in campus management (see Section 3.1).

The rest of this paper is structured as follows: first, Section 2 discusses the use of
design research (2.1) and the use of dashboards and dashboard design for the purposes
of this research (2.2), and introduces the cases (2.3). Then, Section 3 discusses the design
principles of the dashboard (3.1), followed by the design outcomes (3.2) and then the
determination of requirements through dashboard design (3.3). Finally, Section 4 concludes
the paper.

2. Materials and Methods
2.1. Design Research Strategy

In order to answer the main research question, design research was conducted as
described in Van Aken [12,13], Hevner et al. [14] and Hevner [15]: prototypical dashboards
were designed for specific campus questions and the design process and the performance
of the design results was studied.

Figure 2 shows the parts of the research positioned in the framework of Hevner [15].
This framework consists of three cycles:

• In the relevance cycle a problem is formulated for which an artefact needs to be
designed and requirements to design and test the artefact;

• In the design cycle the researcher iterates between designing and testing the artefact
that is designed to solve the research problem;

• In the rigor cycle the problem and the design outcomes are grounded in the scientific
knowledge base.
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Figure 2. Design research cycles in this research (adapted from [15]).

In this research, both cases formulate their own specific problems. The dashboard pro-
totypes are designed in the design cycle and tested together with relevant stakeholders. By
grounding the dashboard design in existing theory and research, the knowledge generated
through the design outcomes in both cases can be added to the knowledge base.

Accordingly, the design research leads to multiple design outcomes: an object design,
a process design, and an implementation design (in accordance with Hevner [15]). In this
research, those design outcomes are as follows:

• The process design is the sequence of activities to realise the object design. The process
design describes which steps should be taken to determine information requirements for
campus decision making. Testing the process design is the main objective of this research.
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• The object design is the dashboard prototype. The dashboard is based on previous
research, and is designed to support campus managers in determining the match
between the demand for and supply of real estate and subsequent steps in making a
campus strategy. The two resulting object designs and their usability are the secondary
objective of this research.

• The implementation design is a brief, which specifies (a) practical use requirements
for the dashboard, (b) which information the dashboard needs to show to support
the specific decision process and (c) which steps need to be taken to organise the
dashboard accordingly. The implementation design thus reports the outcomes of the
main and secondary objectives to each case.

The research design of a case is shown in Figure 3. Following the client statement,
which describes the problem faced by the case and its requirements for a solution, the
authors design dashboard prototypes based on dashboard design principles (from the
knowledge base). The results are tested in two workshops, which took place online (due to
COVID-19 restrictions) with a group of stakeholders. In each case, six participants were
selected in consultation together with the client. These participants were professionals who
were involved in strategic campus decision-making processes. The design of the dashboard
prototypes was implemented in Microsoft Excel, a program (1) with sufficient facilities for
combining various data sources and visualising data and (2) familiar to participants. The
goal of the workshops was to determine the information requirements for the dashboard,
which moved from what is maximally possible (workshop 1) to what is required by the
participants (workshop 2). Prior to the use of the dashboard in the first workshop, users
were introduced to the dashboard through a presentation and a short instruction video.
Observers recorded the interactions during the workshops, which were then coded and
analysed in three ways:

A1: The number of interactions with each indicator: this was used to select which indica-
tors were actually required in the dashboard.

A2: The quality of the interactions with each indicator: this was used to (a) determine if
participants understood the contents of the dashboard and (b) to identify opportuni-
ties to improve the dashboard.

A3: The interventions determined by the participants on the basis of the dashboard:
this was used to understand if participants could use the dashboard to complete
the assignments.
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As Figure 3 shows, the outcomes of analysis A1 and A2 were used to refine the design
of the dashboards. They were thus part of the process design, which was proposed and
tested as the main objective of this paper. The dashboard designs and analysis A3 give
information about the object designs and how they were used by participants, and were
thus connected to the secondary objective of this paper.

2.2. Dashboards and Dashboard Design

The use of dashboard design in this research needs to be grounded from two per-
spectives. Firstly, dashboard design is one of several methods to determine information
requirements, i.e., the main objective of this paper. Secondly, dashboards are one of sev-
eral methods to present information in decision making in campus management, i.e., the
secondary objective of this paper. First this section discusses the use of dashboards as a
means to present information in decision making, after which it moves to determining
information requirements through their design.

Dashboards are an increasingly popular instrument in the field of performance man-
agement [16,17]. Over time, dashboards have evolved from stand-alone displays of KPIs
to interactive enterprise-wide decision support systems [17]. This is cause for some con-
fusion: some distinguish dashboards as instruments for operational decision making
from scorecards as instruments for strategic decision making [18], while others define a
dashboard more broadly as an instrument to be tailored to a specific type of decision or
objective [19,20]. This research uses a more broad interpretation of dashboards, after Few:
“a visual display of the most important information needed to achieve one or more objec-
tives; consolidated and arranged on a single screen so the information can be monitored at
a glance” [19].

This broader definition of dashboards requires further specification and alignment
with their objective. Table 1 describes the characteristics of the dashboards designed in
this research for the purposes of informing strategic decision making processes in campus
management.

Table 1. Dashboard characteristics (based on Few [19]).

Properties Values (Main Dashboard) Values (Further Dashboards)

Role Strategic Analytical
Type of data Quantitative Quantitative
Data domain Real estate management Real estate management

Type of measures KPIs KPIs
Span of data Enterprise-wide Enterprise-wide

Update frequency Monthly Monthly
Interactivity Static Interactive (drill-down, filters etc.)

Mechanisms of display Primarily graphical Integration of graphics and text
Portal functionality No portal functionality Conduit to additional data

Dashboards can also be positioned against multiple criteria decision analysis (MCDA)
approaches. Here, dashboards and MCDA approaches are seen as complementary rather
than competing. MCDA deals with the structuring and solving of problems involving
multiple criteria, such as the problems studied in the cases of this research. There is a broad
range of MCDA approaches available, which have also been applied to problems in real
estate management [21,22]. Following the results of our previous research, we focused
on a specific activity in the decision-making process: the overview of the supply of real
estate and its performance. Dashboards are well-suited to provide such an overview in a
visual display, on a single screen. The objective of this overview was to create a basis for
subsequent actions. In subsequent steps of this decision-making process (defining strategies
and weighing and selecting strategies), MCDA approaches are usable. A dashboard
combining information from the IoT with other campus management indicators actually
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provides a reliable basis for MCDA modelling of decisions and their impact on the criteria
displayed in the dashboard.

Following the discussion about the use of dashboards to present information, the next
issue is the use of dashboard design as a method to determine information requirements.
Within information management this is related to the activity of requirements analysis
for (information) systems development [23], also termed needs analysis or requirements
engineering. The first step of requirements analysis is requirements elicitation, which con-
cerns itself with gathering and organising information requirements from stakeholders [24].
The use of prototyping (in our case, dashboard design) is a common method to achieve
this [24,25].

Other methods to elicit requirements are traditional techniques, e.g., surveys and in-
terviews, group techniques, e.g., brainstorms and focus groups, or contextual and cognitive
techniques [24,25]. Tuunanen et al. [24] review these techniques in order to find a method
that (1) has the possibility to reach a wide range of users, i.e., a community, and (2) has
two-directional communication, allowing for interaction and understanding of the users.
In this research, the intended users of the dashboards are a small, homogeneous group;
hence, its development does not have to involve many users. Furthermore, the real-time
communication by IoT devices distributed in an environment affects the way users interact
with it [25,26], which is another reason to use more interactive, two-directional elicitation
methods such as prototyping and iterative design [26].

2.3. Case Descriptions

Two case studies were included in this research: Radboud University (RU) and TU
Delft (TUD). The case selection was based on the following reasons:

• Both cases were included in previous research [11], in which the information require-
ments for their processes of creating a real estate strategy were studied;

• Key stakeholders have indicated that it is difficult to produce an overview of their real
estate portfolio and its performance for use in strategic decision making;

• They have expressed a desire to make more decisions on a portfolio level, which
would require such information;

• Currently they do not have any IoT applications implemented but wish to do so in
the future.

In both cases, the dashboards display information derived from the available data on
the real estate portfolio and complemented with fictive data where the sources would have
been IoT applications. Further case-specific information on the use of the available data is
given in the case descriptions.

2.3.1. Radboud University Nijmegen

Radboud University (RU) is a university with around 22,000 students located in
Nijmegen, the Netherlands. The university has concentrated its activities on its campus,
which was formerly an area in the periphery of Nijmegen, but now it has become immersed
by the city. At the start of 2020 the university established a new real estate strategy. The
strategy focuses on sustainability and optimal use of the existing buildings on the one
hand, and on further developing towards a livelier campus on the other hand. RU wants
to accommodate growth maximally in the existing area and further increase the utilisation
of the buildings. Rather than longer opening hours across the campus, it chooses for a
synergy of existing functions. A higher utilisation is achieved by implementing modern
office concepts, improving the scheduling of education and implementing smart tools to
show the available capacity within the existing spaces to the users.

In this research, the university chose to focus the case on its study places. In the
existing situation, there are many types of study places in the various buildings of the
university. Each student uses mostly the study places of their own faculty and the library
building. There is no overview of all the study places; furthermore, the management of the
study places is organised in different ways. In the future the university wants to use all
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study places as flexible, shared facilities that can be used by any student at the university.
At the time of the research, following the transfer of study place assets from the faculties to
the department of campus and facilities, a project group was working towards a uniform
way of managing them. This included stating the desired quality and quantity of study
places, the use of personnel and the required finances.

The RU campus has around 28 university buildings, six of which contain study places.
Beyond their location, not much information on study places is available. The floor area per
study place and costs of each building are known. However, the number and type of study
places are not registered. In the dashboard, information is required on room level, including
floor area, type, capacity and costs. Consequently, what was displayed in the dashboard
prototypes had to be supplemented with hypothetical, plausible data, both for the real
estate indicators and the information that would be delivered through IoT. This should not
influence the quality of the results. Even with fictive data, workshop participants could
assess the performance of the real estate portfolio and define interventions based on that.
Any deviation from reality would not impede utilization of the indicators included in the
dashboard and, therefore, the workshops would still provide the envisaged feedback.

2.3.2. TU Delft

TU Delft (TUD) is a university with around 26,000 students located in Delft, The
Netherlands. TUD houses its activities on its campus, located south of Delft’s city centre.
In 2019 the university’s Campus and Real Estate (CRE) department established a new
campus strategy, which focuses on optimal use of the existing facilities and resources to
realise the university’s ambitions and accommodate growth. The campus strategy includes
the construction of new buildings in the south of the campus, intensifying the use of
existing buildings in the middle of the campus, and disposition of buildings in the north of
the campus.

In this research, TUD chose to focus on dashboards for the whole portfolio and for
separate buildings to be used in reporting and updating its campus strategy. A first version
of this dashboard had been made to show the current performance of the portfolio and
buildings, but which would also serve as a basis for showing the expected performance as
a result of the campus strategy. The main issue with these dashboards is how to provide
an overview of a building or portfolio at one glance. Furthermore, the case offers the
opportunity to further develop the first version of the existing dashboards and develop a
vision on which information from IoT is valuable to include in those dashboards.

There are around 60 buildings on the TUD campus. It was decided to focus on build-
ings, wholly or partially used for academic purposes, which included around 80 percent of
the area in the portfolio. The floor area and space types were known for each space. The
capacity was also largely known for each space. The number of users, quality, costs and
energy use were known for each building. Space utilisation data was known per room for
education spaces and study places, based on a 2019 survey. The dashboard was thus based
on real data, with the exception of the information to be delivered by IoT. Therefore, in
contrast to the first case, it was expected that the participants would frequently relate the
information in the dashboard to their existing knowledge of the campus.

3. Results
3.1. Principles for Dashboard Design

The design of the dashboards in this research is based on a knowledge base combining
theories and instruments from corporate real estate management (CREM), building automa-
tion, the IoT and information management. The dashboard is further detailed using design
principles for dashboards as outlined by Few [19]. Following the earlier definition by Few
(see Section 1), there are several requirements for dashboards—just as in a dashboard of a
car: a dashboard should not display all information, but the information that is needed to
perform a specific activity such as driving a car. This information is collected from multiple
sources: a car dashboard obtains data from sensors in the tank, engine, transmission, etc.,



Buildings 2021, 11, 201 8 of 22

to report fuel levels, speed, rotations, etc. Finally, information is reported succinctly and
meaningfully to the user, e.g., by showing a meter with thresholds for maximum speed or
for fuel tank content, or simply by displaying an alert when a seatbelt is not used.

From CREM several principles are drawn for a dashboard to be used in university
campus management, based on Den Heijer [27]. These principles direct choices on which
type of indicators to consider and which to omit (to avoid information overload), and how
to report them. The principles are:

1. The dashboard reports on the process of adding value through real estate. Real
estate is positioned as the input, the use of the real estate as the throughput, and the
organisational performance as output;

2. The four stakeholder perspectives must be present in the dashboard. If a dashboard
is tailored towards a specific group, the dashboard should include information on the
other perspectives. The question is, what are the key indicators per perspective;

3. Preferably, the indicators should be related to each other—e.g., euro/m2, users/m2, etc.;
4. The indicators in the dashboard are customised to the type of campus decision, and

limited in number by the requirement to fit on a single screen;
5. The stakeholder perspectives are applicable on multiple abstraction levels: e.g., on

the organisational level of the university, faculty or department and on the real estate
level of a building portfolio, building or set of spaces.

From the IoT, lessons with regards to the sensing of properties of the environment
with various technologies are drawn [11,28]. The real-time data supplied by the IoT allows
for better use of spaces on campus by users on a day-to-day basis. Furthermore, real
estate managers can make better decisions about demand in the long term, when real-time
data collection is used as a ‘ground truth’ [29,30] for actual space use. Previous research
provides overviews of the management information that can be made available through
IoT applications.

From information management, lessons on the use of information technologies (IT)
are drawn, including those of the IoT, in order to deliver value in organisations. In previous
research [11] process and information analyses were conducted for both cases presented
here. These analyses match the demand for information from campus management and the
supply of information from the IoT and other IT systems, and thus serve as a foundation
for the information requirements to be satisfied in the dashboard.

The information requirements for an overview of existing spaces include various space
characteristics such as type, area, capacity, condition level and level of amenities. The IoT
complements these with information on frequency and occupancy rates, user satisfaction,
energy use and indoor environmental quality. These requirements are combined with the
five principles from CREM to guide the conceptual design (see Figure 1). This conceptual
design is the starting point of the cases: designing what is possible with IoT applications.
Following that, the cases focus on selecting what is desired from IoT applications.

After determining which information to display, the next issue is how to display
it. Table 2 provides several considerations with regards to displaying information. Each
property of a dashboard is matched with initial values for the real estate dashboards and
matching indicators. The variations in timing depend on the type of information displayed.
For the existing situation, the current performance of real estate indicators is shown. For
IoT indicators this is the year-to-date performance. In addition, a comparison over the
past five years is required because real estate indicators tend to change very slowly. The
most important comparisons in the dashboard, aside from the comparison in time, are a
comparison to norms determined by the organisation and a comparison across buildings.
Visual indicators are used to draw user attention to poor performance. Finally, data on
objects and past interventions are added to provide further context to the contents of
the dashboards.
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Table 2. Considerations for the display of information in dashboards (based on Few [19]).

Properties Values (Dashboards) Considerations

Common dashboard information
per business practices

Previously determined, to be
refined through the workshops

for each case
-

Variations in timing: year to date,
month to date, etc. Year-to-date or 5 years—to date

Determined by the nature of the
objectives supported by

the dashboard

Enrichment through comparison:
relation to past, future, norm,

average, etc.

Relation to past point in time
Relation to norm
Relation to other

spaces/buildings/average

Text usually suffices for
comparison (instead of visual);
especially time series provide

rich context
Enrichment through evaluation:

use of visual indicators to
draw attention

Visual indicators that indicate
when a space /building
performs inadequately

Indicators need not be binary, but
too much distinct states will

become too complex
Non-quantitative data: top

10 customers, issues to
investigate, etc.

Addition of interventions, object
data to support information

in dashboards
-

An important choice drawn from Few [19] is the use of bullet graphs for clear visual
communication. The advantage of bullet graphs is that they enable the display of perfor-
mance on an indicator across multiple divisions of the portfolio and compared to values for
poor, medium and good performance. Figure 4 shows an example of a bullet graph used
in one of the dashboards in this research. The overlay of measurement on requirements
makes it easier to discern which parts of the portfolio perform well and which do not.
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3.2. Dashboard Designs and Design Outcomes
3.2.1. Radboud University

The dashboard design for RU was determined by two information needs that must
be satisfied: (1) establishing the match between the demand for spaces and the supply
of spaces and (2) identifying trends that may impact the future demand for spaces. This
led to the initial division into two dashboards (Figures 5 and 6). Each dashboard initially
contained eight indicators, four related to the provision of real estate and four related to
space use: study places per student, average stay duration, the percentage of spaces that
comply to the brief, user satisfaction, total costs per study place, occupancy, floor area per
study place and energy use per study place. In the main dashboard, the performance on
each indicator was visible for every type of study place and the whole portfolio. In the
trends dashboard, the performance on the whole portfolio over the past five years was
visible. In both dashboards, the user could navigate between viewing the performance on
a campus-level or selecting a specific building.
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After the first workshop, the indicators stay duration and energy use were omitted
as they were found to be of less importance to determine the performance of the study
place portfolio (see Section 3.3.1). Furthermore, two other dashboards were made (see
Appendix A): one in which the main dashboard displayed the performance per building
rather than per type of study place, and another that offered a more detailed insight into
the performance on four criteria. These were tested in workshop 2.

The dashboard tested in workshop 2 complied to the requirements set in Section 3.1:
(1) it positioned traditional real estate indicators in the top row as input and indicators
based on information from the IoT below them as throughput; (2) it contained indicators in
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each stakeholder perspective; (3) it defined the indicators in such a way that their values
could be related to each other; (4) it was customised for decisions on the study places
of the university and (5) it reported on both a portfolio and a building level. Both the
main dashboard and the alternative to the main dashboard were found to be useful by the
participants. The additional dashboard was also found to be useful, but requires further
development and testing.

3.2.2. TU Delft

The dashboard design for TUD focused primarily on resolving the challenge of dis-
playing the information in a clear way. Firstly, there was a challenge in what could be
reported on a building level, i.e., costs and energy use, and information to be reported
across the different space types of the building, i.e., education spaces, study places, offices
and laboratories (and later meeting rooms). This led to the design of a dashboard showing
the performance on the level of the whole portfolio or a selected building. The design of the
dashboards was identical. To help navigate through the building dashboard, an overview
was given of the buildings, which required the most attention. Initially, the dashboard con-
tained five building-level criteria (Figure 7): operating costs, depreciation costs, building
efficiency and energy use in warmth and electricity. For each space type, it contained six
criteria: seats (or m2) per user, space utilisation in frequency and/or occupancy, quality,
user satisfaction, floor area per seat and an indoor environmental quality score.

Buildings 2021, 11, x FOR PEER REVIEW 13 of 26 
 

 
Figure 7. Main dashboard ‘Portfolio TUD’ (tested in workshop 1). 

After the first workshop, the indicators building efficiency, m2 per seat and the indoor 
environmental quality score were omitted because they were deemed less important in 
determining the performance of the portfolio (see Section 3.3.1). A financial criterion was 
added to reflect the use of resources during the year: budget vs. expenditure. The type of 
office spaces was further distinguished into offices and meeting rooms. After these 
amendments, a trends dashboard was made to show the development in past years (see 
Appendix A). Finally, the overview to help navigate through the building dashboard was 
improved, based on feedback. In the first version, this overview included a ranking per 
space type to direct the user to the buildings requiring attention for each space type. This 
was adjusted to one overview with a list of the five buildings requiring the most overall 
attention. The dashboard tested in the second workshop is displayed in Figure 8. 

The dashboard tested in workshop 2 complied with the requirements set in Section 
3.1: (1) it positioned traditional real estate indicators as input and indicators drawing in-
formation from the IoT below them as throughput per stakeholder perspective and space 
type; (2) it contained indicators from each stakeholder perspective; (3) it defined the indi-
cators in such a way that their values could be related to each other; (4) it was customised 
for decisions on the buildings of the university and (5) it reported on both a portfolio and 
a building level. The main dashboard was found to be useful by the participants. The 
trends dashboard and the overview for navigation were not sufficiently used in the work-
shops to evaluate thoroughly and require further development. 

Figure 7. Main dashboard ‘Portfolio TUD’ (tested in workshop 1).

After the first workshop, the indicators building efficiency, m2 per seat and the indoor
environmental quality score were omitted because they were deemed less important in
determining the performance of the portfolio (see Section 3.3.1). A financial criterion was
added to reflect the use of resources during the year: budget vs. expenditure. The type
of office spaces was further distinguished into offices and meeting rooms. After these
amendments, a trends dashboard was made to show the development in past years (see
Appendix A). Finally, the overview to help navigate through the building dashboard was
improved, based on feedback. In the first version, this overview included a ranking per
space type to direct the user to the buildings requiring attention for each space type. This
was adjusted to one overview with a list of the five buildings requiring the most overall
attention. The dashboard tested in the second workshop is displayed in Figure 8.
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The dashboard tested in workshop 2 complied with the requirements set in Section 3.1:
(1) it positioned traditional real estate indicators as input and indicators drawing informa-
tion from the IoT below them as throughput per stakeholder perspective and space type;
(2) it contained indicators from each stakeholder perspective; (3) it defined the indicators
in such a way that their values could be related to each other; (4) it was customised for
decisions on the buildings of the university and (5) it reported on both a portfolio and a
building level. The main dashboard was found to be useful by the participants. The trends
dashboard and the overview for navigation were not sufficiently used in the workshops to
evaluate thoroughly and require further development.

3.2.3. Design Outcomes (Analysis A3)

In each workshop, the participants were asked to complete two assignments using
the dashboard: first, to assess the performance of the whole portfolio, and second, to
determine interventions per building. This analysis discusses these interventions as the
outcomes of using the dashboards. The proposed interventions for specific buildings were
compared to initial conclusions drawn up by the main author. For each specific building,
the three most important interventions were drawn up a priori and compared to the
interventions proposed by the participants. Each intervention could occur multiple times
across buildings, and they could be determined in separate occurrences by participants, as
there were three outcomes of workshop 1 and 2 outcomes of workshop 2.

Table 3 lists the most important interventions drawn up in the RU case, the number of
times they occur and to what extent these interventions were also defined by the partici-
pants. Each intervention could occur six times at most, as there were six buildings, which
could potentially all require the same intervention. Then, the interventions determined by
the participants were compared to the number of times these interventions could have been
determined. Table 4 shows that participants were able to define multiple interventions.
They were particularly focused on silent study places in workshop 1. In workshop 2,
participants were focused more on identifying qualitative interventions. Furthermore, the
table shows that the participants identified five interventions, which were not identified in
the author’s main conclusions. The identification of these interventions shows an ability
to combine the information from the dashboard with knowledge about the campus, the
buildings and its users that is not contained in the dashboard: e.g., discussing how to
redevelop quality requirements, by sending students to other buildings or by naming the
planned disposition of a building as an intervention.
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Table 3. Interventions in case RU. Workshops 1 and 2 are abbreviated as WS1 and WS2.

Case RU Author’s Main Conclusions Participants’ Main Conclusions Additional Comments

Interventions WS1 WS2 WS1
(3 groups)

WS2
(2 groups)

# of occurrences in the
dashboard model

# of occurrences/
possible occurrences

I1
Add silent study places within

existing m2 (decreasing m2/study
place and costs/study place)

3 3 7/9 2/6 Proposed in one additional
building (WS1)

I2
Reduce calm and informal study

places/replace them for
silent study places

1 0 1/3 -

I3 Transform calm study places into
silent study places 3 2 0/9 0/4

I4 Invest in the quality of
the study places 3 2 1/9 2/4 Specified to power outlets,

ventilation, Wi-Fi (WS2)

I5 Take measures to
reduce energy usage 2 0 0/6 -

I6 Stimulate students to find the
existing silent study places 1 0 1/3 -

I7
Add informal study places within
existing m2 (decreasing m2/study

place and costs/study place)
1 3 1/3 0/6

I8
Reduce silent and informal study
places by removing study places

(increasing m2/place)
0 1 - 0/2

I9 Discuss quality requirements
with students - - 2/3 -

I10 Dispose of Building 2 - - 2/3 -
I11 Send students to another building - - 1/3 1/2

I12
Further research in what

intervention to choose for calm
study places

- - - 2/2

I13 Use other spaces in Building 4 to
create extra study places - - - 2/2

Table 4. Interventions in Case TUD for the buildings that were selected by the participants in the assignments.

Case TUD Author’s Main Conclusions Participants’ Main Conclusions Additional Comments

Type of intervention WS1 WS2 WS1
(3 groups)

WS2
(2 groups)

# of occurrences in the
dashboard model

# of occurrences/
possible occurrences

I1 Increase the number of research
spaces per user 1 0 1/2 - Proposed at the expense of

other space types (WS1)

I2 Reduce the energy emissions
on campus 2 3 0/2 2/4

I3 Reduce the number of study
places (increasing the m2/user) 1 1 1/3 2/2

Research the use in specific
buildings to

determine action (WS2)

I4 Increase the quality of all
space types 1 0 1/2 -

Also consider styling and
tenant’s wish to invest in the

entrance (WS1)

I5 Reduce the number of office
spaces per user 1 3 2/2 1/4

Discuss where tenant’s
dissatisfaction

comes from (WS1)

I6 Invest in the quality of offices and
laboratories (and meeting rooms) 0 2 - 1/2

I7 Increase the number of study
places within existing m2 1 - 1/1 -

I8 Reduce number of education
spaces within existing m2 - - 1/3 -

I9 Discussion about cost levels at
the university - - 2/3 -

I10 Spread students between study
place locations - - 1/3 -

I11
Further research on the use of

study places to determine
further action

- - - 1/1
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Table 4 shows the results for the TUD case. Here, the number of possible occurrences
of interventions was based on the buildings selected by the participants to study, as there
were more than 40 buildings in the model. The selected buildings differed somewhat per
workshop group. Similar to the first case, participants were able to define multiple interven-
tions. The results show that participants were mainly focused on quantitative interventions
(increase or reduction of a type of space), and less on qualitative interventions. Further-
more, the participants defined four additional interventions. These interventions and the
additional comments revealed a need for more specific information on occupancy patterns,
which could be delivered through drill-down dashboards (see case 1). Furthermore, they
show the ability of participants to connect the information in the dashboards to existing
knowledge of the portfolio, e.g., the current tenants’ demands and satisfaction levels.

3.3. Refining and Adjusting Dashboard Information Requirements
3.3.1. Relative Importance of Indicators (Analysis A1)

This analysis studies the use frequency of indicators during the assignments in order
to determine which indicators to exclude from the dashboards. In each assignment, par-
ticipants first completed the assignment and were then asked to state their conclusions.
First, the number of mentions per indicator during the navigation was counted; then, the
indicators were ranked from 1 to 8 based on those counts. The score indicates the average
rank of each indicator during each workshop. The results of the workshops were averaged.
Based on the average, rank indicators were categorised in terms of their importance and
compared to the use of indicators mentioned by participants in their conclusions, also
based on an average of counts.

The outcomes of both cases were also compared to the performance on each indicator
according to the dashboards (i.e., where the dashboards draw the user’s attention to). The
comparisons showed that there was little to no relation between what the model draws
attention to and what the participants look at. This suggests that the participants of the
workshop used the model based on their own expertise and not just by what the model
indicates. This is a positive finding with respect to usability, which is the subject of the
third analysis.

The outcomes of the analysis for the RU case are reported in Table 5. In the first
workshop, based on the use of the indicators in the assignments, study places/student,
occupancy, compliance to the brief and user satisfaction were determined to be of high
importance; floor area per place was of medium importance; costs, stay duration and
energy use were categorised as low importance. The use of the indicators in formulating
conclusions supported these findings. Based on these results, stay duration and energy
use were omitted from the dashboard in the second workshop. Despite low importance,
costs were not omitted, following the dashboard requirement of including information
from each stakeholder perspective. The results of the second workshop were very similar
to those of the first.

The outcomes of the analysis for the TUD case are reported in Table 6. The table
distinguishes building-level and space-type indicators because each space-type indicator
was repeated per space type and was thus used much more frequently in the assignments.
Consequently, these indicators were counted separately for each space type and averaged
prior to their ranking. The use of indicators in formulating conclusions deviated slightly
from the assignments, especially for sustainability and user satisfaction. Based on the
results, building efficiency and indoor climate score were omitted because of low scores;
additionally, m2 per seat was removed to reduce the information load. On the other
hand, sustainability remained in the dashboard following the requirement of including
information from each stakeholder perspective.

The results of the second workshop are similar to the first workshop, except for
sustainability. Furthermore, given the feedback of some of the participants, it should be
considered to add the m2 per seat indicator to the dashboard again.
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Table 5. Use of the indicators during the assignments and in forming conclusions (case RU). Asterisks (*) denote instances
in which the importance based on the conclusions deviates from the importance based on the assignments.

Indicators Workshop 1 Workshop 2

Assignments Conclusions Assignments Conclusions
Rank
(1–8) Importance Importance Rank

(1–6) Importance Importance

Study places per student 2.5 High High 1.3 High High
Stay duration 6.2 Low Low -

Total costs 6.0 Low Low 6.0 Low Low
Occupancy 2.3 High High 3.5 High High

Compliance to brief 3.5 High High 3.3 High High
User satisfaction 3.0 High High 3.5 High High

m2/place 5.2 Medium Medium 3.5 High Low *
Energy use 7.3 Low Medium * -

Table 6. Use of the indicators during the assignments and in forming conclusions (case TUD). Asterisks (*) denote instances
in which the importance based on the conclusions deviates from the importance based on the assignments.

Indicators Workshop 1 Workshop 2

Assignments Conclusions Assignments Conclusions
Rank (1–9) Importance Importance Rank (1–6) Importance Importance

Building-level
Costs 3.8 High High 3.3 Medium Medium

Building efficiency 6.7 Low Low -
Sustainability 5.8 Medium Low * 1.3 High High

Space-type
m2 per user 2.0 High High 3.0 High Medium *

Frequency and occupancy 3.7 High Medium * 3.0 High Medium *
Quality 4.0 High Medium * 5.5 Medium Medium *

User satisfaction 6.0 Low Medium * 5.0 Medium Low *
m2 per seat 5.7 Medium Medium -

Score indoor climate 7.3 Low Low -

3.3.2. Information Quality and Flow (Analysis A2)

In this analysis, the quality of the use of indicators during the assignments was
analysed. Based on observation, the use of an indicator was labelled as positive or negative.
Positive uses, which suggest sufficient information quality and flow, reacted to a positive
or negative situation in the model, seeking relations between indicators or seeking relations
with the real-life context. Negative uses, which suggest insufficient information quality and
flow, ignorance of the situation in the model, confusion about what is displayed or a dead
end (the user gets stuck in the interpretation of the model due to wrong interpretations).
Each of these uses was counted in the transcript of the workshop, with the relationships
between indicators counted as 0.5 point per indicator and all other types of uses as 1 point.
Ignorance of situations in the model was determined by comparing the points to which the
model draws attention with if the participants pay attention to those points.

In both cases, the number of positive interactions during the first workshop greatly
outnumbered the number of negative interactions: see Table 7. At RU the ratio was 6.1:1,
at TUD 5.2:1. This analysis supports the initial observations made during the workshops,
namely that participants were able to use the model well to complete the assignments
and form conclusions. Between the cases a difference can be observed in how the model
was used: at RU participants made sense of the information by reacting to what was in
the model and relating indicators to each other, while at TUD participants made more
connections between what was in the model and the situation in reality. This is thought
to be the effect of using fictive data in the first case, which forced participants to focus on
what was in the dashboard.
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Table 7. Sum of positive and negative instances, comparing cases and workshops (see Appendix B for details).

Case Workshop 1 Workshop 2

Positive instances Negative instances Ratio Positive instances Negative instances Ratio
Radboud University 190 31 6.1:1 135 25 5.4:1

TU Delft 261 50 5.2:1 226.5 26 8.7:1

The primary objective towards workshop 2 was to reduce the number of negative
interactions by improving information quality. At RU there was some confusion about
the definitions of study places per student, stay duration and occupancy. To resolve this,
pop-ups giving the definitions were added next to each indicator. In addition, for study
places per student and occupancy, a ‘drilldown’ dashboard was made that enabled the
users to see the differences in performance during education weeks and exam weeks. At
TUD, there was confusion with regards to the definitions of quality, user satisfaction and
the indoor climate score. Here, pop-ups giving the definition of the latter two were added
to remove confusion, while for quality a link led to the description of an existing framework
for defining quality.

As a result of these changes, in workshop 2 the ratio of positive to negative interactions
increased at TUD from 5.2:1 to 8.7:1. At RU, the ratio decreased from 6.1:1 to 5.4:1. However,
the decrease is due to one new participant, who participated only in workshop 2. If the
group including this participant was excluded from the results, the ratio increased to
8.5:1. At RU, the confusion concerning indicators was reduced, which suggests that the
adjustments to the model had an effect. However, the alerts for the cost indicator were
fairly often ignored, which suggested further improvement to the information quality of
this indicator is needed. At TUD, the confusion with regards to costs increased as well.
This was largely due to the addition of another financial indicator between the first and the
second workshop. Furthermore, participants indicated that, to be able to reach conclusions,
they needed additional information on indicators such as quality and user satisfaction,
despite clarity in their definitions. Here a similar ‘drilldown’ dashboard as in the first case
would be useful.

4. Conclusions

The main question to be answered in this research was: How can the information
demands of campus management be matched to the capabilities of IoT applications, and
optimally displayed in a dashboard? This research question is connected to the main
objective of this research (to develop a connection between IoT applications and real-life
decision-making processes) and a secondary objective (to design usable dashboards for
campus managers).

With regards to the secondary objective, the results described the translation of various
principles and the outcomes of process and information analysis into a conceptual design
for dashboards. The designs for both cases were evaluated and were found to be compliant
with the principles outlined in Section 3.1. Next, the results of analysis A1 showed that
the participants made use of indicators in all four stakeholder perspectives to formulate
different kinds of interventions (see analysis A3). These results show that it is possible
to design usable dashboards for a portfolio of study places and for an entire real estate
portfolio at a university, combining data from existing systems and data to be delivered by
IoT, based on the combination of principles from various fields [11,19,23,27].

Additionally, the findings from analysis A2 suggest that involving participants in the
design process improved the usability of the dashboards, as the refined dashboards resulted
in a higher ratio of positive to negative interactions. This is supported by participants, who
indicated that the workshops enabled them to learn how to use the dashboards and work
with their information. Specifically, the introduction of the dashboard in the first workshop
was appreciated. Analysis A2 also showed that for some indicators such as quality, user
satisfaction, but also occupancy and m2 per user, participants may require definitions and
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explanations. ‘Drilldown’ dashboards were proposed as a solution (case 1) for analysts to
determine interventions with precision.

With regards to the main objective, the results describe how the workshops resulted
in the selection of indicators (analysis A1) and how improvements to the design resulted in
improved usability in the second workshop (analysis A2). In the first case, the information
requirements for the IoT were determined to be occupancy and user satisfaction; in the
second case, the dashboard was required to include data on frequency and occupancy
(depending on space type) and on user satisfaction. Next to the information requirements
for the IoT, the design process also resulted in further information requirements. For
example, in both cases requirements were formulated for the measurement and reporting
of quality. The use of multiple workshops to test the dashboards, to assess which indicators
are useful and if the total dashboard is still a good overview, helps with the selection of
information. Prototyping (see Section 2.2) is thus found to be a suitable method for the
purpose of this research, as suggested by [24–26].

In the process of dashboard prototyping, the number of iterations (workshops) is a
factor to consider. Especially when there are many indicators involved and participants
feel that one or more of the excluded indicators should be reconsidered, a third workshop
is useful. It can also help to test different dashboard alternatives, including different
indicators per stakeholder perspective. In the second case, a third workshop could have
been used to specify the indicators per space type. However, more iterations may also
result in loss of focus or confusion. In case 2, the addition of an indicator after the first
workshop was found to result in confusion. Therefore, workshops should generally work
towards the use of fewer indicators, the addition of previously removed indicators or
specifying existing indicators.

Finally, the results were used to develop design briefs, i.e., implementation designs.
These design briefs covered the intended use of the dashboards, detailed definitions for
each indicator, including information source, and procedures for addressing the complexity
of acquiring the data and translating it to the information in the dashboard. Based on that
and the existing situation, costs for acquiring and maintaining the data were estimated and
a step-by-step plan was made for each organisation to realise the dashboard. In both cases,
the design briefs were received positively by stakeholders and the client.

Though the dashboards seem quite similar, the client statements and departure points
of the cases were different, leading to different outcomes. At Radboud University the
objective was to help the Campus and Facilities department to manage the portfolio of study
places, following the recent transfer of ownership from the faculties to their department.
The results showed that even when not much information is available, dashboard design
helps to make decisions on structuring information and thus on data collection. The step-
by-step plan thus comprised specific steps, e.g., the acquisition of IoT applications, making
a policy detailing quality requirements and the data collection to monitor that policy.

At TU Delft, the objective was to give the CRE department an overview of the portfolio
and buildings for use in updating the campus strategy. Compared to the first case an initial
design and more information were available. The results showed how dashboard design
helps to consolidate information on both a building-level and space-type level in the
same screen in a simple, usable way. In particular, this design showed how to organise
information on a higher order: to help understand what part of the building or portfolio
requires attention, how important that part is, and how comparisons across space types
can be made. The step-by-step plan included more generic steps than in the previous case,
e.g., decide per space type in which way to measure frequency/occupancy and determine
how to measure quality across the portfolio. Within each step, more detailed decisions
have to be made.

In summary, the use of dashboard design shows several positive indications for
determining IoT information requirements. The designed dashboards could be used by
participants to complete the assignments, and led to several indications on how the designs
may be further improved. Further research is needed to better understand how choices in
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the dashboard design affect results. This includes application of the dashboards in tactical
and operational decision making.
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Appendix B. Information Quality and Flow Analysis

Table A1. Positive and negative interactions of users with the dashboard in workshop 1 (Radboud).

Workshop 1 Positive (Confirmation) Negative (Disproval)

Indicators Reaction to
alerts, Trends

Relation Between
Indicators

Connection
to reality

Ignoring
Alerts

Confusion
(Definitions etc.) Dead Ends

Study places per
student 21 7 5 1 2 1

Stay duration 8 2 3 2 7 0
Total costs 14 4.5 1 0 0 0
Occupancy 18 8 4 2 5 0

Compliance to brief 18 8.5 3 1 1 0
User satisfaction 15 10 5 1 1 0

m2/place 12 6 1 2 1 0
Energy use 13 3 0 4 0 0

Confirmation/Disproval 190 31

Table A2. Positive and negative interactions of users with the dashboard in workshop 2 (Radboud).

Workshop 2 Positive (Confirmation) Negative (Disproval)

Indicators Reaction to
alerts, Trends

Relation Between
Indicators

Connection
to reality

Ignoring
Alerts

Confusion
(Definitions etc.) Dead Ends

Study places per
student 13 7 11 2 3 0

Stay duration
Total costs 4 5.5 2 4 1 0
Occupancy 14 6 2 1 2 0

Compliance to brief 15 3.5 7 1 2 0
User satisfaction 14 3.5 6 3 1 0

m2/place 8 7.5 6 3 2 0
Energy use

Confirmation/Disproval 135 25
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Table A3. Positive and negative interactions of users with the dashboard in workshop 1 (TU Delft).

Workshop 1 Positive (Confirmation) Negative (Disproval)

Indicators Reaction to
alerts, Trends

Relation Between
Indicators

Connection
to reality

Ignoring
Alerts

Confusion
(Definitions etc.) Dead Ends

Costs 8 3 2 0 1 0
Building efficiency 3 0.5 4 0 0 0

Sustainability 6 0.5 2 1 0 0
m2 per user 31 17.5 27 0 5 0

Frequency and
occupancy 15 8 15 2 0 0

Quality 18 5.5 18 6 13 0
User satisfaction 12 8.5 8 2 5 0

m2 per seat 13 6.5 7 2 2 0
Score indoor climate 16 0 6 8 3 0

Confirmation/Disproval 261 50

Table A4. Positive and negative interactions of users with the dashboard in workshop 2 (TU Delft).

Workshop 2 Positive (Confirmation) Negative (Disproval)

Indicators Reaction to
alerts, Trends

Relation Between
Indicators

Connection
to reality

Ignoring
Alerts

Confusion
(Definitions etc.) Dead Ends

Costs 4 2.5 3 1 6 0
Building efficiency 2 0.5 0 0 0 0

Sustainability 11 1.5 10 0 0 0
m2 per user 27 11.5 29 0 2 0

Frequency and
occupancy 19 8.5 29 0 5 0

Quality 18 8 9 2 2 0
User satisfaction 18 6 9 3 5 0

m2 per seat 0 0 0 0 0 0
Score indoor climate 0 0 0 0 0 0

Confirmation/Disproval 226.5 26
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