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Concepts of accuracy and precision

Experiments to determine sensor
performance

How to quantify accuracy & precision

What's an acceptable error?

Examples



Precision versus accuracy

Precision refers to the consistency and

repeatability of measurements,
regardless of how far these are from the
true value.

Low accuracy Low accuracy

Low precision High precision
Accuracy, on the other hand, refers to
how close a measurement is to the true
or target value, regardless of whether it's
consistently reproducible.

High accuracy High accuracy

Low precision High precision



Precision versus accuracy of air quality sensors

Place sensor in an airtight box



Precision versus accuracy of air quality sensors

Concentration = 20 pg/m?

Fill box with a known pollution
concentration.



Precision versus accuracy of air quality sensors

. : . Concentration = 20 pg/m?
Low accuracy, low precision Low accuracy, high precision

High accuracy, low precision High accuracy, high precision 6



Precision versus accuracy of air quality sensors
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Precision versus accuracy of air quality sensors
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Precision versus accuracy of air quality sensors
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(Average) difference between £e] |
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Precision versus accuracy of air quality sensors
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(Average) difference between £e] |
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(I) 1I0 2I0 3IO 4I0
PM; s/ ugm?

S 3
Low accuracy, high precision Concentration = 20 ug/m

(48]
o

10 15 20

5

PM,:/pgm?

-t
o

Frequency of measurements

0

i

T T 1
10 20 30 40 0

PM,s/pgm? Nov 03 Nov 05 Nov 07
High accuracy, low precision High accuracy, high precision 10

o —



Precision versus accuracy of air quality sensors

80
]

Accuracy el e
(Average) difference between £e] |
measurement and true value. e |
The smaller the difference (=error), the higher the accuracy. § :
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Practical considerations

i Known number of Stable and known
Clean air ) :
particles PM concentration
‘ -
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Practical considerations

Known number of Stable-areown
particles PM concentration

Clean air

Where can I buy this?

- even more complicated...

How to pre-clean the air?
-ite complicated...
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Practical considerations

Stable-arddcrown
PM concentration

Could still measure
precision?

10.50
10.25

10.00 %] 1

For this, the
concentration just
needs to be stable

9.75
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Practical considerations

Stable-arddcrown
PM concentration

...........
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Advantage of low-cost sensors: You can have many!
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Practical considerations

Stabicarriarewd.

PM concentration

...........

onne

B e e Chamber testing is not practicable.

Advantage of low-cost sensors: You can have many!
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Co-location with reference




How to measure the accuracy of a sensor?

== Reference (true value) === Sensor

150-
Error = Difference between

sensor and reference
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mg o Mean Error = 0.2 pg/m? = Sensor - Reference Accuracy
5 6 _ Average (Average) difference between
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How to measure the accuracy of a sensor?

Mean Absolute Error

How far off
are the sensors
from the reference data

Ao(ohng tTle e_f‘r‘jt‘s up i.e. Error Al:solu‘te, Vo.lue
over all rea ings & . i
from the testing pe,ﬁoo( \l/ ?seposi‘tiveﬂg

e’

Zn |Csens,n — Cref,nl

n

/

To 3e‘t the mean
you divide l:t/ the number
of reaolings

MAE =
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How to measure the accuracy of a sensor?

Alternative parameter: Root Mean Square Error

(s)

s Rock b comperiatc oniech. Lot e Measure of the average error of a
for the squarin nd increases sensitivi .
‘ e iy sensor (like MAE)

— > (Csens;n — €refin)? e Always higher or equal to MAE —

n

w / " \\ stricter criterion
to get the Mean

you ohvio(e_ l:t/ &)

the number of readings e batiann SERREGS
e e Recommended by US EPA

i.e. tThe Error

\
N —

Adding the squared errors up
over all the readings
from the testing period
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Examples of accuracy assessments

Good Sensor vs. Bad Sensor Clean vs. Polluted

From: The Lego Movie / https://hero.fandom.com
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Example |: Good sensor vs. bad sensor

Good sensor Bad sensor

= Reference (true value) === Sensor - Reference (true value) === Sensor
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MAE = 1.5 pug/m? - RMSE = 1.7 pg/m3 MAE = 10.4 ug/m? - RMSE = 12.0 pg/m?3
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Example |: Good sensor vs. bad sensor

Good sensor Bad sensor

= Reference (true value) === Sensor - Reference (true value) === Sensor

100 ﬂ
3

The higher the error of the sensor (MAE / RMSE),
i the lower the accuracy.
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Example II: Polluted vs. “Clean”

More pollted

= Reference (true value) === Sensor == Reference (true value) === Sensor
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Example II: Polluted vs. “Clean”

More polluted

= Reference (true value) === Sensor = Reference (true value) === Sensor
50 500
rv,aE 40 ™, 400
5 5
3 30 = 300
e ~
EN 20 = 200
a a
10 100
0 0
Nov 11 Nov 13 Nov 15 Nov 09 Nov 11 Nov 13
"PE = Sensor - Reference "’-E = Sensor - Reference
o ¥ MAE =6.1 pg/m® --- RMSE=6.6 ug/m*> 9 MAE = 6.4 pg/m® - RMSE = 7.0 pg/m?
oy 20 ~
S e Same error = same
P e AR A I VA 1A - - s
E Nov 11 Nov13 Nov 15 = Nov09 b v performance?
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Example II: Polluted vs. “Clean”

More polluted

= Reference (true value) === Sensor = Reference (true value) === Sensor
™ 400

Mean (true) PM, 5 = 10 pg/m? Mean (true) PM, 5 = 108 pg/m?

Error has relatively
m :> high impact in
; . cleaner environment
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Example Il: Polluted vs. “Clean”

T T T 4
== Reference (true value) === Sensor

Difference / pgm=

Mean (true) PM, 5 = 10 pg/m?
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w
3

N
3

)

Difference / pgm-?

2

1

1
?

1

1
%

L)

)

1

1

1

1

1

1

1
?

1

1

T
NRMSE= 6.6 ugm= /10 ug m3=66 %

NRMSE=7.0pugm3/108 ugm3=6.5%

Normalised RMSE

= RMSE / average
concentration

— helps to compare sensors
across different

environments
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Recap Accuracy
@ How far is a sensor from true value?

Determined via co-location with reference. ;

Quantification via the mean error (MAE / RMSE).

Normalise to compare across different
locations.
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How to measure the precision of a sensor?

High accuracy High accuracy
Low precision High precision
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How to measure the precision of a sensor?

Precision:
Distance of the measurements from the average value

10.50
10.25 ‘3‘)':' v D
1 Repeated measurements &

10.00 - -
@ ctable concentration
975
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= Reference (true value) === Sensor

100~
No ctable concentration!
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How to measure the=greerstea~reproducibility of a sensor?

Reproducibi"ty: ......................
The consistency of measurements obtained from multiple
sensors placed in the same location G G

250 Lo : oo oo RN (ltasdesciiea
& 20 co-located AirGradient sensors
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o
o

o
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How to measure the=greerstea~reproducibility of a sensor?

Reproducibility: (el (e
The consistency of measurements obtained from multiple

sensors placed in the s e i
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How to measure the=greerstea~reproducibility of a sensor?

Reproducibi"ty: ......................
The consistency of measurements obtained from multiple 20.0 ug/m®| | 20.3 pg/m®
sensors placed in the same location G G
25 ¥ 20co-located AirGradientsensors | T e
20.2 pg/md 20.1 pg/m?
200
- -
E 150
o
1 oooooooooooooooooooooo
~
w 100
S 20.8 pg/m?® 20.1 pg/m?3
a
50

M — —
0

00:00 03:00 06:00 09:00

time of 13" March 2024 (UTC) Spread of multiple .
sensors around their

Precision:
ecisio average value

Spread of a sensor's measurements around a constant
value. 33



How to measure the reproducibility of a sensor?

03:05 03:10

34



How to measure the reproducibility of a sensor?

30
) ™ i, =
iy S
S ,
wn
&
= 10
Q. Cmean = Mean across all sensors
0
03:05 03:10
1
Cmean — ; Csensor x
x
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How to measure the reproducibility of a sensor?

30
» The narrower the spread

5 / -\ around the mean,
E o Ao o= the bigger the reproducibility.
22 10
Q. Cmean = Mean across all sensors

0

03:05 03:10
1
Cmean = ;Z Csensor x

X
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Reproducibility = Precision + Consistency

S
o

Precision “
“Stability” of measurements over time;
Absence of noise.

w
=]
w
o

N
o

0
# Nov 03 Nov 05 Nov 07 Nov 03 Nov 05 Nov 07

Consistency:
Different sensors measure the same
values.

PM,s/pgm?
PM,s/pgm?

o

—
—

Reproducibility: t
Co-located sensors measure the same. =

o o o o =
— Requires precision and consistency. 8

(Hence, the EPA refers to it as precision.) 0

03:05 03:10
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How to measure the reproducibility of a sensor?

30
The narrower the spread

" ;S.:*. around the mean,
E 2 A e N e i ibili
= 7 ~ ~—— -1. = = the bigger the reproducibility.
EN 10
Q. Comean = Mean across all sensors Standard Deviation (SD)

0 = Measure for width of spread

03:05 03:10
1 “Error across sensors”
Cmean = ;Z Csensor x

X
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How to measure the reproducibility of a sensor?

30

Standard Deviation

o IS Sensor X
£ 7, 7N ™ / =
o 2N 4 \ S\ -
2 N
. . EN 10
Standard Deviation Root to compensate Squaring makes o Cmean = Mean across all sensors
of the sensor x for the Squaring everything positive
- |
03:05 03:10
1 2
SD(sensor,) = \/ . E (Csensorm,n - Cmean,n)
n

Taing e J %\ e The lower the SD,
the higher the

and the average
Math “fun fact”: The calculation is the same as for the RMSE, but you use preCI8|on °
the mean concentration instead of the reference concentration.
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Polluted vs. “clean”

Less polluted

More polluted
' =
| ~

Normalised SD

= SD / average
concentration

= “Coefficient of
variation” (CV)

30 300

20

PMys/pgm?
PM, s/ pg m-3

SD = 1.5 pg/m?® SD = 1.5 pg/m?®

03:05 03:10 03:05 03:10

CV=15pug/m3/ 19 ug/m3 = 7.9% CV =1.5ug/m?® / 219 pyg/m3 = 0.7% 40



Recap precision

7 \ S==4--"" What's the spread of the measurements

Cpmean = Medn across all sensors

PMy s / pg m3

( rsecasduia ) { arscessuase =
Determined via co-location of multiple e =) e =)
Sensors (amwe (s 2

Quantification via Standard Deviation

Normalise to compare across different
locations

41



What's an acceptable error?

EPA target values

Precision | Standard Deviation (SD) <5 ;.Lg/m3

Performance Testing Protocols, -OR-
Metrics, and Target Values for
Fine Particulate Matter Air

Sensors Coefficient of Variation (CV) <30%

USE IN AMBIENT, OUTDOOR, FIXED
SITE, NON-REGULATORY
SUPPLEMENTAL AND INFORMATIONAL
MONITORING APPLICATIONS

Error Root Mean Square Error RMSE < 7 ug/m’ or
(RMSE) or Normalized Root NRMSE < 30%'
Mean Square Error (NRMSE)

From Table 4-2: Recommended Performance Metrics and Target Values for PM2.5 Air Sensors
Used in Ambient, Outdoor, Fixed Site, NSIM Applications. All values for 24h averaged data.

Further aspects of sensing performance:
Linearity (R?), Bias (Slope, intercept)

NSIM - non-regulatory supplemental and informational monitoring 42



Is an 30% error to much?

Mass Concentration (ug/m?)

FEM BAM vs FEM GRIMM (PM,, ;; 1-hr mean)

~—FEM BAM —FEM GRIMM
50

45
40

.

30 |

2 ’|
| f ﬁ
20 ‘ t

T
1: Mﬂ [ Y\‘ )‘f‘{[ | wﬂ] w‘ |

0
7/10/15 7/15/15 7/20/15 7/25/15 7/30/15 8/4/15 8/9/15

FEM - Federal Equivalent Method

PM, ; (1-hr Mean; pg/m3)

y = 0.7813x + 2.0751
s 40 R?=0.6725 1.
oo’

0 10 20 30 40 50
FEM BAM

Comparison of two reference

instruments.
AQ-SPEC; South Coast Air Quality Management District, USA

— They can differ a lot!

Let’s dive into that later...
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Real world examples of sensor performance assessment
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Real world examples

Precision of AirGradient indoor monitors in testing chamber

& 20 co-located AirGradient sensors

03:00 06:00 09:00

time of 13™ March 2024 (UTC)

SD across all sensors: + 1.6 pg/m?3 < 5 pg/m?® — within EPA guidelines

Average concentration of test run: 14.8 pg/m?
CV=1.6pug/m3/14.8 pg/m3*=+10.8% <30%  — within EPA guidelines
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Real world examples

Precision of AirGradient indoor monitors in testing chamber

& 20 co-located AirGradient sensors

- Conclusion
A The precision of AirGradient PM,, . sensors is higher
L. than the minimum precision recommended by EPA.

SD acrc _ PS
Average concentration of test run: 14.8 pg/m?
CV=1.6pug/m3/14.8 pg/m3*=+10.8% <30%  — within EPA guidelines
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Real world examples

Accuracy of AirGradient outdoor monitor in Chennai

Raw data - Reference == Raw AirGradient
60
E
o
EN 20
o
0
Sep 11 Sep 18 Sep 2
RMSE = + 10.0 pg/m?3 > 7 ug/m* — not within EPA guidelines

Average concentration of test run: 15.6 pg/m?
nRMSE = 10.0 ug/m°/ 15.6 ug/m*=+64.5% >30%  — not within EPA guidelines



Real world examples

Accuracy of AirGradient outdoor monitor in Chennai

Raw data - Reference === Raw AirGradient
150
60 E
o
= 100
OP N
£ &
o 40 g
= [«3}
N % 50
g o e’ Slope = 0.71
E o o ° Intercept =-1.3 ug/m?
0
0 50 100 150
0 AirGradient PM, 5 / pgm?
Sep 11 Sep 18 sep 2

More information about linearity and sensor calibration:
https://youtu.be/b5mSJSS9i_A?feature=shared
https://youtu.be/CXueVOAmMB80Y?feature=shared

RMSE = + 10.0 ug/m?
Average concentration of test run: 15.6 pg/m?
NRMSE = 10.0 ug/m?*/ 15.6 ug/m3= + 64.5%
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https://youtu.be/b5mSJSS9i_A?feature=shared

Real world examples

Accuracy of calibrated AirGradient outdoor monitors in Chennai

Callbrated data - Reference === Calibrated AirGradient 150
=
60 g
o 100
@ 0
= =
o 40 g
- J t O 50
! c
~ o o
wn | ‘ ‘:0:’ b
o ! | i
E 20 L4 ‘| } r h 'II' I | | J g
2 WU AT A °
o 1 IR \ { | ¥V 0 50 100 150
) ; (- AirGradientPM, 5 / pgm-=
0
Sep 11 Sep 18 sep2  More information about linearity and sensor calibration:
https://youtu.be/b5mSJSS9i_A?feature=shared
https://youtu.be/CXueVOAmMB80Y?feature=shared
RMSE = + 4.4 ug/m?3

Average concentration of test run: 15.6 pg/m?
NRMSE = 4.4 ug/m3/15.6 ug/m3=+28.2 %
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https://youtu.be/b5mSJSS9i_A?feature=shared

Real world examples

Accuracy of calibrated AirGradient outdoor monitors in Chennai

Ca"brated data === Reference === Calibrated AirGradient 150
E

- g 100
t
o 40 =
3_ J t 1 | g 50
% ' | | | I 3 $?
E 20 0 I 4 ! r‘ " " , |I J I | ,.| : &
& . 8 f"? 1 l'\ by i |1J ‘ﬁ\ “,r ;‘ /| | 'I,l i \ "‘ 1 | 0 0 50 100 150

. / ol | AirGradientPM, - / uygm-=
0
Sep 11 Sep 18 Sep2
RMSE = + 4.4 uyg/m? < 7 ug/m3 — within EPA guidelines

Average concentration of test run: 15.6 pg/m?
NRMSE = 4.4 uyg/m3/156 pg/m®*=+28.2% <30%  — within EPA guidelines
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Real world examples

Accuracy of calibrated AirGradient outdoor monitors in Chennai

Calibrated data o g e LI

60

Conclusion
w Calibration improves the accuracy of sensors.

£
g
o= The accuracy of the calibrated AirGradient PM, _ sensors is within the EPA
S 2 recommendations.

o

Sep 11 Sep 18 Sep2

RMSE = + 4.4 uyg/m? < 7 ug/m3 — within EPA guidelines
Average concentration of test run: 15.6 pg/m?
NRMSE = 4.4 uyg/m3/156 pg/m®*=+28.2% <30%  — within EPA guidelines
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Summary

sor and reference

PM, 5/ ugm?

Nov21

true value.

Definition Experiment | Performance  EPArecom- | Improve
parameter mendation via

Precision Consistency of Sensor - SD, < 5 pg/m?, Averaging
measurements. sensor CVv < 30%

. \\; S co-location

Accuracy Agreement of Reference - ' RMSE, < 7 pg/m?, Calibration

ens - | Measurement with | Sensor nRMSE, < 30%
e co-location MAE
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Questions?




Appendix



Mean Absolute Error vs. Root Mean Square Error

RMSE = MAE (no outliers) RMSE > MAE (outliers)

= Reference (true value) === Sensor = Reference (true value) === Sensor

- (a) = (c)

ME 9 °

2 o- E o Larger difference

~ =5

= R

&« z between RMSE and
o . . | o= . | | MAE when outliers

Nov 18 Nov 19 Nov 20 Nov 21 Nov 18 Nov 19 Nov 20 Nov 21

== Sensor - Reference == Sensor - Reference

T 125- L 125-

S i) -+ MAE =8.0pg/m* 5. (d) .= MAE =104 yg/m¢ OCCUL.

S s - RMSE=8.9 pg/m* = . -+ RMSE = 18.7 pg/m?

% 50- % 50-

O 25- O 25 T -, B L L

E B =N N D e e [\ pr b i\ ek \re ey N I o g “O: oE S/ RSV TV AV

Nov 18 Nov 19 Nov 20 Nov 21 Nov 18 Nov 19 Nov20 Nov21
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