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Abstract

Several studies have been conducted on context
recognition as well as hobby and preference extraction by
analyzing the data obtained from the sensors in a
smartphone. As a smartphone component, a barometer is
expected to be useful for activity recognition because of
its low power consumption. In this work, we propose an
activity recognition method of classifying a user's state
into indoor and outdoor states and using a barometer at
each state. In the proposed method, the floor of a
building on which a user is located is estimated by
determining atmospheric pressure variations sensed in the
indoor state, and the user's location is estimated by
determining atmospheric pressure variations according to
the user movement along a track in the outdoor state. In
particular, this paper delineates the method of estimating
the current floor on which the user is located. We
confirmed that it is possible to closely estimate the
current floor of the building in the case of user movement
among eighteen floors.

Author Keywords
Activity Recognition, Atmospheric Pressure, Floor-level
Estimation, Location Estimation, Life-log, GPS
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Table 1: Power consumption of
each component in operation

Type %/h
GPS 5.28
Wi-Fi 3.41
Accelerometer | 3.64
Barometer 1.79

General Terms
Experimentation, Management, Measurement,
Performance, Reliability

Introduction

Smartphones are equipped with a variety of hardware
components such as Wi-Fi, Global Positioning System
(GPS), and sensors such as accelerometers and
barometers. In the coming years, a smartphone is
expected to serve as a mobile sensing platform for
collecting a user's activity data in real time using these
components. Research activities have been progressing in
the field of information extraction by analyzing the data
collected from the mobile sensing platform, and
applications such as personalized services are foreseen.
We have been operating a life-log sensing platform
targeting individuals through full-time sensing using the
built-in sensors of the mobile sensing platform for
recognizing personalized activity.

Barometers have recently been incorporated in mobile
sensing platforms. They draw the attention of researchers
because they have lower power consumption compared to
other smartphone components including GPS, Wi-Fi, and
accelerometer, as shown in Table 1. The barometer can
measure atmospheric pressure correlated to altitude and
climate. Many studies have been focusing on barometers,
and the most common approach is to determine
atmospheric pressure variations sensed because of a user's
vertical movement between floors. This real-time sensed
pressure information can be used to recognize the status of
the user's movement as well as the current altitude. It is,
however, still difficult to exactly identify the floor, which is
the basic unit of location recognition in a building.
Results of another research[2, 3] show that the moving
path of users can be estimated based on the variations in
atmospheric pressure according to geographical altitude.
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These research results can be applied to estimate the path
taken by the user, but they cannot be used to obtain
location information while the user is moving.

In this paper, we propose activity recognition methods
based on atmospheric pressure for indoor and outdoor
states respectively. We can achieve life-log sensing with
lower power consumption by applying the proposed
methods to indoor and outdoor states. We apply one
method for estimating the current staying floor by
extracting information on user movement between floors
using atmospheric pressure changes in the indoor state.
We apply the other method for estimating the current
location by comparing the transition of atmospheric
pressure at different locations in the outdoor state. With
these estimation results, we can dynamically and
effectively switch active sensors. For instance, we will take
an approach in which GPS is deactivated while
atmospheric pressure sensing, Wi-Fi positioning, and
Pedestrian Dead Reckoning (PDR) are activated inside a
building until it is recognized that the user is back on the
ground floor from where he/she can go outside. Likewise,
when it is recognized that the user is outside and on a
train moving along a track, we will activate the barometer
together with the intermittent use of GPS only when the
train stops at each station.

The remainder of the paper is structured as follows. The
next section relates our work to other studies. A detailed
description of the proposed activity recognition method
follows. We present the results of our study, and finally
provide the conclusions drawn.

Related Works and Requirements

Related works

It is important to consider the strong relationship between
atmospheric pressure and altitude because atmospheric
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Figure 1: Flowchart of extraction
of user movement between floors
using atmospheric pressure
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Figure 2: Extraction of user
movement between floors

pressure varies according to the changes in the altitude of
the user’s current location. There are several studies such
as [5] targeting activity recognition based on data from an
atmospheric pressure sensor equipped in recent models of
smartphones.

Namiki et al. [4] reported that the major cause of errors
in altitude estimation using atmospheric pressure is
changes in sea level pressure and sea surface temperature,
and proposed an altitude estimation method incorporating
a countermeasure against the cause of errors. In their
proposed method, errors are corrected by using data from
network-connected weather stations and meteorological
observatories in Japan. However, their method requires a
network-connected weather station close to the place
where the altitude estimation is performed, and the
correction with data from the meteorological observatories
alone provides approximately three meters as the mean
value for the estimated altitude error, which is not
accurate enough to estimate a user’s altitude on a
per-floor basis. It is highly likely to provide a wrong floor
level because the mean value is almost equivalent to the
floor height in an ordinary building.

Researches by Watanabe et al. [7] and loroi et al. [1] have
a common objective, which is activity recognition in the
case of user movement between floors while staying inside
a building. They have been focusing on the recognition of
movement of users from one floor to another, based on
the variations in atmospheric pressure. In these
researches, an accelerometer is used in addition to an
atmospheric pressure sensor for the recognition of user
movement between floors and the estimation of current
floor, and there is still room for improvement of these
methods in terms of power consumption by fully take
advantage of low power consumption of atmospheric
pressure sensors. Moreover, their studies targeted at user

activity recognition during a user's movement between
floors, not enough at the estimation of the current floor.

Wang et al. [6] proposes a 3D localization scheme that
integrates the use of the barometric sensor for altitude
estimation, Wi-Fi based 2D localization, and building
information. In their scheme, an adaptive self-calibrating
algorithm is adopted to recursively detect the floor index
by using two filter windows: ahead window and back
window. Although their altitude estimation scheme has
much in common with ours at an algorithm level, their
scheme mainly targets 3D localization in an indoor
environment as opposed to our activity recognition
method that uses atmospheric pressure sensing for both
indoor and outdoor states in order to achieve life-log
sensing of user location information with lower power
consumption.

As for user activity recognition using atmospheric
pressure, user location information is often required
besides information on user movements between floors.
Morishita et al. [3] have been reseaching on the tracking
of wild animals, and using an approach to estimate the
migratory pathway using a GPS receiver and a barometer
attached to a wild animal, as well as atmospheric pressure
observation stations at fixed locations within a tracking
range. By comparing the pressure-altitude history of a
tracking target with a digital elevation model, an animal
moving-pathway is estimated between distant
GPS-positioned points, and lower power consumption is
achieved than when using a GPS positioning method
alone. In the proposed method, location information for
both the start and end points and the measured
barometric altitude history are required, and the pathway
estimation process needs to be performed from the
previous GPS-positioned point after the migration has
been completed. The requirement of the fixed stations
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within the migration range increases the installation costs
when we apply this method to life-log sensing, because
the installation area will be larger depending on the
number of people whose activity needs to be recognized.
As for the installation cost of fixed stations, lwanami et
al. [2] proposes an alternative method for estimating the
path in which a user moves by using only a smartphone
besides fixed stations. They attempted to estimate an
actual moving path by making an observed atmospheric
pressure value at the start point as a reference value, and
by observing the transition of atmospheric pressure values
relative to the reference point from both the start and end
points. These proposed methods, however, have been
proposed for the purpose of estimating the path in which
the user moves between the start and end points, and are
not suitable for the services using location information in
real time.

Requirements

The objective of this research is activity recognition using
atmospheric pressure sensor with lower power
consumption. The essential first step of activity
recognition based on atmospheric pressure in the indoor
state is the estimation of the floor level, because it
enables us to recognize the floor where a user currently
stays and we consider it will lead to more advanced indoor
activity recognition. Our approach is not based on
calculating altitude from an absolute atmospheric pressure
value; instead, it is based on reducing relevant values
required for recognition as much as possible by focusing
on the atmospheric pressure changes and variations
because of user movements between floors.

Nevertheless, we require certain values such as the vertical
height between floors, current temperature, and
atmospheric pressure value at a reference location to
accurately estimate the floor level. Our approach obtains
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the required values, but the number of values required can
be reduced with a certain heuristic such as using
knowledge that there are more opportunities of
recognizing the revisits to a certain floor by referring to
the past life-log than knowing to which floor the user
moved among all floors in a high-rise building.

As for the activity recognition based on atmospheric
pressure in the outdoor state, it is necessary to estimate
location information in real time. User location can be
estimated using atmospheric sensor alone, and our
method could emerge as one of the methods of obtaining
location information with lower power consumption.

Activity Recognition Method

We will introduce here our activity recognition method for
extracting information related to the user's movement
between the floors of a building and estimating the
current floor using atmospheric pressure variations in
indoor states.

User movement information extraction and floor-level esti-
mation using atmospheric pressure variation

Atmospheric pressure has correlation with altitude, and
therefore atmospheric pressure rapidly changes according
to user movements between the floors in indoor states. In
the proposed method, we first observe atmospheric
pressure variation per unit time, and detect and extract
movement information when the variation goes above
threshold. Next, we estimate the floor level using
atmospheric pressure variations observed when the user
moved between the floors. The flowchart shown in Figure
1 illustrates the different steps in the detection of user
movement across floors and the floor-level estimation,
each of which is explained below.

1. Atmospheric pressure data smoothing
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The noise level of an in-built barometer of a mobile
sensing platform is high, and therefore the smoothing
process of atmospheric pressure data is carried out at each
collection. During this process, we prepare two types of
data: one is data for detection whose noise is
substantially eliminated to accurately detect atmospheric
pressure changes caused by the user movements between
floors, and the other is data for extraction, which are
smoothed by suppressing the phase delay and blunting of
the waveform in order to extract the precise period of user
movement between floors.

2. Detection of the occurrence of user movement
between floors

It is necessary to extract user movement information per
se from atmospheric pressure data in order to eliminate
the effect of atmospheric pressure fluctuations due to
changes in the climate and to perform floor-level
estimation only using atmospheric pressure variations
caused by the user movement between floors. As shown in
Figure 2(a), the occurrence of user movement between
floors is detected when atmospheric pressure variation
consecutively goes above threshold for a certain duration.
We eliminate false detection due to changes in the climate
and atmospheric pressure changes arising from noise by
setting atmospheric pressure variation per unit time and
consecutive observation period as the conditions of
detection.

3. Extraction of user movement information

The detection of the occurrence of user movement
between floors occurs some time later from the occurrence
of atmospheric pressure change caused by actual floor
movement. In the proposed method, we observe
atmospheric pressure variation per unit time in the data
for extraction, search inflection points before and after the
detection of movement, and regard the points respectively

as the start and end points of user movement between
floors as shown in Figure 2(b). We finally extract a period
from the start point and the end point as user movement
information.

4. Correction of extracted movement information
As a result of investigating atmospheric pressure data
when movement occurred, we found two main causes of
errors in extracting the amount of atmospheric pressure
variation at the period of user movement between floors.
The causes of errors and the respective correction
methods are described here.

Atmospheric pressure change due to changes in
climate during user movement between floors

The first cause is the change in atmospheric pressure due
to change in the climate. As shown Figure 4(a), an
atmospheric pressure change occurs when there are
drastic changes in sea level atmospheric pressure and sea
surface temperature even if there is no change in altitude.
We cannot extract atmospheric pressure variation solely
caused by the user's movement between floors under these
circumstances. To resolve this problem, we calculate the
regression line using atmospheric pressure data for a
certain period of time as shown in Figure 4(b), and
eliminate the effect of changes in the climate from the
data centered around the start point of user movement.

Noise occurrence overlapped with timing before and
after the user movement between floors

The second cause is the occurrence of noise in observed
atmospheric pressure data. Figure 3(a) indicates the
situation where the start and end points of user
movement between floors are extracted from the period
irrelevant to the likely atmospheric pressure value due to
the noise occurrence before and after the movement. To
remove the effect of noise, we calculate a likely
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atmospheric pressure value for each floor by averaging
data from a certain duration before and after the
movement as illustrated in Figure 3(b).

5. Finalization of extracted user movement
information

The extracted floor movement is finalized through the
process of detection, extraction, and correction.
Timestamps of the start and end points of the user
movement between floors as well as the data of
atmospheric pressure variations due to the movement are
held in the extracted movement information.

6. Estimation of staying floor

We estimate the total number of floors moved as the
result of movement between floors by comparing extracted
atmospheric pressure variation due to user movement to
likely atmospheric variation, which is a reference value,
between each floor in a building. Figure 5 shows a
flowchart of the floor-level estimation process. We can
express the current floor as a relative value from an entry
point by accumulating the estimated floor level each time
a movement between the floors is detected since the
user's entry into a building. We proceed to explain how to
calculate a reference value in the following paragraph.

Calculation of a reference value

In addition to the atmospheric pressure variation due to
user movement between floors, we need to know
atmospheric pressure difference between floors while the
user stays in a building; in other words, a reference value is
required as a correct answer for the floor-level estimation.
We adopt an approach to calculate a reference value
tailored to each floor because in some cases, the distance
between different floors varies. As shown in Figure 6, we
can calculate the atmospheric pressure difference between
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each floor as a reference value from the atmospheric
pressure at each floor. Atmospheric pressure Pr at each
floor F' can be calculated from the sea-level atmospheric
pressure Py, temperature at each floor T, and altitude at
each floor Zp as shown in Eq. (1):

0.0065ZF

Pp = Py(1 —
= Fo Tr + 0.0065ZF + 273.15

)5.257 (1)

As the sea-level atmospheric pressure and the station’s
temperature change from time to time, we can calculate a
more accurate reference value using parameters close to
those measured in the actual environment. We obtain
these parameters from three data sources: (i)
International Standard Atmosphere (ISA), (ii) observed
values at the mobile sensing platform, and (iii) data from
the meteorological observatory. Table 2 summarizes the
parameters obtained from each data source. We can
calculate the sea-level atmospheric pressure Py and
temperature T at each floor from obtained data
accordingly using Eqgs. (2)-(4). Note that L denotes the
temperature lapse rate, and it takes the value —0.0065
K/m in an environment where the altitude is less than or
equal to 11 km.

Pr
PO = (1 _ 0.0065Z )5,257 (2)
Tr+0.0065Zr+273.15
To=T-LZ (3)
Tp =Ty + LZp (4)

Moreover, a temperature sensor built into a mobile
sensing platform generally measures the internal
temperature of a device and not the air temperature;
therefore, we consider that the temperature conforms to
ISA. We calculate the atmospheric pressure difference
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Table 2: Parameters obtained
from each data source

Data Obtained parameters

source

(i) Sea-level atmo-
spheric pressure Po:
1013.25 hPa, Sea
surface temperature
To: 288.15 K

(i) Station's atmo-
spheric pressure
P

(iit) Sea-level atmo-
spheric pressure Py,
Station’s  temper-
ature T (updating
every hour on the
hour)

Table 3: Building environment

Building| Each floor's | Ground
height height

Research 40 m for | 154.2

Build- floor 1-2 m

ing 43 m for

(CQ) floor 3-7

Osaka 59 m for | 0.4 m

Fukoku | floor 1

Seimei | 49 m for

Build- floor 2—6

ing 41 m for

(FS) floor 7-14
42 m for
floor 15-19

between each floor, AP, which is a reference value, by
taking a difference between atmospheric pressure value
calculated at each floor, that is, Pry1 — Pp.

Evaluation
In this section, we evaluate the method used to estimate
the floor level on which the user is located.

Evaluation of floor-level estimation

Evaluation of correction effect

Here, we evaluate the correction method. Information
regarding user movement between floors with /without
correction is extracted from the data collected in advance,
and we confirm the effect of the correction by comparing
the difference from a reference value. We collected data
when the user moved from one floor to another in a
building using stairs, and the difference in the altitudes of
the floors is 4 m. We prepared test environments with two
conditions: when the atmospheric pressure fluctuation
caused by change in climate is considerable, and when the
fluctuation is negligible. We conducted experiments on
the user movement between floors four times in each
environment. Figure 8 shows the results with/without
data correction. Figure 8(a) shows the result of a trial
with a large atmospheric fluctuation, and we confirmed
that the difference with a reference value largely decreased
before and after the correction. Figure 8(b) expresses the
result of a trial with a small atmospheric fluctuation, and
it can be observed that the difference before and after the
correction is small because there is little room for the
correction.

Although the maximum values after correction were larger
than those before correction in the experiments, the
differences were smaller overall, and the fact does not
affect the floor-level estimation process. For floor-level
estimation using the proposed method, we can tolerate an

error up to approximately 0.24 hPa in the test
environment.

Evaluation of errors in floor-level estimation on the extrac-
tion of floor movement

As for the evaluation of the floor-level estimation method,
we confirmed the accuracy of the floor movement
extraction and the floor-level estimation by comparing the
difference between atmospheric pressure variation of an
extracted floor movement, an extracted value, and a
reference value at the correct floor visited. Moreover, we
performed an evaluation on data sources used for the
calculation of reference values by comparing actual
reference values calculated with each data source.
Measurements were performed with three patterns of floor
movement, and the difference between extracted
atmospheric pressure variation and a reference value is
presented. Table 3 summarizes the environment variables
of the buildings where experiments were performed, and
the details of each trial pattern are given in Table 4.

Table 4: Details of each trial

Type of trial Building | # of floors moved | # of trials
By time period CC +1 floor 8 for each
By total # of | CC +1 — 46 floors 6 for each
floors moved

Large # of FS +18 floors 3

floors moved

Floor-level estimation by time period

Figure 10 shows the result of trials to confirm that
estimating the floor level of the building where the user is
located is possible regardless of the period of time.

Floor-level estimation by the number of floors moved
We evaluated the feasibility of the floor-level estimation as
well as the effect on the accuracy of the estimation of user
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movement between floors by changing the total number of
floors moved. Figure 7 illustrates the result of the
evaluation by each number of floors moved and by each
reference value.

Floor-level estimation with a large number of floors
moved

We also evaluated the feasibility of the floor-level
estimation along with the effect on the accuracy in the
case of user movement with the large number of floors
moved. The objective of this evaluation is to confirm the
accuracy of the floor-level estimation with each reference
value through the trials of user movement between floors
where the accumulation of the difference between
extracted values and reference values becomes large.

Figure 9 shows the results for each of the three reference
value calculation methods employed.

The extracted values and reference values fall within an
allowable error of nearly 0.24 hPa in every case, where the
maximum number of floors moved is 18 floors, and we
confirmed that the floor-level is correctly estimated. We
also confirmed that the difference becomes large when the
total number of floors moved increases, especially in the
case of meteorological observatory-compliant reference
values. This is because the temperature observed by the
meteorological observatory would be different from room
temperature inside a building where air conditioning is
used, and errors arising from atmospheric pressure
variations are accumulated as the number of floors moved
increases. In the case of floor-level estimation with the
large number of floors moved, where errors obviously
appear, the estimation using observed-value-compliant
reference values produced the best results. It seems that
this is because air temperature in an indoor environment
is close to that of the ISA model, and atmospheric
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pressure observed by a mobile device enables to apply the
sea-level atmospheric pressure, which is close to that of
the actual building environment. From these results, we
presume that the calculation of observed data-compliant
reference values is suitable for floor-level estimation in an
indoor environment.

Figure 11 shows the estimation of error increase depending
on the changes in altitude caused by the user's movement
between floors when using observed-value-compliant
reference values. The linear formula for the estimated
maximum error is expressed with a gradient, which is the
increase in the median of errors according to the increase
in the number of floors moved observed from the results
of trials, and y-intercept, which is the difference between
the observed maximum error value and the median.

0.26
0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1

Estimated maximum error [hPa]

T O 0 O NN & OV O N < O 0 O NI O R O
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Changes of altitude by movement btwn floors [m]

Figure 11: Estimated maximum error

Based on the experimental result shown in Figure 11, we
obtained a prospect for performing floor-level estimation
at a time up to 53 floors, which corresponds
approximately to 212 m height, in condition that the
height per floor of a building is 4 m, where allowable error
is nearly 0.24 hPa. The number of buildings whose height



Table 5: Staying time at a stair
landing and the recognition rate
of each movement between floors
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Staying Recognition

time in | rate of

seconds at a | movement

stair landing | between
floors

9 100%

8 90%

7 80%

6 70%

5 40%

4 0%
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Figure 7: The difference between extracted values and reference values (by total number of floors moved)

exceeds 200 m is limited in Japan, and we think our
method is applicable to floor-level estimation for the
majority of buildings. Moreover, because the performance
of floor-level estimation is strongly affected by the
precision of the barometer, more precise estimation is
expected to be possible using our method if the
performance of the sensor is improved.

Evaluation of the granularity of user movement recognition
In the proposed method, user movement between floors is
recognized by observing the atmospheric pressure
variation per unit time, and whose change points from
positive to negative and vice versa are used for the
extraction of endpoints of user movement between floors
as well. As the waveforms of atmospheric pressure data
are smoothed, it can be recognized as one user movement
between floors even if it consists of multiple user
movements between floors from a fine-grained
perspective. We performed the user movement between
floors using stairs, and verified the time required to
recognize each movement with the proposed method by
changing the staying time at the landings of stairs. It was
found that a movement between floors can be recognized

as a separated ones if the staying time is more than nine
seconds from the results in Table 5. If we can observe the
occurrence of stair landings in the time series of user
movement between floors, it will be useful as a
reinforcement for indoor location positioning under the
condition that the building structure is known in advance.

Conclusion

In this paper, we proposed an indoor-stay recognition
method using the estimation of user movement between
floors in an indoor state, along with a current location
estimation method by comparing the transition of
atmospheric pressure in moving along a track in an
outdoor state, and detailed the former method. We
focused on that the sudden changes in atmospheric
pressure sensed in the indoor state because of the user's
movement between the floors, and proposed a current
floor-level estimation method by observing atmospheric
pressure values. We confirmed that the current floor-level
is correctly estimated even if the total number of floors is
as high as 18. Future work will include performance
measurements of the floor-level estimation method in
adverse environmental conditions.
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