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Early Focus on Ubiquitous Computing (now)
First mobile web browsePocketWel(1996)
First context aware mobile phone: TEA (1998)
First smart everyday artefadtlediaCup(1999)
Fist European Wireless Sensor Network Platf@martiT¢2002)
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How it began 1/2: Low Cost Sensor (2011) ﬂ(“'
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How it began 2/2: Smartphone Retrofit Sensor (2014) ﬂ(“‘

m ldea: Clip-on PM sensor module for smartphones

m 4 generations of prototypes:
a 3D printed for rapid prototyping

a Light from flash is rerouted using an optical fiber respectively a
mirror

m Active versions with externally powered LEDs

smartphone |

flash camera KIT Department of Informatics



Air quality networks are perfect basis for research in

ubiquitous systems

Novel mobile and personal sensing methodsé
Usability and UX for cititizen scientistsé

Mobile calibrationé

Privacy issues when sharing dataé

New IoT networksé

Interconnection with smart city controlé

Real world data sources needed for modelingé
Data mining of real world data sourceseé

Earlsrubees Drestitet Tur Techesloois
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Air quality networks are perfect basis for AT
research in ubiquitous systems
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Is PM10 a problem

after all?
A

Research/regulation has triggered
a positive development!

Enforcement through
measurement has lead to
innovation and demand for new
technologies!
A Particle filters for non-diesel
cars will come!
A New problems: P25 A
Ultrafine particles

One problem:
A local foreground
concentrations can still be
high even in Germany

A health effects of temporary
personal exposure cannot be
sufficiently quantified (A no
regulation)
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Danger: a matter of view point?
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Articles

Eftects of lang-term exposure to air pollution on A Y.
natural cause mortality: an analysis of 22 European cohorts o
within the multicentre ESCAPE project
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European Study of Cohorts for Air Pollution Effects : ﬂ(".
ESCAPE (2008 i 2013) o
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Firstepidmemiologicstudyin Augsburg: 1986 QAT

Karlerubes Iretitet fur Teche:logie

Die Augsburger Stadtbezirke
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Milestone in Augsburg: Heaflttack Correlation
to 1985smogperiod
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15 Peters et al., Lancet 1997
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Increased plasma viscosity during an air pollution episode: a link
to mortality?
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How to quantify exposure? ST

Earlsrubees Drestitet Tur Techesloois

10 20-04-0°
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Source:helmholtz-muenchen.de Source:merkur.de Source:icaros net

What is Aorrectfilocal value?
People mostly not close to measurements.
People cannot carry equipment allthet | me é

We need to interpolate/extrapolate A
Do we know what we are doing?

16 KIT Department of Informatics
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We can use satelite images to
analyze the optical thickness!

Poluted image i Reference image
A regression problem!

But how can we be sure we
measure the concentration at
1.5m??°?

CT

Earlsrubees Drestitet Tur Techesloois

REFERENCE POLLUTION

IMAGE IMAGE

1,2,3,4 1,2,3,4
[brightness] [brightness]

Calibration Calibration
[reflectance] [reflectance]

CHRISTINE Code for High Resolutlon Satellite mapping of optical
Thickness and ANgstrom Exponent. Part [: Algorithm and code

Nicolas L. Sifakis **, Christos lossifidis ®
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Beyond K ORA ¢é

Continue Cooperative health research in Augsburg

U Continue important findings on health risks:
U Eg. Correlation of diabetes with PM was
recently proven

U In past using rather static models of PM based on

land-use
U 20 measurement points short-term
U 5 long-term

U Can we better estimate the personal exposure
to understand effects?

U Can we create applications that proactively
support health?

U What is the role of measurements in fine
granular planning tools?

KIT Department of Informatics



Land-use & land-cover variables:
1. Roadways:

* Freeways(AADT),;q,0

* Major Arteries .,

* Arteries,.,

* Streets(POP).,,

Railroads,.,

Areaunder tree canopy,.,
Elevation

X (Longitude)
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+ 6.5x10**MAJ_ART. ,
+ 1.7x10 **ARTERIES .,
+ 1.8x10-5(STREETS)*POP,,,

SourceToward Breathable Cities For All: Linking Air Pollution, Vulnerable Populations and Human Health,
Day Foundation

Doesthis meanif we plantenoughtreeswe get cleanair???



remote sensing

Article

Developing Land-Use Regression Models to Estimate

PM; 5-Bound Compound Concentrations

Chin-Yu Hsu !, Chih-Da Wu 2-3:%, Ya-Ping Hsiao 12 Yu-Cheng Chen 1.4 Mu-Jean Chen 1and

Shih-Chun Candice Lung 567*
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Department of Forestry and Natural Resources, National Chiayi University, Chiayi 600, Taiwan

Department of Geomatics, National Cheng Kung University, Tainan 701, Taiwan

Department of Occupational Safety and Health, China Medical University, Taichung 404, Taiwan

Research Center for Environmental Changes, Academia Sinica, Taipei 115, Taiwan

Department of Atmospheric Sciences, National Taiwan University, Taipei 106, Taiwan

*  Correspondence: chidawu@mail.ncku.edu.tw (C.-D.W.); sclung@rcec.sinica.edu.tw (S.-C.C.L.);

o

& 8
o

-

Land Use Inventory Digital Road Network  Landmark Databases

Digital Terrain Model Weather Related Variables MODIS NDVI Database

National Institute of Environmental Health Sciences National Health Research Institutes, Miaoli 350, Taiwan; A (I I
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culture-specific emission source

like temple from GIS map

i e o

Tl I
|

iy vl l l
b | ! -

I
i 1
i1 :

c il
Chins . l :
Taiwan : H
5&1’- ! ] '
” T\._,f,," I l
24 alc ;,.‘)5"‘7' 1 I
L2y 1 o
S S i |
N i o
Uos ¥ K
®  Munitoring Stafi 1 (!
nnEorng Station i . |
0 AN .\‘l":m“ | o - l 2 ; I
=" Digital Terrain Model Weather Related Variable} MODIS NDVI Databasel

+ satellite-based vegetation

index images

Land-Use Regression

=B, + B,Land-use, + B, Land-use,+... + B Land-use,

compound

+ NDVI + Distribution of Temple

[ ———
=

' Taiwan
EC (ng/m’)

Lo : 0,85

" g High 1 2,79

u 100200 200000 Mctons
| i

Taiwan
OC (pgim’)
‘g High : 5.22

 ow : 2,40

/ ,f Taiwan : j
T SO T (pgin?) .
v g Migh: 101 °

J

T how 077

-

Tainan 3
Ma (i) N
o High = 110 %107 %

-.IM + 1M1

Spatial-temporal variability of PM, .-bound

N7

3 Taiwan
~ NH, " (pg'm’)
o High : 173

S Low: 17

~

L

Toiwan f |
Ba (pz'm’)y

Magh : 0018 .

Lew - 0001 .

o Migh : 0001%

Bz

] Taivwun
T NOy (pugm’)
/' pm High : 0.68

S Low: 052

Yaxivan
Cu (pg'm'y
o High : 0.023

w10

Tainss
Zn (pg'w’)
- o Migh 1 087

s

non-metal and metal compounds

T

rubes Irrtited fur Tecbeslogie

KIT Department of Informatics



Machine Learning can use all correlationsé

Greenness (21 0. 71 0t)@ 7
Temples (r2: 0.52 to 0.66) Satellite Techniques
Restaurants (r2 0.31 to 0.44) Gregness

+

More input variables?

Earlsrubees Drestitet Tur Techesloois

Culture-Specific Sources

\ |
/ 2

i/ J +
EZL?Sﬁfam Temple

More complicated models? Land-Use Regression
How locally overfitted can a
model be? faian A,
City — g, . | Spatial-Temporal
A More Measurements Taipei | variability of PM..
needed!!! Motropalis
22 Wu, et. Al Land-use regression with long-term satellite-based greenness index and culture-specifi€pepartment of informatics

sources to model PM, ; spatial-temporal variability, Environmental Pollution, Volume 224



ST

Karlsruher Institut fir Technologie

Low Cost Participatory Sensing of PM

Matthias Budde, matthias.budde@kit.edu

KIT Department of Informatics

KIT i The Research University in the Helmholtz Association


mailto:matthias.budde@kit.edu










werte
rschreitungen
ssungen

riungen

ur Luftqualitat

=N Immissionsschutz

Immissionsdaten aus Baden-Wiirttemberg
30.09.2018 08:00, vorlaufige Werte

Luftschadstoffe
Feinstaub PM2,5 (kontinuierlich)

5] Karte sl Diagramm B Tabelle

I.'Z:‘\_
.} ~
Map Satellite &= & Waghiusel
~ Philippsburg

Germersheim

T
+ Landau Bellheim
35

Herxheim bei
Landau/Pfalz

35

fhine Rives

id

ak
Kandel Eggen stein-L&:ld shafen
36

A Stutensee
Warth

am Rhain . )

10
Kaflsruhe
[ 5 |

nbach

La ﬂtirﬁ‘c‘grgf.h
" Rheinstetten

ol Ettlingen
i Durmersheim Waldbronn

: =)
Karlshad

‘Qgéaz} Bietigheim
| 8
&

Beinheim..-'r Rastatt
Roppenheim

Bruch

Messstellenauswahl

Fors

Wal

Bitte wahlen

Bitte wiahlen

Aalen

Baden-Baden

Bernhausen

Biberach

Eggenstein

Freiburg

Freiburg Schwarzwaldstrale
Friedrichshafen

Gartringen

Heidelberg

Heilbronn

Heilbronn Weinsberger Strafe-Ost
Karlsruhe Reinhold-Frank-5tral3e
Karlsruhe-Mordwest

Kehl

Konstanz

Leonberg GrabenstraBe
Ludwigsburg

Ludwigsburg Friedrichstrale

10

KR Niefe

Iﬂrzheim
294

463

MNeuenbiirg



28

Range of measurement technology

=

Professional . Consumer Low-Cost

Standard
(gravimetric) (mostly optical) (mostly optical) (optical)
accurate < » noisy
stable < » unstable
expensive < » cheap
low temporal » high temporal
resolution resolution
delayed < » |ow latency
large small

TradeOff mobile

static

Budde, M., Zhang, L., & Beigl, M. (2014). Distributed,dost particulate matter sensing: scenarios, challenges, approachEsst International
Conference on Atmospheric Dust (DUST 2014). Dighitbs://doi.org/10.14644/dust.2014.038

XIT
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Alternative?: Low-cost Sensing?

Light- or Laser-scattering

~ Sensorcost10-2 0 U

Most common today for PM: SDSO011 dust sensor

Earlsrubees Drestitet Tur Techesloois
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~ Measurement at

17 SDS011 sensors

~ SMPS/APS reference

Polydisperse Particles: Setup

TROPQOS, Leipzig,
Germany

(14 with valid data)

with 92 aerodynamic
channels

Karlerubes Iretitet fur Teche:logie
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Polydisperse Particles: Experiments

— 1188476
— ref
1190049
2001 : . —— 1197947
Armmoniu Ammoniu 1200880
m —— 132007
iIfate 1 Sulfate 2 —— 1547350
| 1547430
— 1547436
1548172
100 4 1548187
Ambient Air Ambient Air —— 1548303
1 1581752
—— 158693
—— 1590613

=
LA
U 3

mass conc in ug/m?

50
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PM 2.5 Time Series

Dynamics are
generally captured
well

Readings have an
offset

Offset differs for
Individual sensors

mass conc in ug/m?>

Lt
|

ambientairl

2

— 1188476
— ref
— 1190049
—— 1197947
— 1200580
— 132097
— 1547350
—— 1547430
— 1547436
1548172
— 1548187
— 1548303
— 1581752
— 158693
—— 1590613
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PM 2.5 Scatter Plots

Good linearity

Systematic
misestimation of
concentration

Ambient air: on
average 66% of the
PMZ2.5 reference

Average pm2.5 mass of all ES08266 sensors versus reference pm2.5 mass.

test aerosol: ambientair

y =0.66*x +(—0.69)

reference mass conc in ug/m?

Earlsrubees Drestitet Tur Techesloois
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PM 2.5 Scatter Plots

High variance
between individual
Sensors

Ranging from 45%
to 85%

pmZ2.5 mass of all ESO8266 sensors versus reference pm2.5 mass.

test aerosol: ambientair

mass conc in ugim?
P
;

3 4 5 6

reference mass conc in ug/m?>

XIT
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Real World Data: Humidity

. SDSO011 only 160

= Temperature in °C

defined up to 140 —— Humidity in %
e PM10(dlry) in pig/me

120
70% R H PM10(wet) in pg/m3

. Strong humidity =
dependence 60 | y
. Fog is misread N i
as fine dust S E—

0 5 10 15 20

KIT Department of Informatics
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Conclusions?

. SDS011 can capture dynamics with high temporal

resolution

~ Notable variance between sensors
. Humidity is a problem

. Suitability depends on application / further measures

Earlsrubees Drestitet Tur Techesloois
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Calibration

. Two basic approaches:
. Exposure to defined and well known concentrations and

environmental conditions (mostly under lab conditions)

. Co-location with standard / high-precision reference (in

field)

KIT Department of Informatics
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Some cali brati on Af
[0

Micro vs macro

~J -
1/ s O
¥ .
! l:) ' - 8)
Micro Maicro
I [ Catibration arca
. o . () Node 1o calibrate
CALIBRATION e

Non-blind vs semi-blind vs blind “¢ o
o

Non-Blind

[

@ Ground-truth node

B oo °n
- O O

Semi-Blind Blind

I J

Jose M.Barcelo-Ordinas et al. (2019) Self-calibration methods for uncontrolled
environments in sensor networks: A reference survey, Ad Hoc Networks,Volume 88

|
O Node to calibrate
CALIBRATION ) Pre-calibrated node

O Ground-truth node

KIT Department of Informatics
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Multi-hop and rendezvous calibration

Collocated

[

Multi-Hop

IMiodel _- = O '_'O

b O
Miuxlel-Based

]

-~ Calibration path

CALIBRATION

O Node to calibrate

) Inmermediate node

O Ground-truth node

Karlerubes Iretitet fur Teche:logie
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Sometimes less may be more

o]
i

-]
1

h
i

1%y
i

—— data: 0
——— data_cal0
— ref

iy

Dust in pg/m?
w
Dust in pg/m?3
=\ W &~ U o ~

MJ
1

=t
1

o
i

1 2 3 1 2 3
Time in days Time in days
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Alternative Deployment?: Citizen Science? ===

Sensors assembled and operated by citizens
Data collected and displayed on luftdaten.info

Stuttgart alone: more than 600 active sensors
e A‘E‘ .

.....

Radom

Zilina

Geond . 3 < 5 B Slovensko |
ést’ ' Strasbouf e SR Fvens Kodice
. ‘
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Challenges ﬂ(".

Instrumentation

Coverage

Instrumentation SOVETAUE!

L
) 4

User elineeian . Calibration
Error

Incentivization
Incentivization Privacy

42 KIT Department of ipformatics
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Smartphone Sensing

Battery Temperature GPS / GLONASS
Bluetooth (LE)
WiFi

Ambient Light Sensor

Proximity Sensor
Laser Rangefinder

Touch GSM

Microphone

Ambient Temperature
VOC Sensor
Humidity

Front Camera
Back Camera(s)
Depth Camera
Thermal Camera

Heart Rate Monitor

Fingerprint Reader Virtual Sensors |

Gyroscope ® Qrientation/
Gravity
Accelerometer ® Pedometer/
Step Counter
Pressure Sensor ® Physical Activity
, o ..
Microphone Magnetometer / Hall-Effect Sensor

XIT

Earlsrubees Drestitet Tur Techesloois
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H u m an E r r O r Karlerubes Irrstited Sur Teobrslogie

Device Handling Hardware

no / faulty

covering sensor

wrong \ incomplete / f calibration

orientation generating noise wrong assembly _undocumented /
wrong height phone use \ faulty \_ Ssurplus parts
or distance while measuring installation - faulty device

association

unwanted \ unwanted user\ missing
device movement movement - maintenance Unreliable
wrong object / wrong time _ wrong sample Measurement
phenomenon and/or place - . Zropertles wrong amount
wrong object inappropriate _/4—ndoors instea of samples
handling weather »/0f outdoors (or v.v.)
not actually

environmental _ false or no sensing / recording

wrong alignment
disturbances annotation

Measurement/

Environment /

Object /

Observation

Context

Phenomenon

44 KIT Department of ipfbormatics
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- . N P
oplica ey

AN,

X | e
"'-'.i.

flash carmara

_ | . @ Active versions with externally powered LEDs

IIJ 9 I' "
Ll =

Going cheaper: Smartphone Retrofit PM Sensor ﬂ(“‘

#@ Idea: Clip-on PM sensor module for smartphones

@ 4 generations of prototypes:
@ 3D printed for rapid prototyping
@ Light from flash is rerouted using an optical fiber respectively a

mirror
du
mirr .;ffl’__nm[ N

flash camera

smartphone |

KIT Department of Informatics



Sensing: Signal Reconstruction from Noise

1.4
1.2
1

0.8 -

0.6
0.4
0.2

0
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We arecountingpar ti cl es e

0.40— .

0.35}
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- 0.25
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=
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0.00

€so we have a

on

Earlsrubees Drestitet Tur Techesloois

bet ween mea

KIT Department of Informatics



Sensing: Signal Reconstruction from Noise
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1
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Sensing: Signal Reconstruction from Noise

1.4 | |
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12 - noise = -
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Sensing: Signal Reconstruction from Noise
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Mobile PM / Black Carbon ﬂ(“.
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