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Abstract: Campus as a Living Lab at the National University of Singapore is an initiative to bridge
technologies from academia to industry across the valley of death [1]. The valley of death is the
gap between research & development and translation & commercialization where many favorable
innovations disappear. It poses significant challenges for academics, researchers, developers, and
startups. If carefully resourced and shepherded, it will see real-world deployment for commercially
viable products or services from academic laboratories. The university has put forth its campus
grounds, infrastructure, and equipment to support this. The university has also developed its digital
twin to assess each project’s feasibility, which will be test bedding technologies under the living lab
framework. This paper will discuss in detail the digital twin, evaluation criteria, validation processes,
and the two ongoing projects. It also will describe how the digital twin was accurately modeled and
created, as well as how it was used to assist in the feasibility studies of each project. To cross the valley
of death, the university has established the strategies and partnership framework to successfully bring
research-driven innovations into impactful market-ready technologies and capabilities. We will invite
more companies to adopt academic research for real-world deployment.
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1. Introduction

The Singapore government increased its research and development (R&D) spending to retain its
economic competitiveness on a worldwide scale [2-4]. Having an economy that can continuously
attract foreign investors to Singapore is crucial [5]. R&D is seen as a key driving force for creating
new industries and generating new avenues of growth. Through R&D investments and spearheaded by
innovation, Singapore aims to become a knowledge-based economic identity. This allows Singapore to
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produce high-value products and services to attract foreign investments for its benefit and growth [6].

This was challenging for Singapore due to COVID-19 severely affecting the global economy. It
shrank Singapore’s economy by 4.1% in 2020, making it one of the worst full-year recessions since
its independence [7]. Local e-commerce platforms such as Shopee, Lazada, and Grab, recognized
innovative digital technologies as the key to their survival during the Singapore lockdown years of
COVID-19. However, due to the difficulties of working with reduced finance and resources, such
companies became prudent in their R&D investments. This meant that they sought new technologies
that were nearer to the market for rapid deployment.

According to the technology readiness level (TRL) chart in Figure 1, fundamental research is at
TRL 1-4. Companies, on the other TRL spectrum, are only interested in investing in technologies
nearer to the market at TRL 6-9. Hence, innovations in the translation or applied research stage of
TRL 4-6 were neglected. This meant that there were no resources to support TRL 4—6. This is coined
as the valley of death for innovative technologies as shown in Figure 1.
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Figure 1. Alessandro Rossini’s valley of death overlaid with NUS’ roles and where it comes
in to help bridge academia and industry.

The National University of Singapore (NUS) was keen to help its academics and local companies
already having research agreements to bridge this valley of death. Currently, TRL 1-4 are extensively
supported by Singapore national R&D investments [8] through universities, ensuring continuous
research activities and supply of innovations. TRL 6-9, rarely 6 in the Singapore context, are funded by
companies. They must possess the financial means and expertise to translate academic technologies.
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It can be seen that TRL 4-6 mostly entails technology translation. This meant demonstrating that
the translated technologies can scale and sustain when released into the real-world environment. The
university with its population and campus can be regarded as a microcosm of Singapore [9]. For
example, the university has its own micro-grid and water distribution system. A company wanting
to test its solar panels and their impacts on an actual live electrical grid can be easily deployed in
NUS without affecting the nation’s grid. Likewise, companies testing the impacts of different coolants
in a centralized district cooling system on the thermal comfort of NUS residents is also possible.
During testing, our researchers can be invited by the companies to further improve their products. The
university would also get an insight into the technologies’ suitability for campus deployment. The
university can assist in reducing the costs of technology translation in TRL 4—6. This can be achieved
by helping to find resources and also using NUS grounds as part of the Campus as a living lab initiative.

2. Campus as a living lab at NUS

The Campus as a living lab at NUS (CALL@NUS) initiative was officially announced by NUS’
president, Professor Tan Eng Chye. It is part of NUS’ research capabilities that provide R&D
and translation opportunities while fostering the environment for academics to learn and industry
collaborators to innovate cutting-edge technologies and up-skill their workforce. In recent years, there
have been developments to build digital twins of the world [10-12]. They are simulated representations
of any real-world physical models and systems. They are used for modeling, simulating, and testing
real-world actions and processes instead of their physical counterparts. This is because the actual
real-world actions are dangerous, expensive, or both.

Living labs, emergent from the interactions between user experiences and an environment’s
background intelligence, are eco-systems where new technologies are tested and feedback is collected
iteratively until they reach a steady state where they make a difference to the real world. The main
cyclical processes of living labs are innovation, prototype development, and testing for proof-of-
concept followed by proof-of-value, feedback, and tuning. The living lab is often the final step before
products, frameworks, and processes are released into the real world. The NUS campus grounds are
living lab materials for products and processes [13, 14]. By integrating NUS’ physical systems and
infrastructure with NUS’ digital twin (DT) platform, physical and virtual platforms can be leveraged
to serve as a testbed for innovations beyond traditional boundaries.

This initiative was developed to bridge the valley of death. However, not all technologies are
feasible. According to Figure 2, the entry into CALL@NUS can begin either from the industry,
NUS, or both. The university must have the physical systems and infrastructures for testbedding. It is
then followed by feasibility studies on DT. It is a digitized manifestation of NUS’ physical systems,
infrastructures, and environment with precise real-world geo-spatial coordinates. To complete the
initiative, NUS’ strategic initiative & alliances’ (NUS-SIA) team develops realistic business use cases
for NUS and its industry partners. A spill-over effect of this was that it enabled NUS to become
an augmented learning environment where students can practice their acquired skills in real-world
applications.
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Figure 2. CALL@NUS collaboration life cycle and the values each party brings to the table.
Interested parties enter the life cycle based on their standpoint and forwarding perspective.

2.1. Research in digital twin

DT is a manifestation of its physical infrastructure, environment, and domain in digital space. Its
creation is driven by three motivational concepts (i.e., virtualize, visualize and venturize [15]) shown
in Figure 3.
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Figure 3. Step-by-step processes for DT grouped into 3Vs.

The first concept, virtualize, is converting the real-world physical NUS into its digital form. This
was achieved through a professional point-cloud scan using light detection and ranging (Lidar). This
step is not trivial and the process of turning point-clouds into polygon meshes is explained below.

The second concept, visualize, is the rendition of DT in three-dimensional digital space. The point-
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clouds are actual points in space where the light is reflected into the Lidar scanner. Hence, the points
are not annotated with the reflected surface. Currently, there are software platforms [16] that can extract
certain features with artificial intelligence. To allow for better extraction, these platforms allow human
annotation to augment the extraction process as shown in Figure 4.
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Figure 4. Step-by-step processes for feature extraction with human guidance.

Once the point-clouds are grouped into their respective sets, such as infrastructure, vegetation, and
ground, they are converted into polygon meshes by joining the cloud points and extracting the bounding
shape of the polygon meshes. These shapes are representative of NUS and its surroundings. The shapes
are placed on a digital terrain model with a reference coordinate anchor set to the southwest corner of
the campus. The purpose is to reduce digital spatial floating point x, y, and z axis coordinates for faster
visualization. Anomalies and point-of-interests are distinguished for easier visualization. Objects of
interest can also be selected to reduce compute overheads for DT visualization.

The third concept, venturize is to make a feasible business case through DT simulation before real-
world implementation. This concept is to implement the business case in the digital twin and simulates
its profitability for analysis. These simulations can be on traffic [17], balancing campus electricity
demand [18], and many others. This concept covers optimizing variables under constraints. The end
results of interest are discovered through the iterative feedback between the variables, constraints, and
environment. Using the three concepts shown in Figure 3, we can simulate various conceptualized
business cases virtually in the DT before their real-world deployments. The DT can simulate their
respective economic aspects providing insights to make better-informed decisions. All these eventually
lead to a more sustainable real-world deployment through using the DT.

2.2. Designing business case

Good provable business cases invite companies to test their products using the campus. The NUS-
SIA team considered each living lab proposal based on the capital expenditures (CAPEX), operational
expenditures (OPEX), and likely generalized return of investments (ROI) [19-21]. The CAPEX refers
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to expenses that were required to set up the infrastructure in both physical NUS and DT. The OPEX was
the daily cost required to keep the system running. The ROI is either profits from revenue generated
or savings in costs vis-a-vis without the technology. In addition, the university must have the space to
house the project and equipment. Their relationships can be modeled as Eq (1).

R=E - (Ci+0), where
i=1
R = Return of Investments,

E = Earnings, (1)
C = CAPEX,
O = OPEX,

i = ith CAPEX and its associated OPEX.

The valley of death is bridged when ROI is positive, meaning that there is a viable business case.
As shown in Eq (2), the university assists in making the business case viable by contributing in-
kind resources. If existing NUS infrastructures, systems, and equipment are usable, it contributes
to lowering CAPEX.

R = E — min|| Z(Ci + 0))|| where o
i=1

i = ith CAPEX and its associated OPEX.

Shown in Figure 5 is a generalized process of how the university decides on the feasibility of a business
case for NUS. There is a main process flow depicted by the orange boxes, which are gates to the next
stage. The NUS-SIA team examines peripheral questions in the blue boxes to ensure that the main
gates can be successfully opened.

NUS relevant business case
evaluation process

Buglness NO Canitbe Proposal
ase made relevant? | NO Rejected
Relevance
YES NO]
Infrastructure Can it bo built?
Availability NO

YES

Negative ROI
Cost and
Benefit
Analysis

Proposal
Positive [REdaCE

ROI

Figure 5. The processes NUS-SIA team used to assist in the determining if a business case
can be deployed on NUS as a living lab. As much as possible, the NUS-SIA team will explore
all possibility to make it feasible.
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In the next section, two case studies with different outcomes will explain how Eq (2) was used to
determine the feasibility and decision to advance the living lab proposals.

3. Case Studies

In this section, we describe two of NUS’ initial use cases below. Using Eq (2) in Section 2, we
demonstrate how the first use case was not able to proceed beyond simulation in the digital twin while
the second use case was able to progress into the real-world environment.

3.1. Smart alternating current/direct current (AC/DC) micro-grid

One of the CALL@NUS projects is to provide sustainable and competitive solutions across the
energy chain. This was validated using a smart AC/DC micro-grid in the NUS campus, shown in
Figure 6.

_:é:_ Smart AC/DC
@ Hybrid Grid
Solar Power \ /

National energy grid

@ ‘ Energy Flow
—
—p

—»
Energy Storage Smart
AC/DC
e/ e
Electric Vehicles NUS grid

Figure 6. Using the Smart AC/DC Plug-in to allow for more flexible energy transfers
between AC and DC electrical grid components.

If the solution is developed and validated, it would be a profitable model for energy retailing model.
To achieve this, an innovative grid that can easily integrate renewable and distributed energy resources
with greater flexibility and efficiency is needed. However, the trials were at risk of disrupting the
national electric grid if tested in a live environment. The NUS-SIA team suggested conducting the
trials within NUS’ controlled campus grid.

As it was surmised that this would be a heavy investment into equipment, outfitting works, and
other required services, there is a need to know if there would be viable ROI if the project goes into
operation. We used Eq (2) to determine if the project would be feasible for real-world implementation.
The CAPEX costs include items, such as new solar panels; their installation; and a 0.5 megawatt-hour
(MWh) battery. Even though NUS does have solar panels, they are old and operating at sub-optimal
efficiency. Their solar cells can be retrograded to improve their irradiance absorption. However, it will
not be good compared to brand-new solar panels. Moreover, retrograding costs are not cheaper. Hence,
a new solar panel installation was selected. A 0.5 MWh was included for more flexibility in energy
acquisition like buying from the grid at low prices or storing surplus energy when solar generation is
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strong. To find the most effective placement of solar panels for maximum energy production, we had
to virtualize the solar panels and their probable roof placements.

As shown in Figure 7, the electrical distribution grid is connected to the solar panels and various
energy loads such as lights and air-conditioning systems. The solar irradiance can be simulated over the
placed solar panels, taking into account building shadows and obstructions, to estimate the generated
energy. These are visualized on the DT user interface.

DT user interface

[wemee ____ o

’ ““Sdlar Péwer+
/\ Battery
cSEE|

AC/DC - On-roof solar panelimplementation

Figure 7. The first concept of virtualize is followed by the second concept of visualize where
the modeled energy flow is seen in the digital twin. This allows the user to learn the system’s
behavior before its real-world deployment.

Once the optimal solar panel placement is found, test loads, OPEX costs like maintenance,
operations and CAPEX are estimated, the third concept of venturise can be applied. Using Singapore
irradiance data and energy market data, simulations were conducted by NUS Professor Sanjib k. Panda
and his team on DT to estimate the daily earnings, E, in Eq (2) for the smart hybrid AC/DC grid. When
the collaborators were presented with the simulation results, they commented that the ROI was longer
than expected.

The project did not proceed under the evaluation criteria because retrofitting the current grid to
support DC requires high CAPEX. In addition, as innovation cycles shorten, better and cheaper
technologies may become available, so the long wait for ROI based on the current innovations might
not be a worthy investment.

3.2. Improvements to anti-phishing software

A multi-national information technology company in Singapore was developing innovative physical
and digital security with NUS’ School of Computing professors. They have a joint laboratory on
NUS. The NUS-SIA team helped to pitch a series of security technologies to the NUS Information
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Technology (NUSIT) department. Out of the series, the NUSIT department was excited to try this anti-
phishing software. The developed security program identifies emerging phishing websites and pages
without the assistance of iterating through a list of compromised uniform resource locators. Using
meta-information and image recognition techniques as inputs combined with artificial intelligence
on the landing page of the suspected phishing website address, the lab was able to determine its
authenticity. If not authentic, the email will be filtered before it reaches anyone.

This is a pure venturize project. There isn’t a need to virtualize or visualize the email system as we
are not tracking the processes. Equation (2) was used to determine its feasibility for deployment on
the NUS email system. The variables are substituted as shown in Eq (3). However, the Eq (3) for this
case, the ROI is only applicable when the email system is compromised.

R=F - Z(Ci + 0,), where
i=1
R = Return of Investments,
E = Cost of avoiding system compromised, 3)
C = Cost of programming into existing phishing detection,
O = Cost of repairing a compromised system,
ith C and its associated O.

i

Given that currently, cyber-physical of critical systems are a major concern worldwide, a breach will
cost an organization, the university included, very significantly [22,23]. The business case for NUSIT
is very straightforward as the cost of avoiding a system compromised due to a cyber-physical breach
far surpassed the cost of implementing the additional anti-phishing feature. The last step is to try it
on the campus as a living lab initiative for its efficacy. The improvement was found to be 0.5%. As
mentioned previously about the cost of a compromised system [22, 23], there is no improvement too
small. After the initial trial on the living lab, the NUSIT department has adopted the solution as part
of the suite of email cybersecurity solutions. The award agreement between NUSIT and the company
will commence in January 2025.

4. Discussion

From both case studies, the same framework was applied to evaluate both proposals. To better
understand the framework application, we have shown a case that was rejected and a case that was
approved for implementation. The first case study was a partial of the living lab initiative with the
simulations running in DT. For the second case study, DT was absent as the plug-in was used directly
on the current system. Nonetheless, the chance to advance the processes according to Figure 2 was
very encouraging. This has proved that the framework was applicable.

Singapore is a land-scare country. The university is not likely to expand larger horizontally beyond
its current boundaries. Hence, the use of space for test-bedding technologies comes under heavy
scrutiny in different NUS offices and departments. In this paper, we have examined how to use available
campus real estate to conduct living-lab trials. We have devised a stochastic framework to analyze its
cost and benefits feasibility before its real-world implementation. We have demonstrated success in
deciding the correct living laboratory project for implementation. Moving forward, we would like to
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refine this framework to deploy beyond NUS campus grounds. We would also like to test a case where
we can complete the cycle as shown in Figure 2.

5. Future works

The case studies mentioned here are the first two cases from the NUS Campus as a Living Lab
initiative. Currently, DT is not able to support all probable business cases. The NUS-SIA team is
working to make DT that can better support NUS research and its translation. One of the immediately
forthcoming works that DT supports is to plant the appropriate campus greenery for sustainability. We
would also like to explore moving the initiative involving DT to the hospital services and hospitality
industry. We are currently in discussions and proposal preparation on this. Hopefully, with more
adoption of projects this initiative, we will accumulate sufficient quantitative data that allows us to do
a good comparison between traditional methods and using digital twin simulations to conduct a cost
and benefit analysis.
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