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1. BACKGROUND

What we talk about when we talk
about positioning technology?




WHO ARE YOU,
WHERE ARE YOU GOING,
WHERE HAVE YOU BEEN?
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Past, Present, Future
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Sorry, the GPS signals NOT found!

Mainly due to the blockage of walls
Giving birth to

9



GLOBAL VS. INDOOR POSITIONING SYS$
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GPS doﬁminatés outdo
positioning.

IPS is of greamportance
and huge demand.




INDOOR LOCALIZATION EVERYWHEF
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GLOBAL VS. INDOOR POSITIONING SYS

f WiFI
GSM

| -
Sens & GS
WiEi ors (,> \Y
s o ¢
GPS
FM € RFID
Qutdoor Indoor

Many techniques have been proposed for indolmrcalization



2. Location Computation

How to figure out locations?




The state of the art
~ InformatonUsed

d Magnetism
d Acoustics
d Infrared

d Image

d Light

d Accelerom
eter

d Gyroscope
d Compass

d Magnetom
eter
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The state of the art

d Estimate distance using signal
propagation models

d Triangulation based on distances

O Associate fingerprints with
locations

wQuery location with a sample by
retrieving the fingerprint database

d Estimate acceleration and
orientation using inertial sensors

d Compute displacement
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Modeling

d Wireless signal propagation model Complex
d RSS vs. propagation distance Indoor
d Determine model parameters Environment

mplitude of H(f)

\ Phaze of HIfy A

AP2

Ranging by models Response
Madigan et al| | Lim et al. ARIADNE EZ SpinLoc FILA
Ly¥z2/2vphl LyF2/ 2|yl azor{elalazors 2|l 2daz2oh| LyFa/ 2]y

ldealized model, low ranging accuracy




Fingerprinting

d Locations have fingerprints: distinctive and GCE

stable consuming
d Associate fingerprints with locations. and labour -

d Constructing fingerprint database intensive

High labor cost, limited accuracy, susceptibility to environment changes



Dead - Reckoning

d_Prollferatlon of smartphones with various built Accumulate
In sensors.
. L d error and
d Capture user mobility using inertial sensors limited
d Mapping user paths under the constraints of _ imi e_
indoor maps |nf0rmat|0n

+—+ Compass
<~ Gyro
e—e Ground-truth

Acc: Ste COUnting Gyros: Direction Path construction Path mapping

SLCAM | CompAcd [Surroundsenst[ Escort UnLOCL LIFS Zee
¢ 2 w! Ly T2/ pl a20A/ 2M{a20Air/ 2lNa20A{ FlazoAr/ 2lNa2or/ 2]

ccelerometer readings (m/s”

Sensor resolution, Low accuracy, User behavior



3. Localization Technology
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ActiveBadge , Bat,
Cricket, LANDMARC

RADAR, Horus, LIFS

Luxapose
SurroundSense

JIGSAW, TriviNavi,
ClickLoc , Argus
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¢ EnhancingViFtbased Localization with Visual ClugbiComp2015)

¢ Indoor Localization via MulModal Sensing on Smartphoné#hiComp2016)




Specific Devices and Signals

Ceiling

Orientation of K :
the ultrasonic : Wall
transmitter :

Circuit Board

- Ultarsonic
transmitter

3

An Active Badge

.....
-------

Cricket Ultrasonic Transmitter

1. Want R, Hopper A, Falcao V, et al. The active badge location system. ACM TOIS, 1992.
2. Priyantha N B, Chakraborty A, Balakrishnan H. The cricket location-support system. ACM MobiCom 2000.
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Specific Devices and Signals

Ultrasonic
Sensor

A Bat unit Top View and Bottom View of Receiver

HARTER, A., HOPPER, A., STEGGLES, P.,, WARD, A., AND WEBSTER, P. The Anatomy of a
Context-Aware Application. MobiCom 1999.
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System

Bat

Active
Badge

Cricket

Qualitative Comparison

Accuracy

~10cm

Room Level

>1m

User
Privacy

No

No

Yes

Deployment

Difficult, requires
matrix of sensors

Difficult, requires
matrix of sensors

Easy

Decentralized

No

No

Yes
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¢ EnhancingViFtbased Localization with Visual ClugbiComp2015)
¢ Indoor Localization via MulModal Sensing on Smartphoné#hiComp2016)
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WIFIis the Most Promisingsolution
to Ubiquitous Localization Service

WiFi is everywhere, and it is the most convenient way to get access to the internet.
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UsingWIFI

Derive distances
from received
signals

RANGING ‘

Signal features as
location fingerprints

FINGERPRINTING‘




WIiFibased ranging

‘ RANGING

Signal strengths decays
logarithmically over
distance

Estimate distance using
signal propagation
models

Localization by
triangulation
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WIiFibased ranging

RANGING

Signal strengths decays
logarithmically over
distance

Estimate distance using
signal propagation
models

Localization by
triangulation
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Inaccurate ranging

A 1= 1= Path Loss
— — — Path Loss + Shadow
Path Loss + Shadow + Multipath

‘|NACCURATE

Inaccurate model parameters

log(P/P)

Ideal models unsuitable in J
complex indoor environments
Iog(d) >

Multipath effects LILLLILILLL LI LI 07

LOS Path

-

N

ransmitter




Improve ranging

Avoiding multipath Acoustic ranging

PHYsical Layer: Channel state Ranging by microphones &
information speakers in smartphone
ABO
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Classical Fingerpridbased systems

RADAR Horus LANDMARC

The first fingerprint -based system Improved upon RADAR First RFID Fingerprinting Systen
Leading a new epoch / 2000 / 2004

Paramvir / Moustafa Yunhao Liu
Victor Babhl Youssef




WIiFibased Fingerprinting

RSS as unique feature of a
physical location

Build fingerprint database of
RSSlocation records
Estimate location by finding
best-matched item

HNGERPRINTING

Floor plan Site survey Radio map Localization




WIiFIFingerprintingbased Localization

Training Phase Operating Phase
Minimize  |f;— Y Wif;'Y
JEN()
Subject to Z Wi =
JEN(4)
Construct a Radio Map Determine User Location

based on RSS and Radio Map

1. Bahl P, Padmanabhan V N. RADAR: An in-building RF-based user location and tracking. IEEE
INFOCOM 2000.
2. Youssef M, Agrawala A. The Horus WLAN location determination system. ACM MobiSys 2005.




Fundamental iIssues

Fingerprints

Site survey

Matching

What types of information?
What types of feature?

How to calibrate the fingerprint database?
How to adapt to the environment dynamics?

What algorithms for fingerprint matching?




PosX Indoor Positioning System

Training Phase Operating Phase
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Posx: http://tns.thss.tsinghua.edu.cn/PosX/



http://tns.thss.tsinghua.edu.cn/PosX/

Demo Video

Posx: http://tns.thss.tsinghua.edu.cn/PosX/



http://tns.thss.tsinghua.edu.cn/PosX/

WiFiLocalization: Summary

w Applications:
¢ Indoor Localization and navigation
¢ Healthcare Monitoring
¢ Intelligent Logistics

w Benefits:
¢ Simultaneous Communication & Localization

¢ Without Wearable Sensors
¢ Widespread deployment

4 )
A Gapbetween Fantasy and Reality
- /
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FantasyWIFiis Enough

S t@, ‘~~;‘:-~:;233", Reflected
mar e
Appliance T Wall rays

p
Reality:Large Localization Errapots

. In rich Multi Path Propagation Indoor




FantasyWIFiis Enough
4 e ’.‘IM.;\Q'. o

\_

P
Reality:Lack Location Contexthich Is
More Valuable and Meaningful

~




FantasyWIFiis Enough

..............

..............

p
Reality:Huge Overheadluring Databas
Construction and Maintenance

-
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System

Radar

Horus

LIFS

Zee

Qualitative Comparison

Accuracy

3~5m

<1m

Context

No

No

No

NO

Cost

High

High

Low

Low

Deployment

War -driving

War -driving

Crowdsourcing

Crowdsourcing
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¢ EnhancingViFtbased Localization with Visual ClugbiComp2015)

¢ Indoor Localization via MulModal Sensing on Smartphoné#hiComp2016)




SAMSUNG
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INTEGRATED SENSORS, USER EXPERIENCES

A New Dawn
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: ; | GALAXYS4 Fingerprint
i . e
i ' ol Temperature Temperature
' . ‘ ) ‘ Humidity Humidity
: r-] Rt {GALAXY S3 Hall Effect Hall Effect
i
: u ; Pressure Pressure Prossure
| -
i \|/ I GALAXY S2 RGB RGB RGB
< - - i
'r e~ Gyroscope Gyroscope Gyroscope Gyroscope
Ak Proximity Proximity Proximity Proximity
GALAXY 1
Ambient Light Ambient Light Ambient Light Ambient Light Ambient Light
Accelerometer Accelerometer Accelerometer Accelerometer Accelerometer
Magnetometer Magnetometer Magnetometer Magnetometer Magnetometer

2010

201

2012

2013

2014 2015+

-

How to exploitMultiple Sensorsand
Boost Indoor Localization?

~

J
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Sensors Recognize Human Activity

Thk %1

0.8m
/——.
Headlng Turnlng Step Length Step Counts e.g. Runnlng e.g. Encounter e.g. Elevator
\ﬁ—/
Direction Information  Displacement Information Trajectgry Locomotion Modality Context} Lanmarks
Y
Instantancous Information Integrated Information

Zheng Yang, et al., "Mobility Increases Localizability: A Survey on Wireless Indoor
Localization using Inertial Sensors", ACM Computing Surveys
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Sensors Help Solve Fingerprint Ambigu

Motion-assisted Localization Peer-assisted Localization
i (d1,01) )‘i
.) B (d2,02) .j(d ) .
A s 65,00 » (ds,08 Devices
D

1. Sun Wei, et al. Moloc: On distinguishing fingerprint twins. ICDCS 2013.
2. Liu, H., et al. Push the limit of wifi based localization for smartphones. MobiCom 2012.
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Sensors add New Dimension

location
(x1, y1, 1)
(x2, y2, 72)
(x3, y3, 73)
(x4, ya, Z4)

Control
Unit

Barometer-based Application Visible Light Communication

1. Sankaran K, Zhu M, Guo X F, et al. Using mobile phone barometer for low-power transportation
context detection. SenSys 2014.

2. Ye-Sheng Kuo, Pat Pannuto, Ko-Jen Hsiao, and Prabal Dutta. Luxapose: Indoor Positioning with
Mobile Phones and Visible Light. MobiCom 2014. 49



Sensors lead to New Fingerprint

> Logical
Location

WiFi Sound Miction Color/Light
Filter Fiter Filter Match

Azizyan M, Constandache |, Roy Choudhury R. SurroundSense: mobile phone localization via
ambience fingerprinting. ACM MobiCom 2009.
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Sensors lead to New Fingerprint

14, January 14. February
160 160
B
140 1401
120 120}
50 - g _23 100 i _23 100f
= = 3
g £ w0 £ soff
X 2 7 z |
m 0 T, = 2 & 2 6
~ 50
/ i 40 40f
\” , ' 20 20 S
50 / = = = Smartphone 2 N
v s 25 0 ‘ 0 ‘
50 0 B 0 10 20 30 40 50 0 50 0 50
B, Distance (m) Distance (dm) Distance (dm)

Figure 1. Locus of magnetic readings with the Figure 2. Magnetic readings captured by two s- Figure 3. Magnetic field map captured by smart-
optimum ellipsoidal fit superimposed. martphones along a 50-meter corridor. phones over one month.

Xie H, Gu T, Tao X, et al. MaLoc: a practical magnetic fingerprinting approach to indoor localization
using smartphones. UbiComp 2014.
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Sensors Cut off Site Survey

Crowdsourcing the site -survey by mobile users.

w/ 2ftf SO0 Y20AftA0e AYF2NXYIOAZ2Y
this basis, form a fingerprint space by associating the originally
separated fingerprints

Y —
|

e o

User moving paths connect fingerprints

D,

SN—

52
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Sensors Cut off Site Survey

Fingerprint space constructed Transform common floor plan
from user mobility Into stress-free floor plan

Associate théingerprints to their physical locationsy the
spatial similarityjbetween these two graphs.

The task can be only finished by site survey before




Sensors Cut off Site Survey

w A systembase on the thinking of crowdsourcing:
¢ Noneed to sitesurvey
¢ No extra infrastructure ohardware
¢ No prior knowledge of networks
¢ Noexplicit participations omisers.
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Avoidingsite survey Walkie-Markie

/| & :
/ i “~--.__ Tipping point of
: RSS trend
i Displacement
.  WiFi-Marks
— u £_4' e
I
Pathway ()

AP Coverage

oWalkie-Mar ki e : |l ndoor

PW1 +

Pat hway

PW3

Mapping Mads E
]



Avoidingsite survey:Unloc

Actual
Landmark
(Elevator) Landmark

Dead-reckoned
User 1 walking path —> Estimate

User 2 walking path ___y

Corr. Z-Y
Ace.

H. Wang et al

, O6d\Nroi wmee:e dunsoupmvarrvi sed i ndoor %6oc




System
MolLoc

Liu, H., et
al.

Sankaran ,
K., et al.

Luxapose

Surround
Sense

Maloc

Qualitative Comparison

Accuracy

m

~2m

>90%

<10cm

~87%

1~-2.8m

Context

No

No

Yes(ldle,
walking,
vehicle)

No

Yes(Room
Functiona

lity)
No

Cost

Low

Low

Low

High

Low

Low

Deployment

War -driving

Ad -hoc

Digital Map

Light bulbs

War -driving

War -driving

Sensors

Inertial
Sensors

Microphone

Barometer

Camera

Microphone,
WiFi, Inertial,
Light, Color

Magnetic
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¢ EnhancingViFtbased Localization with Visual ClugbiComp2015)
¢ Indoor Localization via MulModal Sensing on Smartphoné#hiComp2016)




C\fassisted Localization and Navigatiol

Floor Plan Reconstruction Indoor Navigation

1. Ruipeng Gao, et al. Jigsaw: Indoor Floor Plan Reconstruction via Mobile Crowdsensing. MobiCom 2014.
2. Yuanging Zheng, et al. Travi-Navi: Self-deployable Indoor Navigation System. MobiCom 2014.
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What you see Is what you get!

: 3 Men’s Fashion Store
) A
| Women’s Fashion Store — 0 90an/800pn

Open 9.30 am / 8.00 pm First Floor 235 mt,
b FirstFoor245 mt

Toilette ' :

First Floor 63.5 mt.

| %iﬂ\|\|\ Your Friends

Your friend Paul is there!

Google Project Tango Indoor VR and AR
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¢ EnhancingViFtbased Localization with Visual CluddlfiComp2015)
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MOtivatiOn Nearest Neighbor is here

{n = [#] n -
T T T

WiFi is not a suitable candidate for high accurate localization
due to large errors (Both permanent and dynamic factors)

5 10 15

Top 5 Nearest Nelghbors

Referennt\ DAirnte An thAa TClaAar DIAW 3

Is it possible to address this fundamental limit without the need
of additional hardware or infrastructure?




One Click Localization?

Enhanced Phone Camera People take photos everywhere!




< ‘ rﬁlé"‘
Reference Roin "’”ﬁ)))“‘ S

,‘_
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System Design Goals and Challenge

A Efficient and reliable constraint extract

U How to efficiently extract reliable geometric constraints for
accurate localization from crowdsourced images

A Image assisted localization

U Exactly what is the algorithm to search for the best fit
position and quantifghe similarityso that to reduce large
errors?

A Lightweight and ease of use
U Coexist with the prevalenWiFiinfrastructure
U Not annoy to user regular activity




System Work Flow

WiFi position
estimation _ _ _
Supporting Photo Joint Location
Obtaining Geometric Selection Estimation

Constraints

— A Score: 0.789
D Score: 0.398

—imiimn. - 7 Score: 0.637
. . : #Edges=5 —— |
0.1 0.2 0.3 0.4 0.5
Polygon generated by SfM Shape Similarity Score ured Shape Similarity [1]

1. Arkin, E. M., Chew, ISI’M—IQ@H&@%CIPPIQJ&,EQP Rsa}(dsmut@\EPl:l%dAI@HQeM?E@H&%m Metric for Comparing

Polygonal Shapes. IEEE Transactions on Pattern Analysis and Machine Intelligence 13, 3 (1991), 2097 216..




System Work Flow

WiFi position
estimation : :
Supporting Photo | Joint Location
Obtaining Geometric Selection Estimation

Constraints

A Supporting Photo Selection

E Handling Device Heterogeneity
E Major Selection Criteria:
|.  WIFi fingerprints similarity
Il. Image Similarity
lll. Polygon Shape Similarity




System Work Flow

WiFi position
estimation ) ) )
_|_> Supporting Photo  _ Joint Location
Obtaining Geometric Selection Estimation
Constraints
A Joint Location Estimation /i
Minimize Y [f (a;) — f (b:)] [f (a;) — f (b)]"
V1
Subject to
- | Eigl _ (b b)) _ L ;]
Vi.j (1 —« I D)1 < (1 + 2J
( J |E12| (b1, b2)| ( J |E1 2|

TN

@bjeezlve Funcfloag”'

Step 2: BaeditameRiotyyhditaaisioinhiby Rnlainon



Experimental Setup

w Device:
¢ Google Nexus 5 and Samsung Tablet 10.

¢ Operating in Android 4.4

w Scenarios:

¢ Food Plaza and Shopping Mall
¢ 5-20 photos per POI, in total more than 1200 photos (with 2 volunteer

¢ 10WiFisamples every 1.8m

........................
.......................

® Training Point
# POI

f| Restaurant
= (offee Shop
@il Store

® Info Desk

® Training Point ¥ POl &l Shop @ Info Desk Stairs |:] Super Market ‘
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Overall Performance

w 50-percentile error: 2.73m v.s. 0.78m (mall), 3.01m v.s. 0.97m (plaza)
w 80-percentileerror: 4.98m v.s. 1.38m (mall), 5.02m v.s. 2.30m (plaza)

1 ' T ; 1
0-9 I ; ---""'-"‘---"d 0'9 I H i .-a-.-.-_
0.8 | | . 08 ¢ e
07 r - rﬁ.w""‘ . 07+ .
L 067 Fa : 1 L 06F
o | - e i o ;
(8] 0 -5 ’_‘ 'S 0 .5 _.P-"‘ o
04 | : Lpfnred ; 04 |
03| o . 03t
02} i , ; 02} :
& : Image Assist P Image Assist
0.1/ : WiFi Only «==ees |1 01 /.~ WIFi Only =«=ees |
F | | | T T T i | | | T T T

p - y
Triplethe Localization Accuracy tha
ClassidViFrbased Localization
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Different Perspective




Two Major Limitations for Image -
based Solution In Practice

Huge Overhead during Image The 3D model is relative, extra
Database Construction. calibration or device is required.




Transformation from Image
Space to Physical Space

3D Model World Coordinates




POIls on the Floor Plan

-
| i

p 0 i P eSS - (i ‘
'\-. = ) “
' l

(a) Original Image (b) Extracted lines (c) After Processing (d) Map to Floor Plan

4 )
Estimate Scaling, Rotation, and Translation|

Indoor Geometric Reasoning
- /
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Estimation of Scaling I

Vi :osi=[—sin (0} + E!)di + sin (0] + EY) d;]z

+[—005(95+Eg)d§+‘305(9:+Ez‘r)d:]2
Vi o osi=s+Ef

Vi od= /(L) + (1Y - by

Vi od = (R - a) + (RY by

N
Estimate the Scaling Factor via

Arm Span and Sensor Data

- J
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18

Estimation of Rotation |l

—_— 18 ——— :
Camera Loc b 4 L
16+ .. et 16 | ; CamerE L
e e S e i , Keypo o o &gt v
o 14+ - w14 £ Edge2 wwwnmn
% . . ¢ T ' S T
L] L . . = o L & . Exge 3 J
> 127" ,. § > 1270 Edge 4
s 10t 4 c 10} 4% |
@ A o "
2 st N $ st
= L - ) A = B -
s 6 1 _ é T 6 5 -
8 4 - . .---—W"""""'""""* 8 4 1 --"-H""P'!"""'""'""' -
O TN o s Senncabettas
2t ' ");('- w T Entrance Line 2 . : “':;(.- v
0| XXXEHXX NI R
4 6 4 2 0 2 4 6 8 6 4 2 0 2 4 6
Coordinate in X axis Coordinate in X axis
(a) Point cloud and cameras (b) 4 edges found by “K-Edges”

\_

Estimate the Rotation via

Top View Projection and Compass

J
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Estimation of Translation i

18
16 . o . Heypoint
4
12}
10} 5

Coordinate in Y axis

[ T SO o I e

=

4 6 4 -2 o 2 4 6
Coordinate in X axis

(a) Rays emit from camera centers

Coordinate in Y axis

18

16 |
14 | .
12 | %
10 |

[ T L T o I o

-2 0 2 4 6
Coordinate in X axis

(b) Intersections of Views

\_

Estimate the Translation via
Finding the Intersection of Views

J
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ClickLoclmageassisted
Localization and Navigation




