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Environmental Sensing by Wearable Device for 
Indoor Activity and Location Estimation 

 

 
 
 
 

Abstract—We present results from a set of experiments in this 
pilot study to investigate the causal influence of user activity on 
various environmental parameters monitored by occupant-
carried multi-purpose sensors. Hypotheses with respect to each 
type of measurements are verified, including temperature, 
humidity, and light level collected during eight typical activities: 
sitting in lab / cubicle, indoor walking / running, resting after 
physical activity, climbing stairs, taking elevators, and outdoor 
walking. Our main contribution is the development of features 
for activity and location recognition based on environmental 
measurements, which exploit location- and activity-specific 
characteristics and capture the trends resulted from the 
underlying physiological process. The features are statistically 
shown to have good separability and are also information-rich. 
Fusing environmental sensing together with acceleration is shown 
to achieve classification accuracy as high as 99.13%. For building 
applications, this study motivates a sensor fusion paradigm for 
learning individualized activity, location, and environmental 
preferences for energy management and user comfort.  

Keywords—activity recognition; environmental sensing; 
wearable devices; sensor fusion; building energy management 

I.  INTRODUCTION 
Building intelligence encompasses its ability to sense and 

understand the activities of occupants to interact with them and 
achieve goals like comfort and energy efficiency. Individuals 
perform various activities inside the building. This information, 
when made available to the building automation 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 difficult parameter to measure. Traditional practices 
model it as constant, which essentially rules it to be irrelevant. 
By tracking user activities inside the building, it becomes much 
easier to estimate metabolic rate and improve thermal comfort 
of the HVAC system. 

The activities people are engaged in can be categorized in 
multiple dimensions, such as movement, time, and location. 
Typical activities are working in the cubicle or lab area, 
walking to a meeting, and climbing the stairs. Activities are 
further characterized by being stationary or moving inside the 

building. Clearly it is desirable to explore the direction of 
addressing multiple dimensions of indoor activities for 
occupancy modeling at a minimal labor and cost. 

Wearable electronics, such as the Fitbit and eWatch, are 
becoming more ubiquitous and carrying more sensors, owing 
to advances in miniaturization and manufacturing. Currently, 
technology is at the point where these smart watches can carry 
a suite of environmental sensors and continuously monitor the 
wearer’s local environment. In the near future, manufacturing 
techniques will enable the vision of Smart dust: fully-integrated 
cubic-millimeter size wireless sensors which could be non-
intrusively integrated into jewelry, clothes, and implants. In the 
project we adapted our environmental sensing platform [1] into 
a watch to conduct wearable sensor studies. The goal in 
developing the environmental sensing platform was not to be 
smaller than the current offerings, rather to be small enough to 
enable these studies. 

Our hypothesis is that the environmental measurements 
made by the wearable infrastructure provide information about 
where the user is and how he/she moves physically. There are 
two main contributions by the study. First, we present 
experimental results that motivate further study using more 
sophisticated mathematical models, and integrating these types 
of measurements. We also explore features with good 
discrimination for the estimation of occupancy activity. The 
advantage of the proposed method is to leverage the existing 
sensing infrastructure to fill in the missing information of the 
tracked activity at minimal additional cost.  

This paper is organized as follows. In Section II, we review 
previous works in individual activity tracking and make a 
distinction of the current study. The hardware and system 
infrastructure deployed in the experiment is described in 
Section III. Section IV focuses on the experimental procedures 
with detailed setup and data collection. The experimental 
results and analysis is discussed in Section V. The 
environmental sensing is used in various classification methods 
to demonstrate its advantage in Section VI. The conclusion is 
drawn in Section VII in addition to the suggestion of future 
work. 

II. RELATED WORK 
Activity is a multidimensional concept that is intimately 

related to the body movement or gestures and the context 
where it happens. Related works in body motion recognition 
extensively use miniaturized inertial sensors, namely 
accelerometers and gyroscopes.  

This research is funded by the Republic of Singapore’s National Research
Foundation through a grant to the Berkeley Education Alliance for Research
in Singapore (BEARS) for the Singapore-Berkeley Building Efficiency and 
Sustainability in the Tropics (SinBerBEST) Program. BEARS has been
established by the University of California, Berkeley as a center for
intellectual excellence in research and education in Singapore.  
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Fig. 1. The hardware design of our environmental sensor
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toolkit [11], have been deployed in [2-10],
trees, K-nearest neighbors, SVM, Naïve
Markov Model, Gaussian Mixture model
classifiers categorized by voting used in bagg
stacking , and cascading.  

One promising line of research is t
approach, where a number of heterogeneou
collected to infer motion and context. For ex
efficient mobile sensing system (EEMSS) [10
and microphone together with accelera
information about location (home or outdoor
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92.5% detection accuracy. Other types of fusi
[12], magnetometers [13], ultrasonic sensor
badge [15] in combination with inertial se
physical motions. These works can leverage 
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their application areas, such as home-bas
assisted cognition systems, and activity r
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 The present study is different from exis
following ways. First, the proposed sensor pl
variety of environmental and body movemen
as tri-axial acceleration, temperature, humidi
enabling us to study the use of environm
location and activity estimation. Also we 
activity recognition for the benefits of 
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the awareness of occupant activity as an es
of building intelligence. 

III. HARDWARE AND SYSTEM INFRA
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Fig. 2. The physical configuration of ou
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deployable sensing infrastruct
inside a smart building. Mo
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IV. EXPERIM
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MENTAL DESIGN 
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Fig. 3. The network configuration of the wearable sensor

climbing) constitute a standard set of traini
locations reflect the characteristics of indoor 
CREST testbed, the lab and cubicle are in sep
environment zones, For instance, knowing in
occupant has just walked from outdoor to in
to climbing the stairs is useful in cooling e
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follows. 

A. Physical Configuration 
The primary location of the body sensor

wrist to feel like a watch or wristband. Com
like FitBit and eWatch also choose th
convenience and to enhance user experience
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Lastly, all the sensors are properly 
deployment. 

B. Experimental Procedure 
After the experimental configuration, the

each of the eight activities individually, recor
labeling it with the ground truth. We also ask
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collect the data.  
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each activity is shown in Table I. 

V. RESULTS AND ANALYS
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TABLE I.  SUMMARY OF E

 Climb 
stairs 

Take 
elev. 
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temperature reading will drop
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 sd Tp( )k = 1
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∑

where w is the window length,
and time at index k  in th
temperature of the segment ind
as Tpk−w+1:k . 

 Fig. 5 and 6 show the c
feature given the set of statio
cubicle, standing in elevator) a
(walking / running indoor). 
standard deviation have good s
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EXPERIMENTAL MEASUREMENTS 

Walk 
indr. 

Run 
indr. 

Sit 
lab 

Sit 
cub. 

Rest 

37 52 176 169 26 

lid after preprocessing rounded to the nearest minutes 
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conditional distribution of each 
onary activities (sitting in lab / 
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The temperature gradient and 
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Fig. 5.  Probability density and histograms of tem
stationary (green) and dynamic (red) activities1 

The feature separability can be measure
Shannon divergence (JSD), also known a
radius or total divergence to the average, whic
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2
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2
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2
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sd(Tp
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1 For all the conditional probability plots, the features ar
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Fig. 7.  Humidity exhibits high variation (green) after phy

Fig. 8.  Humidity standard deviation for resting after ph
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Fig. 10.  LDA matching scores (resca
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Hypothesis IV: When the user
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Fig. 11.  Periodic pattern as observed during climbing the

where s[i]  is the observed light readings a
is the template light level sequences at time j
Fig. 12, the distances measured by DTW
determine if the user is climbing stairs. We
hypothesis given below for the permutation te

 H0
DTW : JSDObserved

DTW = JSDPermu
DTW

which reveals statistical significance of p-valu

TABLE II.  SUMMARY OF STATISTICS FROM PE

 JSDObv.
 μ JSDPerm.( )  sd JS(

H 0

∇Tp
 

.5911 .0334 .00

H 0

sd (Tp )  .4664 .0216 00

H 0

sd ( Hm ) .1954 .0181 .00

H 0

LR  .5407 .0191 .00

H 0

DTW .3995 .0062 .00

b. p-value is calculated by the rank of observation in the sequence divid

 

VI. SENSOR FUSION FOR ACTIVITY R
Sensor fusion is an approach of combin

and correlation of heterogeneous sensor meas
better decision. Various approaches have b
information combination [17]. In this study w
of common classifiers as supported by th
learning toolkit [11], as shown in Table II
advantage of including environmental sen
recognition. For the comparison, we 
sophisticated time-series analysis such as co
use the standard deviation of the x,y,z-axis fo
data. The environment data is also based 
standard deviations as discussed in the previo

From Table III, we can see that envir
alone can achieve activity classification ac
97.42% as compared with 54.19% with only
If we fuse both types of measurements, 
accuracy is 99.13% with Random Forests. A
calculated by the standard 10-fold cros
attribute this improvement to the richer set o
environmental sensing possesses, which not 
dynamic from static activities, also it can relia
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j  . As is shown in 
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ue as .001. 

ERMUTATION TEST 

SDPerm. )  p-valuea 

045 1e-3*

033 1e-3*

046 1e-3*

047 1e-3*

036 1e-3*

ded by the total number of tests 

RECOGNITION 
nation, association 
surements to make 
been proposed for 
we deployed a list 

he Weka machine 
II, to illustrate the 
nsing for activity 
did not pursue 

ounting steps. We 
for the acceleration 

on gradients and 
ous section. 

ronmental sensing 
curacy as high as 

y acceleration data. 
the classification 

All the accuracy is 
ss-validation. We 
of information that 
only distinguishes 
ably estimate the  

Fig. 12.  DTW distance to the periodic
climbing (red) and other activities (gree

TABLE III.  ACCURACY OF CLASS

Accelerati

Naïve Bayes .5309 
Bayes Net .5396 
Logistic regression .5194 
Multi-layer Perception .5099 
RBF Network .4220 
Decision Table .5419 
J48 Tree .5403 
Random Tree .5033 
Random Forrest .5033 

c. All the algorithm

TABLE IV.  REPRESENTATIVE CON
WITH ONLY ACCELERATION MEA

Activity 
a b c 

a: climb 50 0 0 

b: elevator 0 0 0 

c: rest 0 0 16 

d: run/ind 1 0 8 

e: walk/ind. 29 0 1 

f: walk/out. 22 0 0 

g: sit/lab 0 0 10 

h: sit/cub. 0 0 0 

TABLE V.  REPRESENTATIVE
FORESTS WITH ACCELERATION AND

Activity 
a b c 

a: climb 197 0 0 

b: elevator 0 112 0 

c: rest 1 1 63 

d: run/ind 1 0 8 

e: walk/ind. 3 0 0 

f: walk/out. 1 0 0 

g: sit/lab 0 0 0 

h: sit/cub. 0 1 0 

 
c pattern of light level in stairs for stair 
en) 

SIFIERS W/O ENVIRONMENTAL SENSING 

ion Environment Acc. + Environ.

.8706 .9459

.9372 .9843

.8995 .9728

.8612 .9379

.5623 .5364

.9023 .9226

.9599 .9854

.9616 .9850

.9742 .9913

ms are implemented in Weka machine learning toolkit.  

NFUSION MATRIX FOR DECISION TABLE 
ASUREMENTS FOR CLASSIFICATION 

Classified As 

d e f g h

19 109 23 0 0

0 0 0 89 24

0 6 19 27 1

199 0 0 6 24

0 152 103 2 0

0 94 146 3 0

0 0 17 276 561

0 0 0 117 714

E CONFUSION MATRIX FOR RANDOM 
D ENVIRONMENTAL MEASUREMENTS 

Classified As 

d e f g h

2 2 0 0 0

0 0 0 0 1

0 2 0 0 1

228 0 0 0 1

0 284 0 0 0

0 0 264 0 0

0 0 0 864 0

0 0 0 0 830



location based on the characteristic ambient parameters. This is 
illustrated in the confusion matrix in Table IV and V, which 
demonstrates that environmental sensing can successfully 
distinguish activities in both the motion and location 
dimensions that would otherwise confuse classification 
methods based on acceleration only. For instance, activity sets 
such as sit in lab / cubicle, walk indoor / outdoor and climbing, 
taking an elevator and stationary activities, all have similar 
acceleration profiles, but by examining the ambient parameters 
such as light level, we can reliably make correct predictions. In 
addition, environmental sensing provides extra information to 
further distinguish activities with nuances, such as humidity 
variation to tell apart resting after physical activity and sitting 
in lab / cubicle. 

Future works can use approximate inference, such as 
particle filtering, to efficiently perform online activity 
recognition.  

VII. CONCLUSION 
We have shown via experimentation that indoor occupancy 

activity can be recognized and classified by leveraging the 
environmental measurements measured by the occupant-
carried environmental sensing wearable devices and 
environmental sensor network. We proposed numerous 
features for activity and location recognition. We adopted 
temperature gradients and standard deviation to distinguish 
dynamic or static activities of occupants. Our statistical testing 
results have shown that these two features can achieve high 
reparability for different activities. We also found that the 
humidity standard deviation can be employed to differentiate 
resting after physical activities from other activities. Based on 
our observation, different locations in buildings exhibit 
different light levels. Therefore, our experimental results have 
demonstrated that the light level measured by the wearable 
devices can reflect the characteristics of occupant’s location as 
compared to the reference environmental sensors. Furthermore, 
another interesting observation is that the light level measured 
by the wearable device can exhibit periodic pattern and the 
magnitude can reflect the floor the occupancy has reached 
when he or she is climbing the stairs. 

These features are statistically shown to have good 
separability and are also information-rich. In addition to these, 
we have shown that fusing environmental sensing together with 
acceleration can achieve classification accuracy as high as 
99.13%. Actually environmental sensing can successfully 
distinguish activities that would confuse acceleration under 
several circumstances.  

This paper provides a motivation of a sensor fusion 
paradigm for learning individualized activity, location, and 
environmental preferences for energy management and user 
comfort. Future work can be focused on the information fusion 
between these environmental related features with other 
monitoring systems, such as power metering system and WiFi-
based indoor positioning system [18], to obtain more accurate, 
robust and reliable recognition of indoor occupancy activities. 
We would also develop online algorithms based on 
environmental sensing to track user activities in real-time to 
provide useful information to the building management system. 
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