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Occupancy information that can be used to determine heating, ventilation and lighting requirements is
one of the important parameters for the control of energy efficient buildings. In this paper, we propose
a fusion framework for building occupancy estimation with environmental parameters. Based on the
environmental sensor data, a coarse estimation of building occupancy can be achieved using data-driven
models that include extreme learning machine (ELM), support vector machine (SVM), artificial neural
network (ANN), K-nearest neighbors (KNN), linear discriminant analysis (LDA) and classification and
regression tree (CART). Due to the extremely fast learning speed of the ELM algorithm, we apply an ELM-
based wrapper method to select the best feature set of environmental parameters. To further improve the
estimation accuracy of building occupancy, taking occupancy dynamics into consideration, we fuse the
results of data-driven models with well developed occupancy models by using a particle filter algorithm.
Real experiments have shown that our proposed fusion framework can achieve improvements of around
5-14% and 3-12% for the estimation accuracy and the detection accuracy (presence/absence) respectively

among the different methodologies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

According to the United Nations Environment Programme
(UNEP), buildings contribute to about one-third of total global
greenhouse emissions [1]. In Singapore alone, the greenhouse
gas emissions from buildings are expected to be around 5 mil-
lion tons, or 13.8% of the city’s total [2]. There is a need for
more energy-efficient technologies for buildings. In this regard,
occupancy information can be a valuable asset. Occupancy-driven
control can save up to 15% of the total energy usage in build-
ings [3]. Another application of occupancy information is adaptive
lighting control which has been shown to be effective and can
reduce 35-75% of energy usage for lighting in buildings [4]. More-
over, building security and emergency evacuation also require an
accurate monitoring of building occupancy. But obtaining reliable
occupancy estimates is a challenging problem that requires more
attention.

Occupancy estimation can be accomplished with different sen-
sors. Some works focus on binary detection, i.e. presence and
absence, usually with PIR sensors [5]. But recently, greater focus
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is being given to the estimation of actual occupancy numbers.
Methods with various sensors, such as RFID tags [6], cameras
[7] and wearable sensors [8], have been presented. However,
these approaches are intrusive to occupants. Other works take
an activity-dependent approach, such as the use of chair sen-
sors [9] and monitoring appliance power consumption [10]. These
approaches cannot detect occupants who are disengaged from the
activities being monitored.

A recent development has been the use of environmental sen-
sors for occupancy estimation, which is non-intrusive for users and
of low-cost. The environmental sensors include CO,, temperature,
humidity and air pressure which are influenced by the change of
occupancy. The inherent relationship between occupancy and envi-
ronmental parameters can be utilized for occupancy estimation
[11-13]. Specifically, from environmental sensor data, useful fea-
tures that capture changes in occupancy can be extracted. Out of
these extracted features, the most relevant ones can be used with
data-driven models to generate occupancy estimates.

Various feature selection techniques can be applied to find the
most relevant features. In the literature on occupancy estimation,
feature selection using correlation measures like Information Gain
and Symmetric Uncertainty has been reported [14,12,15]. These
are filter-based approaches, which select features independently
of classifiers. While these approaches are fast, they compromise
on the estimation accuracy. We instead use a wrapper-based
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approach, which is generally more accurate than filter methods
[16]. However, it has a problem of high computational load with
normal classifiers. Owing to the extremely fast learning speed of the
extreme learning machine (ELM) algorithm, we perform an ELM-
based wrapper method which is feasible for real implementation
and has higher accuracy. Building occupancy has been shown to
contain specific patterns [17-19]. However, traditional data-driven
approaches did not consider the information of occupancy patterns.
By taking occupancy patterns into consideration, we combine a well
developed occupancy model with the outputs of data-driven mod-
els via a particle filter algorithm to further improve the occupancy
estimation accuracy. The data-driven models that are employed
in this work include ELM, support vector machine (SVM), artificial
neural network (ANN), K-nearest neighbors (KNN), linear discrim-
inant analysis (LDA) and classification and regression tree (CART).
Experiments have been conducted in a multi-occupant office envi-
ronment to evaluate the performance of the proposed framework.
The main contributions of this paper are as follows:

e We propose a fusion framework which combines data-driven
models with occupancy models for building occupancy estima-
tion based on environmental sensor data.

e We apply a new approach of ELM with regularization term
for occupancy estimation, and perform an ELM-based wrapper
method for feather selection.

e We evaluate the proposed approach using real experiment data,
and compare it with the state-of-the-art data-driven approaches.

2. Related works
2.1. Occupancy models

Occupancy models which reveal the patterns of occupancy have
been well developed for decades. Wang et al. proposed two expo-
nential distributions to model occupied and vacant intervals in a
single person office [20]. Page et al. presented an inhomogeneous
Markov chain with two states of presence and absence to model
occupancy states in single person offices [17]. A parameter of mobil-
ity which denotes the changing rate of the two states is defined to
calculate the transition probability matrix of the inhomogeneous
Markov chain model.

An extension of the model in [17] into a more complicated
multi-occupant situation can be found in [21]. Richardson et al.
presented an inhomogeneous Markov chain where the state is the
number of occupants to simulate occupants in residential buildings
[21]. Another work in [22] proposed an event-driven approach for
modeling building occupancy. An inhomogeneous Markov chain is
applied for each event which contains walking around, going to
office, getting off work and lunch break. Erickson et al. applied a
multivariate Gaussian and an agent-based models to capture occu-
pancy patterns in buildings [23]. The multivariate Gaussian model
attempts to fit a Gaussian distribution for building occupancy at
each time step. And the agent-based model tries to model each
occupant’s behaviour individually.

Liao et al. proposed a different agent-based model with four
modules to simulate building occupancy [18]. Based on the occu-
pancy property, a damping process which claims that occupants
tend to stay at their working place for a long time and an acceler-
ation process which claims that occupants tend to leave hallways
or restrooms quickly were established. A more recent work can
be found in [19], where the authors proposed two novel inho-
mogeneous Markov chain models for regular occupancy modeling
in commercial buildings. Instead of using the number of occu-
pants as the states, they leverage on the increment information of

occupancy. In this way, they can dramatically simplify the calcula-
tion of Markov transition probability matrices.

2.2. Occupancy estimation and detection

A feature selection approach to occupancy estimation was
introduced by Dong et al. [11]. Their method involved four main
steps: (1) collect environmental sensor data, (2) extract features
fromthe data, (3) select the most relevant features, and (4) input the
selected features to machine learning algorithms. They recorded
various environmental parameters in an open plan office using a
wireless sensor network. Feature selection was performed using
a filter method based on information gain. They concluded that
the most relevant parameters were CO, and acoustic levels. The
estimation accuracy with over a week of data was limited to 70%.

Yang et al. [24] used a combination of non-intrusive sensors
that measured indoor temperature, CO,, humidity, light, sound
and motion. They collected data in two multi-occupancy rooms
and trained a Radial Basis Function (RBF) neural network with a
number of features to estimate the occupancy. They achieved an
accuracy of up to 88.74% with an error tolerance of one occupant.
However, they were not selective in their use of features, and the
entire dataset is used in the estimation. Yang et al. addressed this
problem in [12], in which they explored different combinations of
sensors, i.e. motion, sound, door, temperature, humidity, CO,, light,
and passive infrared, to detect occupancy in both single-occupancy
and multi-occupancy offices by using six data-driven models. The
contributions of each sensor were evaluated based on information
gain theory. They found the CO,, door status and light levels to be
the three most informative variables. Among the six methodolo-
gies, the decision tree algorithm performs the best with detection
accuracies of 96.0-98.2% and the RMSEs (Root Mean Square Errors)
of 0.109-0.156 for the four different rooms.

Khan et al. [25] measured temperature, light, humidity, PIR and
audio levels in an office space. For classification, they proposed the
use of three hierarchies with varying resolutions of occupancy and
employed the posterior probabilities of lower levels to improve
the feature vectors of higher levels. This improved the estimation
accuracy of higher levels. The classifiers that they used are KNN
and SVM. They also incorporated meeting schedule and computer
usage information into the features. However, they found that the
meeting schedules could be inaccurate, such as when a scheduled
meeting would not take place. This limited the positive contribution
of the scheduled information to the overall estimation accuracy.

Recently, an occupancy detection system that leverages on CO,
temperature, humidity and light levels was presented [26]. The
authors applied statistical models for classification. They found
that with combinations of just two features, good detection accu-
racy could be achieved, especially with linear discriminant analysis
(LDA). However, the Random Forest model yielded poor accuracies.
They also included the time of day and week status in their model,
which improved the accuracy. This work was limited to detection of
presence or absence of occupants, rather than the actual occupancy
levels.

The state-of-the-art approaches reviewed above employed
environmental sensors and occupancy related sensors, e.g. PIR,
motion sensor and light sensor, for occupancy estimation and
detection using various data-driven approaches. In this work, we
only employ environmental sensors, i.e. temperature, humidity,
CO, and air pressure. No specific occupancy sensors, e.g. PIR, motion
or light sensors, are required in the environment. We noted that
feature selection has been shown to be effective in increasing esti-
mation accuracy [11,12,26]. We perform an ELM-based wrapper
method for feature selection. The data-driven models we used
include ELM, SVM, ANN, KNN, LDA and CART. To further enhance
the performance of the estimation system, we combine them with
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existing well developed occupancy models which can extract occu-
pancy patterns for building occupancy estimation.

3. Methodology

In this section, we will first introduce the data-driven models
of ELM, SVM, ANN, KNN, LDA and CART. Then, feature engineering
which consists of feature extraction and feature selection will be
presented. After that, we will select a proper occupancy model for
our case. Finally, fusion of the occupancy model and the output of
data-driven models by using a particle filter will be presented.

3.1. Data-driven models

The data-driven models of ELM, SVM, ANN, KNN, LDA and CART
will be introduced in this section.

3.1.1. Extreme learning machine

Extreme learning machine (ELM) was developed for single-
hidden layer feedforward neural networks (SLFNs). It randomly
chooses the parameters of hidden layer neurons and analytically
determines the weights of output neurons [27]. Given training
samples (X, yi), where X; = [Xk1, Xk2, - - .,ka]T € R™ and y;, =
[y,d,ykz,...,y,m]T € R", the activation function is g(-) and the
number of hidden nodes is L. Then, the output of SLFNs t; is given
by

L
ijg(ajvxkvﬂj):tk (1)
j=1
wherek=1,...,N, Nis the total number of samples, e; is the weight
of input nodes to the hidden node j, ; is the bias of hidden node
Jj,and w; e R" is the weight of the hidden node j to output nodes.
Assume that the activation function g(-) can approximate these N

samples with no error, which means Z;:J:] Ity — Vil =0, i.e, there
exist wj, a; and B; such that

L
ijg(aj,xm Bj) =Yy« (2)

j=1

We can rewrite the above equation into matrix form as

Hw =Y (3)
where
glay, xq, B1) glayg, X1, Br)
H=|. : , (4)
g(our, X, 1) glou, Xn, B) | w1
wi Vi
w= |- and Y= : (5)
T T
Wl— Lxn yN Nxn

As named by Huang et al. [27], H is called hidden layer output
matrix; the kth column of H is the kth hidden node output with
respect to all the inputs. According to [27], the smallest least-
squares solution of Eq. (3) can be expressed as

w=H'Y (6)

where H is the Moore Penrose generalized inverse of matrix H. Based
on [28], an orthogonal projection method can be employed to cal-

culate H' in two cases: when H'H is nonsingular, H = (H'H) 'HT,

or when HH' is nonsingular, H — HT(HHT) . To avoid the singu-
larity of HTH or HHY, the authors in [28] suggest to add a positive
value to the diagonal of HTH or HH, which can be expressed as

-1
®:<$+HTH) H'Y or 7)
C -1
€V=HT(T+HHT) Y (8)

where I is the identity matrix, and C is the regularization term. In
this way, the solution will be more stable and tends to have better
generalization performance [28].

In summary, the implementation of ELM can be divided into
three steps:

(1) Randomly assign hidden nodes parameters, i.e. ; and B; where
j=1,2,... L

(2) Calculate the hidden layer output matrix H.

(3) Calculate the output weight w.

3.1.2. Support vector machine

Support vector machine (SVM) was developed under the prin-
ciples of structural risk minimization which not only minimizes
the training error, but also reduces the system complexity [29]. By
applying the kernel trick, it can map the inputs into a high dimen-
sional feature space, where different classes can be separated easily.
The widely used radial basis function (RBF) kernel [25] is employed
in this paper.

3.1.3. Artificial neural network

Another widely used data-driven approach is artificial neural
network (ANN). The neurons in ANN are computational models
inspired by natural neurons. The ANN model applies these neurons
to process information. In this paper, a single hidden layer feed-
forward neural network is used for building occupancy estimation.
The Sigmoid functions are used as the activation functions for all
hidden neurons. A back-propagation method is employed for the
learning of the parameters. The details of ANN can be found in [30].

3.1.4. K-nearest neighbors

K-nearest neighbors (KNN) algorithm is quite popular for clas-
sification because of its simple structure and easy interpretation.
Given a training data set (xy, yi ), where k=1, 2, ..., N, and a testing
sample t, the distance, dj, between t and each x; is calculated as

dy = 1t — X llgis (9)

where ||| 4is is the distance calculation algorithm. One of the most
widely used distance calculation algorithms is Euclidean distance.
After obtaining the distances d, k=1, 2,.. ., N, to each training sam-
ple, the labels of K training samples with the smallest distance will
be selected. Then, a majority voting will be performed to determine
the label of the testing sample. Note that any ties can be handled
by using a random selection.

3.1.5. Linear discriminant analysis

Linear discriminant analysis (LDA), also known as Fisher lin-
ear discriminant [31], is a popular data-driven approach in pattern
recognition area. It aims at finding a projection hyperplane for fea-
tures that minimizes the variance within each class and maximizes
the means of classes after projection, which means the best sep-
arability in the new feature space. This objective can be resolved
by using eigenvalue analysis. The corresponding eigenvector can
be leveraged to determine the projection hyperplane. The detailed
mathematical expressions can be found in [32].
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Table 1
List of features extracted from sensor data.

Feature Description

fd(i)=raw(i) —raw(i—1)
fd2(i)=fd(i) - fd(i— 1)
fds(i)=raw(i)—raw(i—2)
mavg = (Z]’_ii#‘raw(i))/s
fds10(i) =raw(i) — raw(i — 10)

First order difference
Second order difference
First order shifted difference
5-min moving average
10-min shifted difference

3.1.6. Classification and regression tree

classification and regression tree (CART) is established upon the
principle of recursively partitioning feature space and fitting a sim-
ple threshold model within each partition. It can be represented
graphically as a decision tree. The partition in CART is a binary split
which relies on the criterion of Gini index. The CART splits a node
by exhaustively searching all the possible routes that minimize the
total Gini index of its two child nodes. The detailed description of
CART can be found in [33].

3.2. Feature engineering

The raw environmental sensor data may be noisy and is not
likely to give accurate classification results if used directly. Thus,
we need to extract more representative information, known as
features that can indicate occupancy information. Among all the
extracted features, some of them may be redundant, which will
lead to poorer performance and incur unnecessary computational
time. Therefore, feature selection is necessary. In this work, feature
engineering contains two parts, i.e. feature extraction and feature
selection.

3.2.1. Feature extraction

The features extracted from the raw environmental data are
shown in Table 1. The first order difference (fd), second order dif-
ference (fd2) and first order shifted difference (fds) are selected
to capture the temporal variations in the data. The moving aver-
age (mavg) and 10-min shifted difference (fds10) features take into
account the time delay in the build-up and decay of the environ-
mental parameters. The choice of 5min in the moving average is
based on its effectiveness in [15]. Note that, if the data is not com-
plete, we treat the unavailable data the same as the nearest one for
difference related features and perform the average to the available
data for moving average related features. For instance, if only one
sample is available for the first order difference, since we treat the
unavailable one the same as the nearest one, the feature of that is
zero. If only two samples (one sample per min) are available for
5-min moving average, we perform the average of these two as the
result of 5 min moving average.

3.2.2. Feature selection using an ELM-based wrapper method

In general, feature selection can be accomplished by leveraging
on two approaches, i.e. the filter method and the wrapper method.
In the filter method, the merit of the features can be assessed using
criteria, e.g. Information Gain [14,12] and Symmetric Uncertainty
[15], that are independent of classifiers. This makes the feature
selection quite fast, but compromises the estimation accuracy. In
the wrapper method, classifiers are employed to assess the merit of
features. The feature selection is thus optimized for classifiers. This
generally yields better performance when compared to the filter
method. One issue of the wrapper method is that the computa-
tional burden is quite high, because multiple classifier models are
created in the feature selection process. Most previous works that
estimated occupancy using environmental parameters used filter
methods. We instead apply a wrapper method [34]. To address the
issue of computational time, we perform an ELM-based wrapper

1 forN=2ton

2 forc=110 ,C,

3 8° < feature _combo®;size(S°)=N
4 A<= ELM(S°,0)

5 endfor

6 8 < argmax ;- A

7 end for

8 Rank(f)) < Count(f, € S")

Fig. 1. The ELM-based wrapper algorithm.

Table 2
Results of individual domain analysis for the ELM-based wrapper method.

Domain Best feature set

CO; CO, -fds; CO, _fd; COx(raw)
Relative humidity RH_fds10; RH_fd2; RH_m avg
Temperature Temp_fds10; Temp(raw); Temp_fds
Pressure Press_f ds; Press-m avg; Press_fd

method which is quite fast owing to the extremely fast learning
speed of the ELM algorithm [13].

We conduct the feature selection in two stages. First, we select
the best features for each sensing domain. Secondly, we combine
these best features to form a multi-domain feature set, which
we search exhaustively for the final feature set. These stages are
explained in the following paragraphs.

Stage I: Analysis of individual sensing domains. The objective of
the individual domain analysis is to select the best features for each
environmental parameter. This reduces the feature space to a more
manageable number. To begin with, we have six features (that is,
including the raw data) for each of the four environmental parame-
ters. We thus have 24 features. We attempt to select the three best
features from each sensing domain, thus yielding 12 features. To
determine the best features, we apply a wrapper-based ranking.
That is, we use the estimation accuracy of a classifier, in our case
the ELM, as the criterion to rank features.

The algorithm of the individual domain analysis is outlined in
Fig. 1. Note that the algorithm shown applies for a single domain.
Let {f;} be the set of features of an environmental parameter. Let N
be the size of the combination of features and n the total number of
features. In our case, n=6. For each N=2, 3, .., n, all combinations
of features are evaluated for their estimation accuracy. In each iter-
ation, the set of features S¢ represents a combination of N features.
S¢ is taken as the input and the occupancy O is made the target
output of an ELM. A€ is the accuracy obtained with S¢. We note the
combination S that yields the highest accuracy. The rank of each
feature is the number of times it appears in the highest accuracy
combination.

The algorithm described above was implemented on the
extracted features. The algorithm was implemented in MATLAB
R2015a on a 1.80 GHz CPU. The approximate running time for the
analysis in MATLAB was 7 min and 24 s. The results of the analysis
are shown in Table 2.

Stage II: Multi-domain analysis. With the feature space reduced
to half by the individual domain analysis, the best features from
Stage I are combined into a multi-domain feature set. All possible
combinations of the elements of this set were evaluated for their
estimation accuracy with an ELM. The best features were CO, _f d,
Temp_fds10, Temp(raw) and Press_f ds. It is notable that the pres-
sure data, which has not generally been considered for occupancy
estimation, is deemed a relevant feature by the algorithm. Also, the



794 Z. Chen et al. / Energy and Buildings 133 (2016) 790-798

relative humidity has no clear contributions to the best feature set
in this work.

3.3. Selected occupancy models

Occupancy models can reveal occupancy patterns which can
be utilized to further improve the estimation accuracy of occu-
pancy. To obtain the exact number of occupants in a multi-occupant
area is quite difficult, especially when the occupancy is relatively
high. In most situations, for example, discriminating 10 occupants
from 11 occupants in one thermal zone is not very meaningful.
Also, this discrimination would require high cost devices such as
cameras. Normally, the information of occupancy range, i.e. zero,
low, medium and high, will be enough for the control systems in
buildings. In this work, we consider the estimation of these four
states which can be defined based on different deployment sce-
narios in one thermal zone. The model developed by Richardson
etal.[21]is a good candidate for our case. They presented an inho-
mogeneous Markov chain where the state is the number of active
occupants in one house (one thermal zone). The deployment sce-
nario is similar to ours. We only need to change the definition of the
Markov state from the number of active occupants to the four occu-
pancy ranges. Recent occupancy models developed by Liao et al.
[18] and Chen et al. [19] mainly deal with the simplification of the
inhomogeneous Markov chain with a huge dimension of transition
probability matrix. They are not suitable for our case. When we
consider different deployment scenarios, proper occupancy models
need to be chosen. Due to the slow response of the building control
system, 15 min resolution will be adequate [35,17,18]. Finally, an
inhomogeneous Markov chain model with 96 transition probabil-
ity matrices of dimension 4 x 4, where the 4 states are zero, low,
medium and high, is constructed for building occupancy modeling.

3.4. Fusion algorithm

Previous works only applied data-driven approaches to esti-
mation building occupancy based on environmental sensor data.
They did not consider occupancy dynamics which have been well
studied in occupancy modeling [17-19]. In this work, we attempt
to incorporate occupancy dynamics with data-driven approaches
to enhance the performance of the occupancy estimation system.
Thus, we propose to fuse the output of data-driven models with
occupancy models using a particle filter algorithm. The particle fil-
ter intends to represent the posterior distribution by using a set of
particles [36]. In our case, the state of ith particle at time step k is
defined as x§< which represents the occupancy of a zone. The imple-
mentation of the particle filter in this work consists of three steps
shown below:

Propagation: The occupancy model we used is a first-order
inhomogeneous Markov chain model developed by Richardson
etal. [21]. Given ith particle state at time step k—1, x}'{_l. the parti-
cle can reach the state, X!, with the transition probability P(%} |}, ),
i=1,2,...,M.

Weight calculation: The observation, oy, can be derived from
data-driven models with current environmental sensor data. Given
the occupancy model output, &, the ith particle weight at time step
k can be calculated as

W, = WP (0,/%)) (10)

- (0 %))/ 202
where P(opl&}) = —Z=e "% % /29" Then, we normalize the

2mo?
weight for each particle as
. wi
wj = —_k (11)

Table 3
The resolution and accuracy of the environmental sensors.
Sensor Measured parameter ~ Resolution  Accuracy
R . CO, 1ppm +5% of the
CE;rlomc measured
value
Temperature 0.05°C +0.3K
Relative humidity 0.1% RH <2.5% RH
Lutron MHB-382SD  Pressure 0.1hPa +2hPa

Resampling: We draw M new particles from the current particle
set, Xy = (%}, &2, ..., XM}, proportional to the weight of each particle
and set the weights of all particles to 1/M. Then, this new particle
set, X = {x}, x2, ..., x}1}, is the desired one to determine the final
occupancy of the zone at time step k, y;, which can be expressed as

M
1 .
Vie= 51D X (12)
i=1

4. Experimental results

In this section, we first introduce the data acquisition process.
Then, variables and criteria for performance evaluation are defined.
Finally, we present the experimental results and discussions.

4.1. Data acquisition

In this work, we recorded the CO,, humidity, temperature and
pressure levels in the Process Instrumentation Lab at Nanyang
Technological University (NTU), Singapore. The lab contains an
office space with 24 cubicles and 11 open seats. The room seats
9 PhD students and 11 research staffs. About 6 to 10 of them are
regularly present during working hours. Additionally, there are
6 PCs for final year undergraduate students and 5 PCs open to
all students. These are less frequently used. In this work, we set
the occupancy range of low (1-5 occupants), medium (6-10 occu-
pants), and high (more than 10 occupants). The room is conditioned
using both Active Chilled Beam (ACB) and the conventional Variable
Air Volume (VAV) systems, and is mechanically ventilated using Air
Handling Unit (AHU) which delivers a constant supply of fresh air.

The measurements of CO-, relative humidity and temperature
were done using the CL11 sensor from Rotronic. Pressure levels
were measured using the MHB-382SD sensor from Lutron. The
sampling time was 1 min. The resolution and accuracy of the sen-
sors are shown in Table 3. The sensors are attached on the wall
at a height of 1.1 m from the ground. We applied one sensor per
environmental parameter. To record ground truth occupancy, three
Internet Protocol (IP) cameras were installed. The layout of the zone
isshownin Fig. 2. The main door (referring to the location of camera
1) opens to an outer office space for administrative staffs. Another
door (referring to the location of camera 2) opens to a lab area,
while the third door remains closed. All the windows are closed.
The size of the zone is 20 m long, 9.3 m wide and 2.6 m high. Note
that the locations of the sensors are randomly chosen. The optimal
placement of the sensors is out of the scope of this paper and will
be one of our future works.

The data collected from the sensors was transferred to a laptop
using a USB cable. Preprocessing of the data was done in MAT-
LAB. This involved removing missing values, synchronizing the
time stamps of the sensors and synchronizing the sensor data with
occupancy values. Since the occupancy dynamics on weekdays and
weekends are different, we only consider occupancy estimation on
weekdays in this work. Note that the occupancy estimation method
for weekends is the same. Finally, we collected 32 days of data in
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. . .

[ ] i |

T C02, Temperature and Humidity sensor

Pressure sensor

Fig. 2. Layout of the zone.

weekdays for performance evaluation. Among them, we utilize 25
days of data for training and the last 7 days of data for testing.

4.2. Variables and criteria

In this paper, the estimation of building occupancy is treated as
a classification problem. Thus, one basic criterion is classification
accuracy which is defined as the correctly estimated results against
the total number of the examined cases. Another evaluation met-
ric that we used is Normalized Root Mean Square Error (NRMSE)
which indicates the magnitude of the estimation error [24]. Time
of first arrival (TOFA) and time of last departure (TOLD) are the two
most important parameters for building control systems. They will
determine the operation period of the control systems. Therefore,
the estimation accuracy of these two parameters is vital for an occu-
pancy estimation system. We follow the definitions of these two
parameters in [18,19] as follows:

e TOFA: The time of first arrival is the first time when the zone
becomes occupied. Precisely, for zone i, if X! > 0 and X = 0 for
all t<k, where X,’; is the occupancy of zone i at time step k, then,
k is the time of first arrival.

e TOLD: The time of last departure is the time from which the zone
becomes unoccupied. For zone i, if X} > 0 and X! = 0 for all t>k,
then, k+1 is the time of last departure.

The normalized mean errors of TOFA and TOLD will be evaluated
to demonstrate the performance of the proposed framework.

4.3. Results and discussion

The overall results can be found in Table 4 which presents the
classification accuracy, the NRMSE, the normalized mean errors of
TOFA and TOLD for the six methodologies with and without fusion.
The values of the parameters of some data-driven models, i.e. ELM,
SVM, ANN and KNN, are presented in Table 5. All these parameters
are adjusted based on grid-search with cross validation of the train-
ing data. Specifically, for example, the number of hidden neurons
of the ELM algorithm needs to be tuned. We selected the num-
ber of hidden neurons from 1 to 100. Fivefold cross validation was
employed on the training data with different number of hidden
neurons. Then, we chose the optimal number of hidden neurons
based on the mean testing accuracy of the fivefold cross validation.

Table 4
The classification accuracy, the NRMSE, the normalized mean errors of time of first
arrival and time of last departure for the six approaches with and without fusion.
Here, W denotes the approach with fusion and WO denotes the approach without
fusion.

Model Accuracy NRMSE TOFA (%) TOLD (%)
ELM WO 0.6885 0.2490 7.6340 4.1369
Y 0.7418 0.2099 0.8184 1.2351
SUM WO 0.6592 0.2660 1.0417 7.4405
W 0.7167 0.2125 0.8035 1.6369
ANN WO 0.6427 0.2692 6.6965 3.2441
W 0.7037 0.2295 1.8899 1.2351
KNN WO 0.6100 0.2687 14.3452 7.8125
4 0.7074 0.2126 0.8482 1.5774
LDA WO 0.6964 0.2450 0.8928 2.2322
W 0.7390 0.2133 0.7441 1.0417
CART WO 0.6250 0.2722 14.4345 7.7381
W 0.7188 0.2176 0.7441 1.4583
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Fig. 3. The classification results of the ELM approach with and without fusion.

The same strategy was applied for determining the optimal param-
eters for the other data-driven approaches.

Since we takes the occupancy dynamics into consideration, all
the approaches with fusion show significant improvements on the
estimation accuracy and reductions on the NRMSE. In particular,
the fusion algorithm demonstrates an impressive improvement
of some 5-14% on estimation accuracy among the different
methodologies. Among all the approaches, the ELM with fusion
outperforms the others under the two criteria of the estimation
accuracy and the NRMSE, which demonstrates the effectiveness of
applying this algorithm for building occupancy estimation. For the
criteria of the normalized mean errors of TOFA and TOLD, all the
approaches with fusion show great reductions. In addition, the LDA
and CART with fusion have the lowest estimation error on the nor-
malized mean error of TOFA, and the LDA with fusion has the lowest
estimation error on the normalized mean error of TOLD.

Fig. 3 shows an example of the classification results of the 7 test-
ing days for the ELM approach with and without fusion. The results
after fusion are smoother. Thus, they are more suitable for building
control systems. Meanwhile, the proposed fusion framework elim-
inates the errors in midnight which may be caused by the slow
spread of the environmental parameters, i.e. CO,, temperature,
humidity, after becoming unoccupied. Due to these wrong detec-
tions at midnight in the methodologies of ELM, ANN, KNN and CART
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¥;:l\$a?ues of the parameters of some data-driven models, i.e. ELM, SVM, ANN and KNN.
ELM SVM ANN KNN
No. of hidden neurons  Activation function C e Kernel function ~ No. of hidden neurons  Activation function  Distance metric ~ No. of neighbors
50 Sigmoid 1.7 0.01 RBF Sigmoid Euclidean 20
Table 6
The classification accuracy of presence/absence for the six methodologies with and without fusion.
ELM SVM ANN KNN LDA CART
WO w WO W WO WO \ WO W WO W
Accuracy 0.8729 0.9318 0.8586 0.9281 0.8728 0.9345 0.8152 0.9278 0.9033 0.9345 0.8125 0.9304

0.00 0.00 :
0.23 0.02 .
medium 0.02 0.07 0.22 0.03 1

highf  0.01 0417 )
. . .
696 %, /))@O;' ’5{%
“

Fig. 4. Confusion matrix of the estimation result of the ELM with fusion.

without fusion, the normalized mean errors of TOFA for the four
approaches are quite large. After fusion, the four approaches show
significant improvements of the normalized mean errors of TOFA.
The SVM and LDA do not contain this wrong detection at midnight.
But our fusion approach still shows encouraging improvements.
One example of error cumulative distribution functions (CDF) of
TOFA for the ELM approach with and without fusion is shown in
Fig. 5(a). Note that each step refers to 15 min. The large error is
caused by the wrong estimation of the occupancy range at mid-
night.

Fig. 4 presents the confusion matrix of the estimation result of
the ELM with fusion. We can find that the detections of zero and
high occupancy are easier than the detections of low and medium
occupancy. The possible reason can be that, since the environmen-
tal parameters are smoothly changing, the low and high thresholds
can be easily identified, but the low and medium ones can be
confusing. Moreover, the confusion matrix also indicates a high
detection accuracy of presence and absence.

Another observation is that the normalized mean error of TOLD
is larger than that of TOFA in most cases after fusion. To explain this

Fusion with ELM

0 5 10 15 20 25 30 35
Error of Time of First Arrival (step)

(a) TOFA for ELM with and without fusion

phenomenon, we take the environmental parameter of CO, as an
example. When the zone becomes first occupied in the morning, the
CO, level will increase to indicate occupancy change. After that, the
zone will become occupied for almost the entire day, thus, the CO,
level accumulates to a relatively high level in the evening. Then,
when after all occupants have left, the CO, level will take some
time to decrease to a low level which indicates vacancy. That is the
main drawback of the environmental parameter based occupancy
estimation method. Nevertheless, according to Fig. 5(b), the mean
error of TOLD has been greatly reduced by our proposed fusion
algorithm, as compared to that without fusion.

Presence and absence of occupant information is important for
applications such as lighting control. The classification accuracies
of presence/absence for the six methodologies with and without
fusion are also tested and shown in Table 6. The fusion algorithm
demonstrates an impressive improvement of around 3-12% among
the different approaches. Among all the approaches, ANN and LDA
with fusion perform the best. The average detection accuracy for all
the approaches after fusion is as high as 93% with only the environ-
mental sensors, rather than any extra occupancy related sensors,
e.g. motion sensor [11,12], acoustic sensor [11,12,25], PIR sensor
[12,25] and light sensor [25,26].

The state-of-the-art systems for occupancy estimation with
environmental sensor data are applying various data-driven
approaches. The approaches of SVM, ANN, KNN, LDA and CART are
widely used and have been shown to be effective for occupancy
estimation. The estimation results obtained from these approaches
can be treated as the state-of-the-art results. By taking occupancy
dynamics into consideration, we improve the estimation perfor-
mance of these data-driven approaches by using our proposed
fusion framework. Moreover, we implemented a new approach of
ELM with regularization term, which achieved competitive perfor-
mance after fusion for building occupancy estimation.

4.4. Limitations

¢ Environmental sensors: Due to the slow response of the environ-
mental parameters to the change of occupancy, the intermediate
transition between occupied and unoccupied states can be

0.8
L 06
a
© o4

02 ELM i

Fusion with ELM
0 . . . . : ;
0 5 10 15 20 25 30 35

Error of Time of Last Depature (step)

(b) TOLD for ELM with and without fusion

Fig. 5. The CDFs of TOFA and TOLD for the ELM approach with and without fusion.
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difficult to detect. This is one of the limitations of employing envi-
ronmental sensors for occupancy estimation. However, this can
be easily resolved by using some low cost motion sensors, which
will be further investigated in our future works. We also note
that the slow response of the environmental sensors may not
be able to track the frequent change of occupancy, which can be
observed from Fig. 3. Note that this frequent change of occupancy
is unfavorable for the slow response control systems.

Ground truth: The occupancy estimation using data-driven
approaches involves a model training process which requires the
ground truth occupancy, which in this paper is obtained by using
cameras. However, in real situations, the cameras may not be
available. One possible way to obtain that can be based on the
passive localization systems in [37,38]. Another possible solu-
tion is to rely on crowdsourcing which requires the occupants to
report their own profiles.

5. Conclusion and future works

In this paper, we propose a fusion framework for building occu-
pancy estimation with environmental parameters. Data-driven
models that include ELM, SVM, ANN, KNN, LDA and CART are
employed to achieve an initial estimation of building occupancy.
To select the best feature set, we perform an ELM-based wrap-
per method owing to the extremely fast learning speed of the ELM
algorithm. Then, we fuse the results of data-driven models with
well-developed occupancy models which can extract occupancy
patterns to further improve the estimation accuracy. Experiments
have been conducted in an office environment at a university
campus. The results show impressive improvements of estimation
accuracy after using our proposed fusion framework. Moreover,
two important parameters of time of first arrival (TOFA) and time
of last departure (TOLD) have been defined for performance eval-
uation. The proposed fusion framework significantly reduced the
estimation errors of these two parameters. We also tested the
detection accuracy of the presence and absence of the zone with
our proposed fusion approach. The improvements of the detection
accuracy among the different methodologies are in the range of
3-12%. After implementing our fusion framework, the detection
accuracy is around 93% with just the environmental parameters.

In future works, we will attempt to further improve the per-
formance of the occupancy estimation system by incorporating
schedule information, e.g. meetings, classes, etc. Moreover, we
intend to develop an occupancy-driven control system based on
our occupancy estimation results and quantify the potential energy
saving by using energy simulation tools, such as EnergyPlus and
DOE2.
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