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Reference measuring instruments cannot easily ensure

monitoring at a high spatial scale

Map of air pollution monitoring stations of
Airparif for Paris and its inner suburbs

(Dece'h“bwer 2013) AC32M (Environnement SA)
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Low-cost sensors becomes interesting to allow

deployments at a reasonable cost [Kumar 2015] .



Performances of low cost sensors are subject to drifts...

... due to aging (True) quantity value
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Recalibrating each instrument in laboratory is expensive

Recalibration procedure

Take it out of
service

Bring it to a
calibration
facility

Calibrate

Bring it back to
the field

Put it in service

The more instruments are deployed,
the more calibration is challenging

T el :
: o .’. Ll

T .=, =ALR ;

® permanenturban ® Permanent traffic
station station

The behaviour of instruments may
also be different under
uncontrolled conditions
[Ramanathan 2006]
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Solution

* Idea: perform an in situ calibration

* Definition: Calibration of measuring instruments while leaving them in
the field, preferably without any physical intervention

« Synonyms: field, in place, remote, online, self calibration

Identical environment

Reference
Sso instrument
A SN o
v 9@
\ : Low cost
4 B g
N/ Q instrument
N, i
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The use of measurement results from multiple

Instruments may be a solution

* Idea: perform an in situ calibration Identical environment
* Necessary elements for calibration Reference
instrument
[BIPM 2012]: .
‘ Low cost

* Availability of standard values
* Known operating conditions

* Ability to quantify the resulting
uncertainty

O instrument

Classification of in situ calibration strategies [Delaine 2019 (accepted, IEEE Sensors)]

Use of reference Mobility of the : : Calibration
, . Grouping strategies : :
instruments instruments relationships

Similar classification and observations made in [Barcelo-Ordinas 2019]
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Problem statement

T Reimplementations or codes
Publication | [JO=/ P, By P, available
Algorithm %]QA‘L %QAIZ, %QA /

. . - - [ PR
| ]
Case study n Ce ll HN n Ch n Ce «+ —

Simulations or experiments
A, works| Ay > A, | A. > A P

Conclusion
on Ca on Cb on Cc No commonly accepted
A ~ Ab case study like in ML [Dua 2017]

on C
Not proved - Ab > Aa a,b Phenomena to monitor,
twork...
on Ca AC > Aa sensor networ
on Cyp.ec

Major limitation to be able to compare strategies #17



Problem statement

* Challenge: Be able to compare performances of

Te Ze S He e

One strategy One strategy Multiple strategies
(] .\ (] .—.\ @ —.\ @ Q= .\ @ @ .\ @
\«./'/\‘- \oN,/‘/\‘. ‘o“/‘/\‘. \oN,/'/\‘. \«.//\‘.

\/y 7 I/ s \y 7 |/ 7 \/ 7
. 0\.([ 0\.~£ 0\.~£ o l
One network Multiple networks One network

Multiple environments One environment One environment

#8



By which mean should comparison be performed?

Experiment Simulation
 Pros: * Pros:
* Real conditions » Any measurand possible
* Real instruments * Unlimited number of instruments
. Cons: * Accessible “true values”
e Instrument dependent « Cons:
* Measurand dependent * Results as good as the simulation is
* Necessity of high quality
instruments
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Global  temperature Humidity

radiation

J
99

Wind Pollutant sources

Proposed methodology

Topography, buildings, roads,
fields...

Can be of different quality,
measure different quantities

R R

Instruments A Instruments B

Phenomenon simulation

Generate a catalogue of maps representing many
possible situations

The number and the location of all the instruments
may be optimized regarding the user’s specifications

Construction of a scenario

Use multiple maps to build a realistic domain-wide
building-scale pollution simulation over a large time
interval

\ i

Serie of maps

Values that should be measured if instruments were
perfect

EEE
EEE

Addition of faults

Aim at modelling measured values byreal
instruments
* Limited range
* Resolution
*Noise
« Drift y(t)
« Spikes
« Stuck-at
- Bad timing t
» Missing values —True signal
o —Measured values

Calibration

Determine the values to add to the measured
values to recover a more accurate signal

—Correction

Add the correction values to the measured values

—True signal
—Corrected values

v

Performance evaluation

Evaluate metrics to assess the quality of calibration

X" (@i —4i)®

n

RMSE =
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Case study

» Goal: Compare two existing strategies: [Balzano 2007] and [Wang 2015]
 Both based on the subspace model

X(t) o \ X(t) o £

O 23 7%

@) % g

T \ N oo

PR XL 200" 4
c§§‘:§\\v/‘/ “r/,\lrky
@ N
S\
@ S -
> 1 >t
Values are corrected supposing the true ones lies in

a lower sub-space of the space formed by the
Consider N measured values for measured values
each of M instruments,
measuring a quantity with a

high spatial density #11



Modelling of the phenomenon

» Goal: one year, hourly time step
» Environment considered: flat field 1000 x 1000m, discretized with a step of 10m
» Concentration of pollutant modelled as

T2 + y
C(x,y,t) = A(t) exp ( o \ \
Standard deviation expressedin FWHM
terms of full width at half 0 = W
maximum (FWHM) n( )

= 100 FWHM = 1000 = 145, FWHM = 1500

* Number of maps simulated defined arbitrary
« Amplitude: from 0 to 150 ug/m3, step 5 ug/m3
* FWHM: from 0 to 4000 m, step 500 m
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Modelling of the phenomenon

« Amplitude modelling: based on ¢ Full width at half maximum:

Y(¢) (ug.m=3)

NO2 measured values of Airparif profiles for week-end and week

days
80 ~%#- NO2 - Paris Centre 2017 4000
20 3500 —*- Monday
3000 Tuesday
60 £ o
< 5500 Wednesday
50 = —+ Thursday
40 2000 .
E —* Friday
30 1500 -& Saturday
20| : 1000 Sunday
10| = 500
0 50 100 150 200 250 0 5 10 15 20

t (hours) t (hour)

* Result: A time series of 8760 maps (one year, hourly time step)
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Network definition

* n = 16 nodes, uniformly deployed
in the environment

o Static
* Blind
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Extraction of perfect measured values

-+ Perfect measured values

Y(t) (ug.m™®)
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t (hours)

Validity of the subspace estimation

Y(2) (ug.m™%)
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70
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t (hours)

-+ Perfect measured values

0 50 100 150 200 250
t (hours)

//

* Principal component analysis on the matrix formed by the concatenation of the 16

time series obtained
e Result:r =4 <n
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Fault addition

* Sensors assumed as initially
calibrated and faultless for 8 eight

weeks
 One sensor drifting
e Linear drift of its gain, up to 5%

weekly
Go =1+ 0.05d *
O _l_ O d’[, ~/ Z/{(O) 1) 160 -+- Perfect measured values
Drifted values
G; = G;_1 + 0.05d; .
100 F i
' : i $io §
» Start at the first week of drift oo Ak . Wk M. 32IE
(week 12) O i Dl ek sl
28 +M¥' + 8 ;‘f__«‘# q&%q&;}w:;{.r j&:: 3

5000 5100 5200 5300 5400 5500 5600 5700
t (hours) #16



Parametrization of calibration strategies

* Balzano et al.
 Correction: gain
* Principle: linear system solving
» Strategy applied each w = 7 days

* Wang et al.
* Correction: variable offset
* Principle: Kalman filter
 Applied at each time step (1 hour)
» Starts att = w = 7 days = 168 hours

160
140
120
100

Y(t) (ug.m™*)
N
o O

N B
o O

0

--+- Porfect measured values
- Drifted

5000 5100 5200 5300 5400 5500 5600 5700
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80
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20
0

Y(t) (ug-m~*)

t (hours)
-+- Perfect measured values

T Drifted values 1

5000 5100 5200 5300 5400 5500 5600 5700

t (hOUfS) #17



Y(2) (ug-m™%)

MAPE (%)

Results

160
140
138 ~%- True values
-#- Drifted values

80 -o- Corrected values (Balzano 2007)

60 —— Corrected values (Wang 2015)

40

20

0
7400 7450 7500 7550 7600 7650 7700
t (hours)
80
60
40 —#- Measured values vs True values
—*-Balzano 2007 vs True values

20 -+ Wang 2015 vs True values

0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
t (hours)
Metric [Balzano 2007] [Wang 2015]
c (o) . (0)
Mean absolute percentage error Mean: 1.7% Mean: 3.0%

(rolling, 7 days) Max:16.8% Max: 19.5% #18



With varying window width

[Balzano 2007]

[Wang 2015]

-+ Porfoct measured values
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Conclusions of the case study

* A unique case study may not be conclusive
— results may be case specific

» The parametrization of the existing
methods should be investigated

MAPE (%)

Publication

(=2 P |[EE] A | [=E] P

: A A A
Algorithm a b c
1 1
Case study n Ca 4N n Cy! -»n C.
.| Ag works| Ap > Ay | A > Ay
Conclusion on Ca on Cb on Cc
AC > Ab
on C,
Not proved - Ay > A, b
onCo | A, > A,
on Cypc
80
60
—*-Balzano 2007
40 ~—\Wang 2015
20
0

W (days)
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* A protocol for a methodical evaluation of in situ calibration
strategies was introduced

* A simple case study for the comparison of two existing strategies was
developed

e First results show an influence of the design of the case studies on
performance results. It justifies the necessity of extended studies
toward the definition of systematic procedures for the evaluation
calibration strategies
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Future work

Quantities simulation

» Realistic quantities
* Real geometry
» Multiple quantities

Catalogue based simulation
[Berchet 2017]

Sensor network definition

» Mobility

« Optimization of positioning [Boubrima

2017]

#22



Fault addition

—&— True signal
—4— Faulty signal

0 20 40 60 80 100

Drift
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Fault addition

1 e 1
—e— True signal 1 —e— True signal 2.5 —e— True signal —e— True signal
—— Faulty signal —— Faulty signal P —— Faulty signal —— Faulty signal
0.5 0.5
0.5]
W o wo ° Yo 0
-0.5]
~-0.5 -0.5
=il
-1 1.5] -1
0 20 40 60 80 100 [ 0 20 40 60 80 100
¢ ¢
L3
Drift Uck-a
1 1
o~ True signal o True signal
—— Faulty signal —— Faulty signal
0.5 0.5
L) I ault taxonomy o
-0.5|

0 20 40 60 80 100 0 20 40 60 80 100

(based on [Ni 2009])

Bad timing Missing values

100
1 1 1
- True signal —e— True signal —+- Operating condition
—— Fauly signal —— Fauly signal e~ True signal
05 05 05 —— Fauly signal =
e
o g
v 0 v 0 v 0 5
40 g
&
-0.5 -0.5 -05
20
-1 -1 -1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 8 100

Range Resolution Op. cond. out-of-range
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Performance evaluation

20
Metric A B
15 --©- Original
--4<- Erroneous case A .
10 --+- Erroneous case B BIaS 61 51
yo 5 MSE 40.7 435
° Lin. corr. 0.85 0.88
-5
Coef. det. 0.72 0.77
-10
MSE SS -2.26 -2.46
! . ””“”“l 3 Interdependence
l""!“ --------------------- g Underdetermination
I : Incompleteness
Linear error assumption
T [Tian 2016]

Original values Original values # 25
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