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Indoor environment monitoring and control plays an 
important role in the operaƟ on of a smart building.
One of the main goal of a smart building is to ensure 

the safety and comfort of the occupants. Tailoring services 
such as HeaƟ ng, VenƟ laƟ on, and Air CondiƟ oning (HVAC), 
lighƟ ng, and electrical power is key to save signifi cant 
amount of energy consumed. Indeed, HVAC and lighƟ ng 
respecƟ vely comprise about 50% and 20% of the total 
energy use of buildings. In addiƟ on to environmental 
awareness, occupant-aware control schemes have been 
shown to save between 10–42%, depending on other factors 
(outdoor climate and control strategy). Having a more 
detailed view of building environment and its occupants 
opens the door to more energy savings as well as building 
services that are tailored to specifi c purposes and target 
groups.

SinBerBEST has developed a versaƟ le demonstraƟ on tool 
that exploits the power of sensors, data management and 
inference to allow for a quick, easy, and inexpensive way 
to get quality informaƟ on out of buildings. Called Building 
in a Briefcase (BiB), each self-contained kit includes up to 
ten motes that measure temperature, humidity, luminance, 
3 axis acceleraƟ on and passive infrared in addiƟ on to a 
wireless router equipped with a 3G card that communicates 
directly with SBB’s database. Further kiƫ  ng opƟ ons are 
also possible via hardware expansion ports on the sensor 
device to support sensory devices for CO2 and PM2.5 
measurements amongst others. The sensors’ baƩ eries 
are good for two years of uninterrupted operaƟ on. No IT 
experience is necessary to put a building on line; simply 
distribute the sensors and plug the router in. The motes 
communicate with the router, which sends data directly to 
the database. Users can log in from anywhere to examine a 
Ɵ me series of their building’s data. 

EvaluaƟ on of the power effi  ciency of the BiB sensor, 
which is an essenƟ al aspect for building monitoring has 
been performed. Several potenƟ al applicaƟ ons, including 
occupancy esƟ maƟ on and acƟ vity recogniƟ on, which rely on 
the BiB for experiments, are described, as a demonstraƟ on 
of the portability and accessibility of the BiB plaƞ orm.


The power effi  ciency (baƩ ery lifeƟ me) is one of the criƟ cal 
aspects when we design the BiB sensor to make it to achieve 
a mulƟ -year baƩ ery lifeƟ me to reduce the maintenance 
cost of the network. In order to bring down the average 
current consumpƟ on to a target of less than 200 μA, several 
strategies have been employed. For instance, we select the
components with low current requirements only. This 
helps us reduce the amount of energy consumed, as well 
as reduce the peak load demanded to be supplied by the 
linear regulator and baƩ ery. Linear regulators with higher 
peak current capability also typically have a higher leakage 
current. The high peak current draws can damage or reduce 
the eff ecƟ ve capacity of the baƩ ery. Since the most vital 
component of the BiB sensor is the radio transceiver, we did 
the selecƟ on of it cauƟ ously. 

To address issue of increased power consumpƟ on with CO2 
extension module, we either lower the sampling rate of 
the CO2 sensor, or use high energy effi  ciency CO2 sensors. 
We create power consumpƟ on worksheet to determine 
the feasibility of having a mulƟ -year baƩ ery life. We list the 
power requirements for each device during their sleep and 
acƟ ve modes, and the typical amount of Ɵ me required to 
be acƟ ve to perform their funcƟ ons. AŌ er that, we simulate 
and plot (Fig. 1) the baƩ ery lifeƟ me of the BiB sensor 
powered by baƩ ery, over varying values of sample intervals 
and report intervals.

The current consumpƟ on from the light sensor, humidity 
and temperature sensor, accelerometer, PIR sensor, 
microcontroller, and radio is simulated. In addiƟ on, we also 
simulate the reducƟ on of baƩ ery capacity at a low average 
current draw. Based on our analysis and evaluaƟ on, the BiB 
sensor can achieve a baƩ ery lifeƟ me of over fi ve years by 
using a 10 s sample interval and 60 s reporƟ ng interval. In 
this confi guraƟ on, the average current consumpƟ on is 168 
μA, and the eff ecƟ ve baƩ ery capacity at this current is 8.03 
Ah. The amount of current being used for communicaƟ on is 
56 μA, 57 μA for sensing, and 47 μA for processing. Another 
8 μA is used for inacƟ ve devices while they are in their 
respecƟ ve sleep modes. Furthermore, we note that with the 
extension of addiƟ onal modules such as a CO2 sensor, the 
power consumpƟ on is expected to increase.
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Various methods have been employed for occupancy 
esƟ maƟ on (passive infrared (PIR) sensors, ultrasound 
sensors, and magneƟ c switches). These types of sensors 
provide accurate detecƟ ons of occupants; however, the 
informaƟ on they provide is limited. For instance, these 
light-based and ultrasound-based sensors usually have a 
small detecƟ on volume and cannot disƟ nguish the number 
of occupants or the amount of acƟ vity that is occurring. To 
explore techniques which do not have these limitaƟ ons, 
the indoor occupancy levels is directly esƟ mated by 
measuring the CO2 concentraƟ on with BiB sensors. The 
dynamics of the CO2  concentraƟ on in the room is modeled 
using a convecƟ on PDE with a source term which is the 
output of a fi rst order ODE system driven by an unknown 
input which models the human’s emission rate of CO2. The 
source term represents the eff ect of the humans on the 
CO2  concentraƟ on in the room. In the experiments, a delay 
is observed in the response of the CO2 concentraƟ on in 
the room to changes in the human’s input. For this reason, 
the source term is a fi ltered version of the unknown 
input rather than the actual input. It is assumed that the 
unmeasured input from the humans has the form of a 
piecewise constant signal. This formulaƟ on is based on our 
experimental observaƟ on that humans contribute to the 
rate of change of the CO2 concentraƟ on of the room with 
a fi ltered version of step-like changes in the rate of CO2. 
Fig. 2 shows a typical trace of CO2 concentraƟ on when the 
occupancy changes.

As can be seen, the extension capability of BiB sensors to 
measure CO2 concentraƟ on is directly applied in this study. 
At the conclusion, a model is developed that describes 
the dynamics of the CO2 concentraƟ on in a conference 
room. An observer is designed and validated for the 
esƟ maƟ on of the unknown CO2 input that is generated by 
occupants, which acts as an intuiƟ ve proxy for the number 
of occupants breathing in the local air space.


Building intelligence encompasses its ability to sense and 
understand the acƟ viƟ es of occupants to interact with 
them and achieve goals like comfort and energy effi  ciency. 

Individuals perform various acƟ viƟ es inside the building. 
This informaƟ on, when made available to the building 
automaƟ on and control system, can be very useful. For 
example, the PMV model proposed by Fanger and adopted 
by ASHRAE as the primary standard for thermal comfort 
takes occupant metabolic rate as the most important 
factor, but it has been widely regarded as the most diffi  cult 
parameter to measure.

The BiB sensor was adapted into a watch to conduct 
wearable sensor studies. The goal of using BiB was not 
to be smaller than the current off erings, rather to be 
small enough to enable these studies. It was shown via 
experimentaƟ on that indoor occupancy acƟ vity can be 
recognized and classifi ed by leveraging the environmental 
measurements, including temperature, humidity, and 
lighƟ ng level. Features including temperature gradients 
and standard deviaƟ on, humidity standard deviaƟ on, 
lighƟ ng levels are proposed for acƟ vity and locaƟ on 
recogniƟ on. The features are staƟ sƟ cally shown to have 
good separability and are also informaƟ on-rich. Fusing 
environmental sensing together with acceleraƟ on is shown 
to achieve classifi caƟ on accuracy as high as 99.13%. For 
building applicaƟ ons, this study moƟ vates a sensor fusion 
paradigm for learning individualized acƟ vity, locaƟ on, 
and environmental preferences for energy management 
and user comfort. The capability of BiB to measure 
temperature, humidity, light level, and acceleraƟ on is 
demonstrated in this study.

COVER STORY

Fig. 2 CO2 concentraƟ on when the occupancy changes in a room and in diff erent sampling locaƟ ons.

Fig. 1 BaƩ ery Life (surface contours, in years) given by varying the amount 
of Ɵ me between and Ɵ me between transmiƫ  ng the data to the server.
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The kit, which comes neatly packed into a briefcase, 
demonstrates how easy it can be to put a building on line. 
But they do more than just make a point; they can also 
guide some basic building retrofi ts and make a building 
much more effi  cient. Applied use of mined data varied form 
general thermal comfort supporƟ ng studies, occupancy 
detecƟ on studies to simple environment monitoring and 
measurement. It also provides informaƟ on visibility, but 
also can be connected to actuators responsive to the data. 
In other words, the kit can help run a building. The latest 
version of the BiB Kit features as permanent sensor soluƟ on 
installaƟ on for an already kicked off  SBB and BCA project 
where the mined data is used to enhance the lighƟ ng and 
air-condiƟ oning in the fi rst fl oor of the BCA net zero energy 
plus building (Fig. 4).

In total, briefcases are being distributed free up to 25 sites in 
Singapore as a demonstraƟ on project. Current deployments 
which conƟ nue Ɵ ll today includes offi  ce buildings, personal 
spaces of collaborators and 2 Singapore public schools 
(voluntarily or via collaboraƟ ng research partners). For 
the deployments in Singapore public schools, mined data 
was used as the basis to study thermal comfort impact on 
student producƟ vity and general wellbeing as well as study 
the impact of breathing facades in classroom environment. 
Mined data was used to compare CO2 impact on student 
producƟ vity in the second school. These deployments 
conƟ nue Ɵ ll today to provide insighƞ ul informaƟ on through 
analysis and observaƟ ons of the mined data. We are 
conƟ nuously upgrading the BiB to further improve the kit 
as part of our on-going acƟ viƟ es. We are extending the 
capability of BiB sensors to measure other indoor air quality 
(IAQ) pollutants concentraƟ ons that is on the standards. 
The quick, easy and temporal deployment of the BiB kit with 
IAQ measurement capabiliƟ es is suited for enabling rapid 
building diagnosƟ cs and soluƟ ons arising from building 
occupants complaints.

COVER STORY

Fig. 3 BiB kit deployment at a Punggol Primary School. LHS: VisualizaƟ on generated on OSI SoŌ  PI Processbook system for end user viewing as well as a 
general performance dashboard. RHS: 1 BiB Kits featured with 2D render for spaƟ al depth of view of physical sensor deployment.  

Fig. 4 BiB installed on a table top Fig. 5 BiB variaƟ on model measuring PM2.5 
concentraƟ on.
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HUMAN BUILDING NEXUS

Displacement venƟ laƟ on and underfl oor air distribuƟ on systems take advantage of thermal straƟ fi caƟ on, with cooler air at 
fl oor level and warmer air above. Such verƟ cally straƟ fi ed environments off er both opportuniƟ es and risks. On one hand, 
may off er improved venƟ laƟ on eff ecƟ veness and energy effi  ciency, however, verƟ cal temperature gradients can also cause 
local (individual body part) thermal discomfort. While the current thermal comfort standards — ASHRAE 55 and ISO 7730 — 
prescribe a 3°C/m limit between head and feet for a seated person (5.4°F for a seated occupant and 7.2°F for a standing one), 
an increasing amount of evidence suggests that this is too restricƟ ve.
To understand how a verƟ cal temperature gradient infl uences local thermal discomfort, we conducted experiments with 
four verƟ cal temperature gradients (0.4, 2.9, 5.9, and 8.4°C/m). Ninety-eight subjects parƟ cipated in a blind within-subject 
experiment and reported their thermal experience.

We found cold-feet discomfort was more frequently reported than warm-head discomfort with increasing temperature 
gradients. Results showed that thermal dissaƟ sfacƟ on increases only slightly (< 10%) with a verƟ cal temperature gradient, 
even up to 8.4°C/m. We also found that the amount of acceptable verƟ cal temperature gradient depends whether one’s 
overall percepƟ on is warm, neutral or cool.

We developed a model, shown in the fi gure below, to predict the percentage dissaƟ sfi ed for local discomfort as a funcƟ on 
of thermal sensaƟ on and verƟ cal temperature gradient. The predicted percentage dissaƟ sfi ed is 5% when the verƟ cal 
temperature gradient is roughly 5°C/m. A warmer whole-body thermal condiƟ on (e.g., by increasing room air temperature, or 
locally warming the feet) can reduce dissaƟ sfacƟ on. We implemented the model in the CBE Thermal Comfort tool under the 
secƟ on “local discomfort.”

This study found that the percentage dissaƟ sfi ed with the verƟ cal temperature gradient to be less than described in both 
thermal comfort standards ASHRAE 55 and ISO 7730. A verƟ cal temperature gradient between head and feet up to 5°C/m 
(9°F for a seated occupant)  would likely be acceptable in thermally straƟ fi ed environments for a person that feels thermally 
neutral. We are working with ASHRAE to implement this new model in hopes that this may lead to more design fl exibility in 
the ASHRAE 55 standard.






Stefano Schiavon.
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WiFi has been recognized as the most promising 
technique for indoor posiƟ oning services, due to 
the widely installed network infrastructures and 

pervasive WiFi-enabled COTS mobile devices (MDs). ExisƟ ng 
WiFi-based IPSs for pracƟ cal large-scale implementaƟ on 
usually adopt fi ngerprinƟ ng-based localizaƟ on algorithm. 
It localizes an MD by comparing the real-Ɵ me RSS readings 
with a pre-established RSS fi ngerprint database, (a.k.a. radio 
map). The major boƩ leneck of WiFi fi ngerprinƟ ng-based IPS 
is the vulnerability to environmental dynamics. The real-Ɵ me 
RSS readings may deviate signifi cantly from the fi ngerprints 
stored in the staƟ c radio map due to severe mulƟ -path 
and shadow fading eff ects caused by various interferences, 
which leads to huge degradaƟ on on localizaƟ on accuracy. 
To accommodate environmental dynamics, radio map 
recalibraƟ on is extremely Ɵ me-consuming and labor-
intensive and deploying fi xed reference anchors to obtain 
fresh RSS readings introducing extra hardware cost.

To overcome this problem, we propose TKL-WinSMS 
as a systemaƟ c strategy, which is able to construct a 
robust model for adapƟ ve localizaƟ on in dynamic indoor 
environments. We developed WinSMS that enables COTS 
WiFi routers as online reference points by extracƟ ng real-
Ɵ me RSS readings among them. With these online data 
and the onine calibrated radio map as labeled source data, 
we further combine the RSS readings from target MDs as 
unlabeled target data, to develop a robust localizaƟ on model 
using an emerging transfer learning algorithm TKL. It is able 
to learn a domain-invariant kernel by directly matching the 
source and target distribuƟ ons in the reproducing kernel 
Hilbert space. By leveraging the resultant kernel as the input 
for SVR training, the trained localizaƟ on model can inherit 
the informaƟ on from online phase to adapƟ vely enhance 
the offi  ne calibrated radio map. Extensive experiments 
have been conducted and demonstrated that TKL-WinSMS 
can provide high localizaƟ on accuracy under various 
environmental dynamics consistently.

WinSMS

We develop WinSMS, which enables COTS WiFi routers as 
online reference points by overhearing the data packets 
transmiƩ ed between each MD and other routers, and 
precisely retrieve the RSS values and corresponding MAC 
addresses as idenƟ ers without introducing any extra 
hardware infrastructure. This is an intelligent wireless 
system that is able to overhear the RSS data packets in the 
exisƟ ng WiFi traffi  c in real-Ɵ me without any intrusiveness 
on the user side. The main AP provides the basic WLAN 
Internet services, receives UDP packets sent by remote APs, 
and forwards the data to a server. The server is responsible 
to store and parse the data. We upgrade the fi rmware of 
remote APs with OpenWrt, and use Libpcap to capture 
and analyze RSS packets in the exisƟ ng WiFi traffi  c, extract 
relevant data and forward them to the main AP. Since these 
remote APs can overhear packets of other remote APs as 
well, all of them become natural online reference points 
with their physical coordinates and real-Ɵ me RSS readings. 
In this manner, WinSMS is able to collect the data among 
the APs as the online labeled data DSAP and the RSS data 
associated with MDs as the unlabelled data DT without 
introducing extra infrastructure or any intrusiveness on user 
side.






Han Zou, Xie Lihua, Costas Spanos.

Fig. 1 System Architecture of WinSMS.

SMART & ENERGY TECHNOLOGIES
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SMART & ENERGY TECHNOLOGIES

Transfer Kernel Learning (TKL)

Transfer Learning uncovers the latent features between �_�  and �_�. It minimizes the distribuƟ on discrepancy across 
domains, and idenƟ fy the shared characterisƟ cs. Transfer Kernel Learning (TKL) learns a domain-invariant kernel by directly 
matching the source and target distribuƟ ons in the reproducing kernel Hilbert space. The learned domain-invariant kernel can 
respect both the target eigensystem and source approximaƟ on quality. It uses the domain-invariant kernel as input data for 
SVR training, and then construct an adapƟ ve localizaƟ on model to precisely esƟ mate the locaƟ ons of MDs in dynamic indoor 
environments.

Experimental Results

Extensive experiments were conducted in a 600m2 real mulƟ -funcƟ onal lab across 6 months to validate the performance 
of TKL-WinSMS (Figure 2). We found that TKL-WinSMS outperforms SVR and SVR-WinSMS on nearly every tesƟ ng point. 
The localizaƟ on model learned in the de-noised latent space is more robust and reliable than those constructed in the raw 
signal space. By fully exploring the eigenspaces of both �_�  and �_�, TKL-WinSMS is able to correctly revealing the related 
knowledge, and kernelizing the original RSS data across diff erent domains for adapƟ ve indoor localizaƟ on.

Fig. 2 Layout of the testbed 
and CDF of locaƟ on error.

Fig. 3 LocalizaƟ on accuracy 
at each tesƟ ng point.

We envision the TKL-WinSMS as a fundamental and 
indispensable part for WiFi-based IPS to cope with various 
environmental dynamics and achieve a robust localizaƟ on 
service consistently.
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A 2012 study by the AssociaƟ on for Learning Environments 
found that academic performance is directly correlated 
with classroom comfort. Today, public schools in tropical 
countries such as Singapore do not have typical cooling 
and dehumidifi caƟ on systems, like air-condiƟ oning (AC), 
installed in classrooms. The Berkeley Breathing Facade team 
is tackling this issue with a new way to cool down the space 
with minimal energy cost. 

The Breathing Façade is a low-cost, energy-effi  cient, 
environmentally-friendly heat exchanger system used for 
cooling, dehumidifi caƟ on, and venƟ laƟ on in an indoor 
environment. The Breathing Facade uƟ lises materials that 
are recycled plasƟ cs, water, photovoltaics. The fi gure on 
the leŌ  illustrates the deployment of the breathing façade 
system in a public school in Singapore.

Building on exisƟ ng Matlab code for comfort, the researchers 
were able to model the amount of power required to run 
the enƟ re Breathing Façade system of a single school. Then a 

code was developed to calculate the iniƟ al/recurring costs to 
install and run the Breathing Façade system over its lifeƟ me. 
Next, a numerical model to determine a value which has 
never been defi ned before: levelized cost of comfort (LCOC) 
was created. Finally, an interacƟ ve tool is used to help our 
stakeholders decide whether to implement the Breathing 
Façades technology via a Graphical User Interface (GUI).

In May 2020, Medium, an online publishing plaƞ orm with 
over 60 million monthly acƟ ve users, highlighted the UC 
Berkeley MEng Class of 2020 Capstone Award Winners for 
their annual accomplishments and research invenƟ ons. 
The 2020 awards include the Fung InsƟ tute Mission Award, 
the Alumni Award, and the Leadership Capstone Award. 
Satomi Angelika Murayama (Fritsch,) Hazelynn Khoo, and 
Meijun Liu, supervised by Professor Hayden Taylor at UC 
Berkeley, a SinBerBEST Principal InvesƟ gator, collaborated 
on the Breathing Facade as their capstone project and 
received an honorable menƟ on for the Fung InsƟ tute 
Mission Award. Furthering SinBerBEST’s ongoing research 
eff orts, the team explored novel soluƟ ons to lowering the 
temperature of public school classrooms in tropical countries 
such as Singapore without using the typical cooling and 
dehumidifi caƟ on systems, like AC.

The Berkeley Breathing Facade team successfully devised a 
new way to cool down a school’s space with minimal energy 
cost by calculaƟ ng the levelized cost of comfort using a 
Matlab model for making implementaƟ on decisions, and the 
team’s experƟ se in thermodynamics, fl uid mechanics and 
materials science to calculate the levelized cost of comfort.

FACADE TECHNOLOGY

Satomi Angelika Murayama, Hazelynn Khoo, Meijun Liu, Hayden Taylor.
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AI & MACHINE LEARNING

Energy consumpƟ on of buildings, both residenƟ al and commercial, account for approximately 40% of all energy usage in 
the United States. In eff orts to improve energy effi  ciency in buildings, researchers and industry leaders have aƩ empted to 
implement control and automaƟ on approaches alongside techniques like incenƟ ve design and price adjustment to more 
eff ecƟ vely regulate the energy usage. The heterogeneity of user preferences in regard to building uƟ liƟ es is considerable 
in variety and necessitates a system that can adequately account for diff erences from one occupant to another.  With this 
in mind, focus has shiŌ ed towards modeling occupant behavior to incorporate their preferences in building control and 
automaƟ on. But, the occupants of a building typically lack the independent moƟ vaƟ on necessary to contribute to and play 
a key role in the control of smart building infrastructure. One of the successful methods proposed to encourage occupant 
parƟ cipaƟ on in building control is an energy game-theoreƟ c framework, which creates a friendly compeƟ Ɵ on between 
occupants/users, moƟ vaƟ ng them to individually consider their own energy usage and hopefully, seek to improve it to have 
a beƩ er score/achieve a lucraƟ ve incenƟ ve in the game. The incenƟ ve design process in prior works is dependent on uƟ lity 
funcƟ ons of players in the game, which is hard to compute as buildings involve parƟ cipaƟ on of a large number of energy 
users, and hence is oŌ en approximated. 

Our research proposes that the uƟ liƟ es of players in such a framework can be grouped together to a relaƟ vely small number 
of clusters, and the clusters can then be targeted with tailored incenƟ ves. The key to above segmentaƟ on analysis is to 
learn the features leading to human decision making towards energy usage in compeƟ Ɵ ve environments. We propose a 
novel graphical lasso based approach to perform such segmentaƟ on, by studying the feature correlaƟ ons in a real-world 
energy social game dataset. To improve the explainability of the model, we perform causality study using granger’s causality. 
Proposed segmentaƟ on analysis results in characterisƟ c clusters demonstraƟ ng diff erent energy usage behaviors. The dataset 
used for our work is from an energy social game experiment conducted at Nanyang Technological University to encourage 
energy effi  cient resource consumpƟ on in buildings. The overview of proposed segmentaƟ on method is illustrated in Fig. 1. 
We propose a hybrid segmentaƟ on method that uses the novelty of both unsupervised and supervised segmentaƟ on.





Fig. 1  Overview of the proposed segmentaƟ on method.

Hari Das, Costas Spanos.
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AI & MACHINE LEARNING

First, the opƟ mal number of clusters in the dataset is 
derived using elbow method and silhoueƩ e scores, which 
comes to be 3 for used dataset. Following this, we use 
Minibatch K-means algorithm with k= 3 (opƟ mal number of 
clusters in the data) to obtain the clusters. Since the dataset 
corresponds to energy usage behavior of the players, the 
three clusters obtained correspond to high, medium and low 
energy effi  cient behaviors, but we don’t have the labelling 
of the clusters. We then use supervised classifi caƟ on and 
graphical lasso to label the unsupervised clusters. We 
divide the players into three classes in a supervised way 
taking the ranks of the users as the label. Then we study 
the feature correlaƟ ons in all the supervised classes and 
unsupervised clusters using graphical lasso. For illustraƟ on, 
the feature correlaƟ ons for a player belonging to low energy 
effi  cient class is given in Fig. 2. The player tries to use each 
resource independently with no correlaƟ on between the 
corresponding resource usage idenƟ fi ers. There is a posiƟ ve 
correlaƟ on between morning and desk light usage indicaƟ ng 
heedless behavior towards energy savings. The absolute 
energy savings increase during the breaks and fi nals, but it 
is not signifi cant as compared to other players during the 
same period, thus increasing the rank. External parameters 
play a signifi cant role in energy usage behavior of this class. 
We do similar analysis for medium and high energy effi  cient 
classes and all 3 unsupervised clusters. Knowledge of feature 
correlaƟ on similarity among members of the supervised 
classes and unsupervised clusters is used to label the 
unsupervised clusters as high/medium/low energy effi  cient. 

By leveraging proposed segmentaƟ on analysis, an adapƟ ve 
model can be formulated that learns how user preferences 
change over Ɵ me, and thus generate the appropriate 

incenƟ ves. Furthermore, the learned preferences can be 
adjusted through incenƟ ve mechanisms to enact improved 
energy effi  ciency. Above two operaƟ ons can be carried out 
in a tree structure, with segmentaƟ on carried out in regular 
intervals in each of the tree branches, as depicted in Figure 
3. Summing up, this would result in a novel mechanism 
design, eff ecƟ vely enabling variaƟ on in occupant’s behaviors, 
in order to meet, for instance, the requirements of demand 
response.

Fig. 2  Feature correlaƟ ons for a player in low energy effi  cient class.
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CYBER PHYSICAL SYSTEM






Phase 1 of the micro-grid at jeƩ y area of Pulau Ubin was 
piloted by the Energy Market Authority of Singapore (EMA) 
in 2013. Since then it has been an isolated AC system at 400 
V, 50Hz supplying power for about 30 parƟ cipants consisƟ ng 
of restaurants, bicycle shops, telecommunicaƟ on staƟ ons 
and government agencies. This grid was also operated as 
a micro-grid testbed for research and demonstraƟ on on 
renewable-energy-related technologies in design, storage 
and management. In 2017, grid capacity was around 500 
kVA produced by distributed energy resources (DERs) 
including solar photovoltaic (PV), energy storages, and diesel 
generators. They are distributed in 4 generator plants (GR): 
Assembly and Visitor Centre, Natural Gallery, Singtel site and 
Jelutong. (Fig.1). CapaciƟ es of these GRs are shown in table 
1.

Reliability and energy effi  ciency are the important 
parameters of operaƟ ng a power system. It is more 
challenging in the case of two-way power-fl ow electrical 
grid in which there are intermiƩ ent sources such as 
solar photovoltaic. “Real-Ɵ me Monitoring of Micro-grid 
Performance”, one of two projects under Phase 2, was 
awarded to SinBerBEST (SBB) by the Energy Market Authority 
(EMA) in 2017. This project aims to develop a sensor system 
to collect real-Ɵ me data of grid assets as well as the power 
fl ows. Based on the database of this real-Ɵ me condiƟ on 
monitoring, a health prognosƟ c system will be developed 
to improve the reliability, energy effi  ciency and reduce the 
maintenance cost.

Fig. 1 Map of JeƩ y area of Pulau Ubin and locaƟ ons of distributed energy sources.

Table 1

Nguyen Hoan Thong.
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The data fl ow is shown in the structure of the real-Ɵ me 
condiƟ on monitoring and health prognosis system (CMHPS) 
that was deployed for Pulau Ubin micro-grid (Fig.2). The 
solar photovoltaic, diesel generator, baƩ ery and power fl ow 
are the four monitoring secƟ ons of this system. 

The real-Ɵ me operaƟ ng parameters of major grid assets are 
measured by sensors and meters. These data are collected 
by the data acquisiƟ on plaƞ orm of each secƟ on, and, sent 
to the onsite server which is known as the monitoring data 
management (MDM) and is located at Visitor Centre via 
gateways. Such data are then transferred to another server 
located at SBB’s offi  ce, Create Tower, through 4G network. 
The OSI SoŌ  PI database system is adopted for real-Ɵ me data 
management. The use of OSI SoŌ  PI system off ers a complete 
historian soluƟ on with a comprehensive data management, 
visualizaƟ on, and ad-hoc reporƟ ng soluƟ on.

A retrofi t of sensor, metering network and communicaƟ on 
system was installed in the exisƟ ng micro-grid. Values of 
temperature, voltage, current of each of the 60 PV panels at 
Visitor Centre, and each of the 53 PV panels at Singtel Site 
were monitored, together with the values of irradiaƟ on and 
ambient temperature at two these sites. The highlighted 
specifi caƟ ons of sensors used can be found in Table 2. The 
NaƟ onal Instruments (NI) industrial compuƟ ng plaƞ orm is 
applied for PV and generator secƟ ons.

For power fl ow monitoring, PQube3 power analyser was 
installed in each of 10 over-ground (OG) boxes of power 
distribuƟ on. In addiƟ on, the PowerShield System were 
applied to capture the data of 240 lead-acid cells of 960 
kWh baƩ ery bank located at Visitor Centre. Both PQube3 
and PowerShield were adopted as monitoring plaƞ orms for 
power fl ow and baƩ ery secƟ ons respecƟ vely (Table 3).



Fig. 2  The structure of CMHPS.

Fig. 3  Pulau Ubin distribuƟ on system.

Reference

[1] Wei Feng, Cao Shuyu, Lim 
Zhun Kiat, Chen Xuebing, 
K.J.Tseng, “A Non-Invasive 
On-line CondiƟ on Monitor-
ing and Health Prognosis 
System for a Remote Island-
ed Micro-Grid” 6th IEEE 
InternaƟ onal Conference on 
Smart Grid, Japan 2018.
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The real-Ɵ me sensor network provides variety of data at node level of power 
fl ow, as well as at module level and cell level of PV system and baƩ ery bank, 
respecƟ vely. Based on the real-Ɵ me power and expected power at specifi c 
condiƟ ons of irradiance and temperature, the effi  ciency of individual PV 
panel can be obtained. This effi  ciency is an indicaƟ on of health condiƟ on of 
PV module. Similarly, the voltage, current, temperature, impedance of each 
cell and the ambient temperature are used to obtain the state of charge 
(SoC), as well as to esƟ mate the state of health (SoH) of individual baƩ ery 
cell. High accuracy and sampling rate power data off ered by PQube3 analyser 
at each power node are useful for energy effi  ciency improvement in two-way 
power fl ow electrical system. As a result, they can help to reduce the cost 
associated with grid maintenance, and also to enhance the reliability during 
operaƟ ons. In 2018 this system was handed over to Singapore InsƟ tute of 
Technology (SIT) for further research.                     

Table 2

Working condiƟ ons faced such as pressure from 
authoriƟ es in not exceeding power downƟ me 
limit, working at height, engaging live loads and 
severe weather condiƟ on made cabling and 
sensor installaƟ ons challenging (Fig. 5). Under 
eff ecƟ ve supervision and management from 
SBB’s staff , the sensor system was deployed 1 
week ahead of schedule with excellent safety 
record.

As part of the deliverables, the web-browser 
user interface (UI) was developed for 
visualisaƟ on. It took about one year from the 
fi rst site visit in the last quarter of 2016 to the 
end of 2017 before data could be accessed and 
visualized remotely.

Table 3

Fig. 4 Results of Ubin-grid CMHPS 
published by SIT researchers [1].

Fig. 5 Install sensors for PV on rooŌ op of 
Visitor Centre & at Singtel Site.

a. b.

(a.) Cell level monitoring for baƩ ery bank (b.) Module level monitoring for PV system.
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NaƟ onal University of Singapore, Singapore. He served as an Engineer with the Engineering 
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rural electrifi caƟ on, and power electronics.             

1) What is the mode of interac  on 
between you and your supervisor? How 
o  en do you interact with your PI? Do 
they provide adequate guidance and 
mentorship?
I usually interact with my supervisor 
and PI Assoc. Prof. Sanjib K. Panda once 
a week in person or over a call (during 
COVID 19 lockdown). He has been ac-
Ɵ vely guiding me in my research projects 
and has also encouraged me to interact 
with other PIs and researchers in the 
program.

2) How do you use the facili  es/labora-
tories provided by the program?
My research is focused on the interac-
Ɵ on between buildings and electricity 
grids. We have been acƟ vely involved in 
the planning, procurement and com-
missioning of the nanogrid part of the 
testbed. We uƟ lize the nanogrid testbed 
to model electrical resources within 
buildings as an “energy node” and 
implement, test and demonstrate our 
algorithms for demand response.

3) How do you interact with other 
researchers within your theme and 
outside your theme?
We interact within the theme during 
regular monthly Theme-B meeƟ ngs 
where we share recent research out-
comes and discuss opportuniƟ es. I have 
interacted with researchers from other 
themes while working in the testbed fa-
ciliƟ es including ACMV and nanogrid ar-
eas. InteracƟ on with PIs of other themes 
was facilitated through presentaƟ ons in 
the Monthly PI’s meeƟ ng.

4) Did you get the opportunity to work 
with industry and Singapore govern-
ment agencies in your work?
No, not at this point of Ɵ me as we are 
sƟ ll developing the research work at lab-
oratory level. Once, we can demonstrate 
results to the industry partner, we will 

try to get them involved for a possible 
implementaƟ on of proposed soluƟ on 
at a small scale microgrid. We have also 
been parƟ cipaƟ ng in diff erent grant calls 
adverƟ sed by EMA related to microgrids 
and energy management systems. 

5) Can you describe how you have 
grown as a researcher through the 
program?
Before joining NUS and SBB, I had 
separate experiences in academic 
research and industry. In SBB, I have 
seen the close collaboraƟ on between 
research and industry. Further, I have 
been mentored by various PIs and have 
learned from their extensive experiences 
in translaƟ on of research outcomes to 
products/services. Thus, as part of SBB, I 
have grown to understand the novelty in 
technologies as well as pracƟ cal consid-
eraƟ ons which enable the technologies 
to be adopted readily by the industry. 
The demonstraƟ on of proposed technol-
ogies through test-bedding is an import-
ant factor in developing confi dence.

6) What is your view of the SBB mis-
sion? How does your research contrib-
ute to the mission?
SBB mission involves improving energy 
effi  ciency and reducing carbon foot-
prints from building which consume sig-
nifi cant porƟ on (40-50%) of total energy 
in developed and tropical countries. This 
is a well idenƟ fi ed research subject as 
buildings are energy-dense and provide 
opportuniƟ es for intervenƟ ons which 
can be economically jusƟ fi ed. Further, 
the SBB approach of Measuring, Mod-
eling, and MiƟ gaƟ on provides unique 
approach to solving this problem. My 
research area is Building-Grid Inter-
acƟ on. We have proposed simplifi ed 
models for buildings as “energy nodes” 
and proposed electricity market-based 
approach to energy management. We 
propose coordinaƟ on among “cluster of 

buildings” and aggregaƟ on of individual 
building capacity to realize higher energy 
benefi ts and provide demand response 
and other grid services. These grid ser-
vices also enable reliable integraƟ on of 
renewable energy sources into the elec-
tricity grid and corresponding reducƟ on 
in carbon footprint.

7) What are your career plans and how 
is it shaped by the SBB program?
My plans involve pursuing a research 
career in either academic or industrial 
environment. In my associaƟ on with the 
SBB program, I have been part of inter-
acƟ on between academia and industry, 
learned alignment of research goals to 
industry needs, and methods of incorpo-
raƟ ng translaƟ onal aspects into research 
methodology.
This knowledge would help me in my 
future career as a researcher to do im-
pacƞ ul research and be part of transla-
Ɵ on of research outcomes to products/
services.

8) What could be improved within the 
SBB program?
The SBB program is well organized and 
run. Regular inter-theme research inter-
acƟ ons may be a possibility of improve-
ment for the program.

2020 
American 
Automa  c 
Control Council 
O. Hugo Schuck 
Best Paper Award
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Baihong Jin is currently a Ph.D. candidate in the Department of Electrical Engineering and 
Computer Sciences at University of California, Berkeley, and is currently a research affi  liate 
at the Lawrence Berkeley NaƟ onal Lab. Baihong is advised by Prof. Alberto Sangiovanni 
Vincentelli and Prof. Kameshwar Poolla, and is part of the fi rst and the second phases of the 
Singapore-Berkeley Building Effi  ciency and Sustainability in the Tropics (SinBerBEST) program. 
Baihong was recognized for his notable contribuƟ ons to soŌ  compuƟ ng and its applicaƟ ons 
with the LoŌ i A. Zadeh Prize. Baihong’s research interests include machine learning, fault 
management, and anomaly detecƟ on techniques, with a focus on their applicaƟ ons in energy 
cyber-physical systems and healthcare AI. He also served as a reviewer for several top-Ɵ er 
journals and conferences including Applied Energy and IEEE Conference on Decision and 
Control (CDC). AŌ er his graduaƟ on, Baihong will conƟ nue with the SinBerBEST 2 program as a 
postdoctoral scholar.

1) What is the mode of interac  on 
between you and your supervisor? How 
o  en do you interact with your PI? Do 
they provide adequate guidance and 
mentorship?
I have bi-weekly regular meeƟ ngs (on-
line or in-person) and frequent email 
interacƟ ons with both of my advisors, 
Prof. Alberto Sangiovanni Vincentelli 
and Prof. Kameshwar Poolla. Both PIs 
provide great intellectual guidance and 
support to my research.

2) How do you use the facili  es/labora-
tories provided by the program?
My research is mostly centered around 
fault detecƟ on and diagnosis in commer-
cial buildings. As a result, my collabo-
rators and I have been using the data 
collected from JTC buildings instead of 
the data from the SBB laboratories.

3) How do you interact with other 
researchers within your theme and 
outside your theme?
During my six years in the SBB program 
(both phase 1 and phase 2), I have 
collaborated with mulƟ ple colleagues 
in Singapore and in Berkeley in our 
joint projects. My collaborators include 
Dr. Dan Li, Dr. Seshadhri Srinivasan, Dr. 
Yuxun Zhou, PI Stefano Schiavon, and PI 
Costas Spanos. The collaboraƟ on with 

people across diff erent themes enables 
me to look at research problems from a 
more holisƟ c perspecƟ ve.

4) Did you get the opportunity to work 
with industry and Singapore govern-
ment agencies in your work?
Yes. I have been working with the JTC 
CorporaƟ on in my fault detecƟ on re-
search. The data and the operaƟ onal in-
sights from JTC consƟ tute valuable parts 
in my research and help me gain a beƩ er 
understanding of real-world challenges 
in the building domain. 

5) Can you describe how you have 
grown as a researcher through the 
program?
The six years at SBB have been a reward-
ing experience to my life and career. I 
have learned how to be a good research-
er and collaborator, and have gained 
a deeper understanding of real-world 
problems and challenges. I would like 
to express my sincere appreciaƟ on 
towards the SBB program as my fellow 
researchers. The exchange of knowledge 
and thoughts, as well as the friendship 
and bonds that were formed during the 
collaboraƟ on, will be invaluable through-
out my life.

6) What is your view of the SBB mis-
sion? How does your research contrib-
ute to the mission?
I view the SBB mission as a pursuit to 
transform how smart buildings are de-
signed, built and operated. My research 
on incipient fault detecƟ on and diagno-
sis is important in reducing the opera-
Ɵ on costs of buildings. If faults and deg-
radaƟ ons can be idenƟ fi ed in an early 
manner, we can take proper measures to 
address them, thus helping avoid further 
costs and losses.

7) What are your career plans and how 
is it shaped by the SBB program?
I plan to conƟ nue as a postdoctoral 
scholar with the SBB program aŌ er I 
obtain my PhD degree in late 2020. 
Later on I plan to pursue a career in 
academia or in industry research labs. 
My experiences at SBB have provided 
me adequate training in conducƟ ng fault 
detecƟ on and energy related research, 
which is of great benefi t to my future 
career in related fi elds.

8) What could be improved within the 
SBB program?
I would like to see more Singapore 
colleagues have the chance to visit UC 
Berkeley and parƟ cipate in the studies 
conducted in the US.

Research collaboraƟ on between SinBerBEST 2 and UC Berkeley’s Electrical Engineering and Computer Science  (EECS) team 
resulted in a O. Hugo Schuck Best Paper Award from the American AutomaƟ c Control Council (AACC) in 2020. AACC consists 
of of nine member socieƟ es’ control systems divisions, represenƟ ng the American systems’ perspecƟ ve to the global systems 
community. AddiƟ onally, it supports its member socieƟ es in “enhancing the role and contribuƟ ons of automaƟ on to the ben-
efi t of humankind.” The AACC hosts an annual, interdisciplinary American Control Conference (ACC,) off ering annual awards to 
acknowledge individuals who have contributed signifi cantly to control theory and applicaƟ on, and supports control educaƟ on. 
This Best Paper Award is a signifi cant achievement as there were over 1,200 paper submissions. The winning paper, “Distributed 
Storage Investment in Power Networks,” was wriƩ en by Junjie Qin, Sen Li, Kameshwar Poolla, and Pravin Varaiya. These writers 
built and examined a network storage investment game to determine if a market-driven distributed storage investment will lead 
to a socially-desirable outcome.
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