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ABSTRACT

Ubiquitous computing applications commonly use digitahpass
sensors to obtain orientation of a device relative to thematg
north of the earth. However, these compass readings argsalwa
prone to significant errors in indoor environments due tc@nee

of metallic objects in close proximity. Such errors can adely
affect the performance and quality of user experience oapysi-
cations utilizing digital compass sensors.

In this paper, we propose Polaris, a novel approach to peaed
liable orientation information for mobile devices in indamviron-
ments. Polaris achieves this by aggregating pictures ofefimg
of an indoor environment and applies computer vision based p
tern matching techniques to utilize them as orientatioeregfces
for correcting digital compass readings. To show the félityilof
the Polaris system, we implemented the Polaris system orilenob
devices, and field tested the system in multiple office bogddi
Our results show that Polaris achieves ZaSerage orientation ac-
curacy, which is about 3.5 times better than what can be asthie
through sole use of raw digital compass readings.

Categories and Subject Descriptors

C.3[Special-purpose and application-based systefhsSignal pro-
cessing systems

General Terms
Algorithms, Design, Experimentation

Keywords

Orientation, digital compass, ceiling pictures

1. INTRODUCTION

Digital compass equipped mobile devices have become fairly
common now and are playing increasingly important rolesbiig-u
uitous computing application domains, such as localipdtld, ac-
tivity recognition [4], photographing [12], and gaming |11

A digital compass sensor provides the orientation of thecgev
relative to the magnetic north of the earth. However, whesdus
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within indoor environments they suffer from significantas, due
to the existence of metallic objects in close proximity.

To compensate for compass errors, previous work has exblore
different approaches, such as filtering [1], averaging ,[b]in-
tegrating compass readings with gyroscopes using Kalmlgers-i
[8]. However, these approaches usually assume that theatiagn
interference is low, and that a ‘correct’ initial compasadiag
can be obtained, otherwise compass errors will accumutacilgy
over time. Hence, these approaches perform poorly in dondit
where there is high magnetic interference.

In this paper, we propose Polaris, a system that provides rel
able orientation information for mobile devices within out en-
vironments. Our approach is based on an observation thabind
environments, such as classrooms, offices, and supermattet
highly likely to have regular rectangular or square penggvis-
ible on their ceilings. These objects include ceiling begpasels,
tube lamps, gas pipes, electricity wires, and ventilatemsf The
edges of these objects are usually straight, and are dasaler-
pendicular to the orientation of the buildings. Figure lvehgome
examples of such patterns. Polaris uses these straightdmeri-
entation references for mobile devices to correct erronsagnetic
compass measurements. Therefore, in indoor environmawisd
such ceiling patterns, when a user wants to orient her maleie
vice, she only needs to take a picture of the ceiling, and tiemno
tation can then be inferred by incorporating both the vipadterns
on the ceiling and the raw magnetic compass measurements.

As a preliminary effort, we implemented the Polaris systes u
ing iPhones and HTC phones, and tested the system in mudfiple
fice buildings. Our experimental results show that Polariseves
4.5° average orientation accuracy, which is about 3.5 time®bett
than what can be achieved using raw compass readings.

The key contributions of this paper are as follows:

1. We propose the novel idea of using ceiling features such
as parallel and perpendicular straight line edges of egilin
mounted objects, to correct magnetic compass measurements
for mobile devices.

. We implemented the Polaris system using commercial off-
the-shelf mobile phones, and show that Polaris achieves sig
nificantly better accuracy as compared to raw compass read-
ings.

The rest of this paper is organized as follows. Section 2-moti
vates our work and Section 3 gives a system overview of Polari
We describe the algorithms in Section 4 and provide evanat-
sults in Section 5. Related work is shown in Section 6. Fjnall
Section 7 describes future work and Section 8 concludes dhe p
per.
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Figure 1: Examples of objects with parallel and perpendicuar
lines on ceilings in indoor environments that can be leveragd
by Polaris. Their peripheries are emphasized using bold blek
lines.

2. COMPASS ERRORS IN INDOOR ENVI-
RONMENTS

Even though digital compasses are commonly used in ubiggliito
computing applications, the limitations imposed on thezwaacy
due to the existence of localized magnetic interferenadsléapoor
quality of performance and user experience. Previous wask h
pointed out that digital compass errors u285 can be observed
in indoor environments even given a correctly calibratechjgass,
especially in situations where the compass sensor is placdose
proximity to electromagnetic sources such as computergloe-
bicles, and high-voltage power lines [10]. Gusenbauer .e{éll
have pointed out that the primary source of error accunonati
their self-contained indoor positioning system was thedimeper-
ror, which was caused by the exclusive use of an electrong ma
netic compass for heading determination. Similarly, Yefigs al.
[14] also talked about their experiences where noisy cospeses-
ings led to rapid accumulation of errors in experimentalitsover
time.

In order to quantitatively investigate the effect of magmat-
terference to digital compasses indoors, we collected cmpass
readings in two different types of indoor locations namelgss-
rooms and computer labs. We also collected readings in tffer-di
ent types of outdoor locations namely, basketball courtstannis

— Tennis Court
- - -Basketball Court
Computer Lab

- Classroom

Cumulative Distribution of Errors

10 20 30 40 50
Errors of Raw Compass Readings (Degree)

Figure 2: The cumulative distribution of compass errors uncer
the four cases. The errors in the two indoor cases (classroom
and computer lab) are much bigger than those in the two out-
door cases (basketball and tennis courts) due to indoor mag-
netic interferences.

3. SYSTEM OVERVIEW

To address the inaccuracy of compass measurements, Polaris

uses ceiling patterns, i.e. parallel and perpendiculaiggit lines
visible on the ceiling, as orientation references for mobi¢vices.
This is based on two fundamental assumptions. The first gssum
tion is that parallel and perpendicular straight lines camiy exist
on ceilings. This assumption is intuitively reasonablehiattwhen
objects, such as grid panelsdrbpped ceilings, tube lamps or elec-
tricity wires, are hung on the ceilings, they are usuallgotéd to
be parallel or perpendicular to the ceiling edges for a¢isticen-
siderations such as visual neatness and consistency.

The second assumption is that if such straight line pattexist
on the ceiling, they should be parallel (or perpendiculargach
other over the entire building, indicating that the builgirare rect-

angular in shape. This assumption may not be true for some par

ticular buildings, such as the Pentagon. However, ardsit&cF.
Bemis and M. J. T. Kruger have carried out surveys of builslizgd
found out the majority (8% and 98% in their respective surveys)
of modern buildings are predominantly rectangular [13].

Based on these two key assumptions, we design the Polaris sys

tem as described below. The system architecture is showigume-
3. Polaris leverages crowdsourcing to collect ceiling iesagnd

courts. In each case, we placed an HTC G7 Desire smart phone araw compass readings associated with the location andtatiem

four different locations, each oriented to four directidhat were
perpendicular to each other. For each location and eacbtiding
50 samples were collected, resulting in a total of 200 sasnpés
location. To measure ground truths for the two indoor cases,
collected compass readings outside of the building, fatongrds
the same directions as we did inside the building.

Figure 2 shows the cumulative distribution of the compass er
rors. The median error in the two outdoor cases wa$ th6the
basketball courts and T.Zor tennis courts, whereas median er-
ror in the two indoor cases was 16.8r the classrooms and 7.5
for the computer labs. These results indicate that the cesnea
rors in indoor environments are-85 times higher than outdoors.
We also noticed that, the desks on which the phone was placed i
classrooms had iron supports and legs, and the air coneligan
the rooms were a powerful source of magnetic fields. Henee, th
classroom compass readings generated much higher ermesin
surement of orientation. Furthermore, the maximal erraeobed
in the classroom case was 42.9

These results indicate that digital compasses are signiifycaf-
fected by magnetic fields indoors and are unable to uniliygna-
vide reliable orientation information.

from which each ceiling image was captured. When people who

choose to participate in the crowdsourcing activity arehigirtin-
door environments, they will be prompted to contributeingipic-
tures to Polaris. This is aided by our observation that umobted
pictures of the ceiling are easily obtainable using thetfcamera
on mobile phones during the user’s normal interaction withde-
vice. These pictures, along with raw compass readings dedor
when the pictures are taken, are then paired, time stam ks
to a back-end server where they are aggregated.

The server collects sudeiling picture - compass reading pairs
from multiple mobile devices in the building over a periodiafie,
and creates a mapping relation between general directforeilo
ing patterns (i.e. parallel or perpendicular straightdinand the
magnetic north. Since the raw compass readings are takaurgt
out the entire building at different time, the effect of angdlized
magnetic interference is expected to be minimized.

After creating the general mapping relation for a buildiager-
son can orient her mobile phone by simply taking a picturehef t
ceiling. The ceiling patterns contained in the picture wikn be
processed by incorporating the mapping relation, and firtak
phone orientation can be determined.
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Figure 3: The system architecture of the Polaris system.

The Polaris system has the following major components:

1. Aggregating ceiling pictures through crowdsourcing.Po-
laris aggregates data from different users in the sameibgilait
different times. For enhanced usability, it is desirablat the ag-
gregation process be automatic with minimal user particpa
Moreover, the pose of the mobile phone in the user’s hand isan d
tort the observed orientation of ceiling patterns. Poladdresses
this by automatically detecting the suitable stationany horizon-
tal phone placement when the user wishes to contributerpitu

2. Extracting effective ceiling patterns. Ceiling pictures usu-
ally contain complex and diverse objects, such as ceiliragise
electricity wires, fans, or fluorescent lamps with diffearshapes.
Variation in distances to light sources can also result ightness
changes in the captured pictures, which make ceiling pettetec-
tions challenging. Polaris addresses these issues ustagram
equalization and multiple edge detection techniques tosthpde-
tect straight lines.

3. Accurate estimation of mobile device orientation.Due to
the existence dboth parallel and perpendicular lines on the ceiling,
Polaris cannot differentiate ceiling patterns that are @@ational-
symmetric, thereby causing directional ambiguities. Tocgerect
directions, Polaris leverages the raw compass readingiseomo-
bile phones as references, and eliminates these ambgguitie

The following sections will describe these techniques iaite

4. ALGORITHM DESIGN

Polaris leverages ‘crowdsourcing’ to obtain informatiegard-
ing ceiling patterns and their corresponding directiorepbe work-
ing in the same office building are invited to contribute iogjlpic-
tures to the system.

4.1 Aggregating Ceiling Pictures

To minimize the involvement from users, ceiling pictureséa
to be taken as automatically as possible, without sacripinture
quality. Toward this end, one important thing to ensure & the
phones are held horizontally by the users, facing up to timge
such that the orientations of the straight lines would natffected
by possible perspective-distortions of pictures.

To detect horizontal and stationary placements, Polaipke
tracking 3D accelerationsx, ay, andaz using accelerometers
in the mobile phones to detect the horizontal phone placemen
Specifically, if

Abs(Mear{ax))

Abs(Meartay))
Abs(Meartaz) —

< €means and Va(CLX) < €var
< €means and Va(aY) < €var s
< €mean, and Valaz) < evar

€ (8]
9)
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Figure 4: The processing pipeline of the extraction of ceitig
patterns.
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Figure 5: Pattern extraction of a ceiling picture that contains a

fluorescent lamp. The Hough transform is capable of avoiding
the round edges of the lamp and correctly detecting straight
lines of the ceiling grid. After the Hough transform, the de-

tected straight lines are shown using bold bright lines on tk

rightmost plot.

\

holds for 2 seconds, whergrepresents the gravity of Earth, Po-
laris takes one picture of the ceiling, and transmits it beckhe
server. The&,cqan ande,,,- are parameters used to tolerate minor
arm vibrations of the user. In experiments, we empiricadiyteem

to 0.0y and 0.0%, respectively.

We note that, image processing techniques could also be used
to transform a skewed ceiling view to a horizontal one givea t
accelerometer readings of the phone. However, in the auimen
plementation, we focus on the placement detection approalgh

4.2 Extracting Effective Ceiling Patterns

Ceiling pictures taken by the users usually contain comphek
diverse objects, such as ceiling beams, panels, lamps, aed.w
These objects can sometimes significantly change the heght
and contrast of the pictures and make the detection of btrhigps
challenging, especially when a fluorescent lamp is in theupc

To address this issue, the server first converts the pictores
grayscale images, and then equalizes the histograms ofithe i
ages to reduce brightness and contrast variations [15h, Huges
are detected from the pictures using the ‘Canny’ and the éBob
edge detection algorithms [3]. During our experiments, i
that the ‘Canny’ algorithm worked well for detecting thimnimes,
whereas the ‘Sobel’ algorithm had much better robustneamsig
pictures that had low brightness. Finally, the standardghdeans-
form detects straight lines in the pictures [2]. Occasilynakiling
pictures can contain objects with round or irregular edgash as
lamps. However, we found that the Hough transform was robust
enough to avoid such outliers, as illustrated in Figure 5e pio-
cessing pipeline of extracting the ceiling patterns is showFigure
4.

4.3 Accurate Estimation of Phone Orientations

Finding the Two Directional Axes of A Building. Along with
the ceiling pictures, the back-end server also receivesoempass
readings from the phones. These compass readings indreate t



phone orientation relative to the magnetic north that thepmass
measures when the picture is being taken by the user, whatd is
noted asaep. The Hough transform, as mentioned in Section 4.2,
detects straight lines in every ceiling picture, and alswigles the
orientations of the lines relative to the phone. Assumiraj thost
ceiling lines are parallel or perpendicular, the servetstaso hy-
potheses to find dominant line orientations: First, if mdvanta%
lines in one image have a dominant angle with tolerance, the
server considers the image to only have parallel lines, efets
this angle as the ceiling pattern orientation relative ® phone,
which is denoted as(p). Otherwise, the server considers the im-
age to have perpendicular lines and conducts a linear starhio
angles that are-90° apart and have the most lines reside on, and
consider one of the two angles agp). In the implementation,
we empirically setz andb as 90% and1°, as discussed in Section
5.1.

Through the Cartesian coordinate transforms, a candidate-o
tation of the building relative to the magnetic north can bewkd
as

ac = MOd(ac(p) + ap, 3600)7 2)

where Mod is the operation that computes the remainder &f div
sion.

Through crowdsourcing, Polaris is able to aggregate cosipas
readings and ceiling pictures from all over the buildingnédfiy,
Polaris combines all compass readings and determinesdzdadi
orientations of the building as

zf_lsinmc,k))
c.k)

Zle cos(&c i

— atan[ 2ot sinMod(acep) i + ar, 360°))
i, cos(Mod(acp) i + ar, 360°)) )

where K is the total number of ceiling pictures aggregated in the
same building.

Due to the existence of perpendicular lines on the ceilintais
cannot differentiate straight lines in%°-rotated ceiling picture.
Therefore, the actual orientation of the building could ieez .,
ac=+90°, or ac+180°, as shown in Figure 6.

Estimating Phone Orientations Using Polaris. To solve the
ambiguity among directional axes, when a user wants to méter
her phone’s orientation, Polaris uses the raw compassigatihe
phone as directional references. First, the user takeswagiaf the
ceiling. Then, straight lines will be detected using edgect®on
techniques and the Hough transform, as described in Se¢thn
along with the orientations of the lines relative to the phone.
ac(py. Finally, the phone orientation is derived as

ac = atan2<
(3)

ap = Mod(ac — ac(py, 360°), (4)
wherea is the orientation of the building that is determined thioug
crowdsourcing in Equation 3. Again, the ambiguity probleifl w
arise. For example, when Polaris gives a valu8@3\E, the ac-
tual phone orientation could be eith&d°NE, 120°SE, 210°SW,

or 300°NW.

To eliminate the ambiguities, Polaris refers to the raw cassp
reading on the phone, and chooses the orientation valuésttiat
closest to the raw compass reading as the final phone oi@ntat
estimate. As in the example above, if the digital compas® gav
47°NE, Polaris would choosg0°NE as the final orientation esti-
mate. We would like to note that the readings given by thetaligi
compass may be prone to errors caused by magnetic intecéeren
However, as long as the errors of the compass is less+Hdf,

straight lines
on ceilings

Figure 6: Left: Relations between the orientation of the cdi
ing patterns a and that of the phoneap, both relative to the
magnetic north. Right: The four ambiguous phone orientatiins
that arise due to the existence of perpendicular lines on theeil-
ing and the phone’s incapability of differentiating pictur es with
90° rotations.

Polaris is able to choose the correct orientation and soheam-
biguity problem.

5. EVALUATION RESULTS

As a proof of concept, we implemented the Polaris system us-
ing iPhones (i0S 4.3.5) and HTC G7 Desires (Android 2.3.2h wi
built-in AK8973 3-axis electronic compasses), and perfximeal
experiments in several office buildings. The server-endgssing
was implemented using the Image Processing Toolboxes in-MAT
LAB. The compass readings collected on the iPhones were from
iPhone’s built-in compass app, and those on the HTC phones we
from the Android API, with tilt-compensations by defaulh bhoth
cases, the compass readings were raw data, without aninfjl@r
adjustments from gyroscopes. The ceiling pictures werertais-
ing the default camera program on the phones, and were ¢éraedf
to the server through WiFi connections.

5.1 Performance of Straight Lines Detection

To get accurate orientation information, Polaris levesaggling
patterns, i.e. straight lines on ceilings, as orientatéanences. We
conducted experiments in three different buildings to @t the
performance of straight line detection on ceilings and t®ieate
calculation of the angles between the lines relative to tianp.

The ceiling pictures was taken using an iPhone in the MaitdBui
ing and Building 19 of CMU Silicon Valley campus in Mountain
View, California, and using an HTC G7 Desire phone in the Com-
puter Lab Building in the University of Science and Techigylof
China in Hefei, China. In the Computer Lab Building and Birigl
19, we did the experiment in 10 different rooms, each haviog p
tures taken at three and five different locations, respelgtivn the
Main Building, since the building features a huge publiciclé
area, we took pictures at 16 different locations in the delacea.

We examined the detected straight lines vs. real patternsatia
using human eyes in each ceiling picture. Furthermoreraigtit
lines are detected, the difference between the detectedtation
of these lines and the ground truth is manually computedgusin
protractor. If a detected orientation is withinl° of the manual
measurement, we consider it as a successful detection,uand f
ther quantize its orientation difference. Table 1 showsréseilts.
We found that in average the Polaris system could correetiga
straight lines in most pictures, with a 88.5% successfubaiain
rate. When the brightness was moderate and the contrastigias h
the detection rate could achieve 100%.



Table 1: Experiment results of detecting straight lines on eil-
ings and orientation estimations relative to the phones.

Locations Straight Line Detection Rates  Averaged Errors

Computer Lab Building  25/30 (83.3%) 0.5
Main Building 16/16 (100.0%) 04
Building 19 44/50 (88%) 02

AL

Figure 7: The satellite view of Building 19, the building in
which our experiment was conducted. The star shows Build-
ing 19, and the triangle shows the lawn outside the buildingo
which we took ground truth orientations for the experiment.

5.2 Performance of Orientation Determination

Based on the pattern detection techniques, we evaluatqubthe
formance of orientation determination of Polaris. We usex50
pictures taken in Building 19 to build the general mappirigtien
between orientations of straight lines and the magnetitin&ince
the pictures were taken at different rooms facing differdinéc-
tions, we used them to simulate the process of picture agtioes
through crowdsourcing.

To generate ground truths, we measured the actual orientati
Building 19 (as shown in Figure 7) relative to the magnetictno
on a lawn outside of the building, to minimize effects fromgna
netic interference. Figure 8 shows the candidate direatiares
of Building 19 estimated using the 50 ceiling pictures. 8iboth
the positive and negative differences exist between thmatd
directions and the ground truths, the errors after aveggaitjia can-
didates tend to diminish. The ultimate error between thieneséed
directional axes and the ground truths was dhly’. This result
indicates that using ceiling pictures and compass readiggse-
gated at different places in a building to estimate the ¢aigon of
the building is possible and accurate.

To evaluate the performance of orientation determinagostu-
dent took an iPhone and walked inside Building 19, following
square-shaped route. Each edge of the route containedetes st
with about 0.7m intervals, toward the same direction. Afe-
ing each step, the student took a ceiling picture, and recbtide
compass readings using the iPhone. After the experimenrih
entations of the 40 steps on the route were estimated using Po
laris. Figure 9 shows the estimated orientations and thecoam+
pass readings and Figure 10 shows the cumulative diswifmitf
the orientation errors. The median error of using the rawpasa
readings was 15% whereas that of using Polaris was only 4.5
about a 3.5X improvement. Furthermore, the standard demiat
and the 95th percentile errors were also reduced from°® %2l
35.5’ to 1.27°, and 5.5, respectively, about 7.6X and 6.5X bet-
ter. These results indicate that Polaris significantly ionps the
accuracy of orientation determination.

We would like to note that, of the 45median error, 3.5is a
static offset that is contributed from errors in detectiétailding

300

T

270

== =Magnetic North
= Estimated Directions
== Ground Truths

180

Figure 8: The directional axes estimated using the collecte
building orientations through crowdsourcing (shown in dotted
light blue lines) of Building 19. They are compared with the
ground truths. The angular error of the estimated directional
axes is about 3.8.

orientation. If the accuracy of determining building oti&ions
can be increased, the accuracy of Polaris is expected touapas
we will discuss in Section 7.

6. RELATED WORK

Digital compasses are predominantly used in ubiquitouspem
ing research for determining device orientation. Theirli@pfions
range from localization [1, 10, 14], activity recognitiod][ and
computer-human interaction [5].

Along with the widespread use, however, digital compasaes h
been widely known to provide erroneous readings in indoer en
vironments due to the existence of metallic objects and midgn
fields [1, 7, 14]. There are multiple techniques that havenbee
proposed to compensate for compass errors. The first appieac
through the use of additional sensors, especially the tgaba that
combine compasses with gyroscopes through the Kalmarirfiter
[10]. However, since the gyroscope does not measure théutdso
orientation, it rely on the initial value of digital compass which
may suffer from systematic offsets. Although some authorae
up with the idea to combine even more sensors, such as the GPS
or vision-based recognition software, to calibrate withwn land-
marks, the overhead and redundancy is still concerning [10]

The second approach is through averaging of sensor readings
For example, in GAC [14], the authors average multiple casapa
readings to estimate device orientation over time. Howef/éne
location of the compass does not change over time, such ara us
holding her mobile phone while sitting in her cubicle, thegmetic
interference from the metallic cubicle cannot be elimiddig only
using averaging. Moreover, when magnetic anomaly is dedect
such as in the iPhone, existing methods often require frecqee
calibration if the user is mobile.

By contrast, Polaris avoids these problems associatedimdth
door environments by using existing and invariant pattemshe
celling. Since ceiling patterns are universal and unrdl&emag-
netic fields, Polaris can provide accurate orientationsniobile
devices even under severe magnetic interferences.

7. DISCUSSIONS AND FUTURE WORK

Polaris leverages crowdsourcing to aggregate ceilingipgstas
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Figure 9: The estimated orientations of footsteps when thets-
dent walked following a square-shaped route in Building 19.
The raw compass readings that were taken at each step are also
shown as comparisons. It can be seen that the orientations-es
timated using Polaris is significantly more accurate than tlose
using raw compass readings.
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Figure 10: The cumulative distributions of the orientation er-
rors when using raw compass readings vs. Polaris. The me-
dian, the standard deviation, and the 95th percentile erros of
using Polaris are 3.5X, 7.6X, and 6.5X better than those of irsy
the raw compass readings, respectively, indicating a sigficant
performance improvement.

well as raw compass readings in the building. This meansthieat
system needs a sufficient amount of data before startingotade
orientations to the users. In some certain circumstanbespto-
cess may take days or a couple of weeks to accomplish.

As the widespread use of online map services, such as thd&oog
Maps and the Bing Maps, obtaining building orientationsiobaau-
tomatically done using image processing techniques to tygsrof
the buildings. Our preliminary experiments on determirtigd-
ing orientations using extracted straight-line perimetef build-
ings on Google Mapsimap views achieved 0.1 accuracy in the
orientations of the detected lines. However, we found dietgc
straight lines became much more difficult satellite views, pri-
marily due to the existence of cars, trees, and road marksen t
map. There are related work of robust techniques to detd@dirog
perimeters from satellite views [9], but that is beyond tbepe of
this work.

It should be noted that within Polaris’ current 4 &rientation er-
ror, 3.5 was caused by the erroneous building orientation through

crowdsourcing, as evaluated in Section 5.2. In future waekyvill
leverage online map services to eliminate the need of crowds
ing. As the accuracy through online maps is°Q.ve expect to
improve the accuracy of Polaris to be within. 1

Due to the use of image capturing and simple line detecticmte
niques in Polaris, there is a slight increase in power compsiom
as compared to simply using raw compass readings from the mo-
bile device. We intend to do power profiling as part of our fatu
work to determine the impact Polaris has on power consumptio
across different mobile devices. Moreover, as battery ltipas
and power management on these mobile devices improve dihis ¢
cern is expected to diminish in the future.

8. CONCLUSIONS

In this paper, we propose Polaris, a novel approach to peovid
reliable orientation information for mobile devices in ot envi-
ronments. By using computer vision techniques to robustisaet
orientation information from patterns visible on ceilingair ap-
proach is not affected by magnetic interferences which am-c
monly present within indoor environments. As a preliminanyk,
we tested Polaris in multiple office buildings, and demaatstt that
Polaris achieved 4%5average orientation accuracy, which is about
3.5 times better than what can be achieved by simply using raw
compass readings. As part of our ongoing work, we are working
on leveraging online map services in the process of detémmin
building orientations, and also incorporating Polarisriddor lo-
calization and navigation systems.
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