Statistics 3: Calibration Error F. Morrison

Where are we in our
discussion of error
analysis?

Let’s revisit:
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From Lecture 1: Quick Start, Replicate Errors:

Measurements are affected by errors

(uncertainty)

There are two general categories of errors
(uncertainties) in experimental measurements:

e Systematic errors
e Random errors
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From Lecture 1: Quick Start, Replicate Errors:

Measurements are affected by errors

uncertaint
Random errors ( V)
1. Variesin sign and magnitude for identical conditions
2. May be due to the instrument or the process being measured
3. Must be understood and communicated with results

Sources:
Random process, instrument fluctuations
Randomized systematic trends (e.g. operator identity, thermal drift)
* Rare events

Always present
(need to minimize)

Solutions:

Do: * Replicate and average
{- Improve measurement methods, practices

Always an
Isolate from rare events

option

3
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From Lecture 1: Quick Start, Replicate Errors:
Measurements are affected by errors (uncertainty)

We have identified three sources of standard
error:

¢ Random errors (replicate error)

¢ Reading errors

e Calibration errors

Averaging replicates S
allows us to calculatea e = T Standard error of replicates 5
n
standard error due to 5
random error e . @
e, = R Standard reading error ';
V3 g
£
es =7 Standard calibration error s
c|
o
2
For all three types of errors, we write a Why? Because we know how to 5
variance of the sampling distribution. combine variances (see literature): 2
<
Jtzotal=0'12+a'22+a??+"' =
. '®
They add in quadrature. 18
©
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From Lecture 2: Reading Error:

Measurements are affected by errors

. uncertaint

Systematic errors ( y)
1. Has same sign and magnitude for identical conditions
2. Must be checked for, identified, eliminated, randomized

Sources:

Unavoidable: < Calibration of instruments
Unavoidable: ¢ Reading error (resolution, coarse scale)
¢ Consistent operator error
Mistakes ¢ Failure to produce experimentally conditions

(need to fix) assumed in an analysis (e.g. steady state, isothermal,
well mixed, pure component, etc.)

Solutions:

¢ Recalibrate
Always an * Improve instrument resolution
option * Apply correction for identified error
¢ Improve procedures, experimental design
¢ Shift to other methods
Do: ¢ Take data in random order; rotate operators

© Faith A. Morrison, Michigan Tech U.

From Lecture 2: Reading Error:

Measurements are affected by errors (uncertainty)

We have identified three sources of standard
error:

¢ Random errors (replicate error)

* Reading errors

¢ Calibration errors

There are two common

. N
types of systematic error s =— Standard error of replicates
that we consider, Vn
reading and calibration er
O e, = ﬁ Standard reading error
1
iz ob.talned reafilng eg =7 Standard calibration error
error in the previous

lecture.

© Faith A. Morrison, Michigan Tech U.

For all three types of errors,

Now we discuss we write a variance.
calibration error in the

Variances add in quadrature.
6
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Obtaining a Good Estimate of Precision

What is the Standard Error of a Measurement?

Standard error is the
standard deviation of the

[es = Standard Error] sampling distribution.

art 3: Calibration Errors

Three sources:
* Replicate errors
* Reading errors
Calibration errors

8
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llecty

Michigan Technalogical University
Dapartment of Cheemical Enginearing

Calibration Error Worksheet
CM3215 Fundamentals of Chemical Engineering Lab
Prof. Faith Morrison

The error e, is defined as the “best-case” standard error for a quantity as determined for a brand-new unit by a
manufacturer or for a particular device by someone with authority to certify the value. For example, the technical
specifications of a device may indicate that it is accurate to a value *2e,. Alternatively, a value of a canstant (the
viscometer constant «, for example) may be provided by the manufacturer with no specific uncertainty. In this
case, the rule of thumb method of “least significant digit” is acceptable for evaluating the uncertainty. Finally, 2
user may take steps to calibrate a meter on site; this determination of error (likely to be greater than the “best

case’ error) has the advantage of reflecting issues associated with the particular unit in question.

Device name:
Measured quantity: | Symbol: Representative value:
(include units)
Estimate of e,
(or Not Applicable)
Rigoreus Method:
Manufacturer |
2e, =
maximum error
allowable
Rule of TUME | cost significant cigit
Method: 2ast significant digi
P " varies by at least
Least significant digit
h +1= 42,
on provided value s
Method 3: e m
User calibration s
|
95% Cl, Calibration error
e only: quantity+2e
Maximum of b qeestierEey
Methods 1-3
2=
{units)

www.chem.mtu.edu/~fmorriso/cm3215/CalibrationErrorWorksheet.pdf

Handy

worksheet for
calibration error

© Faith A. Morrison, Michigan Tech U.

Systematic errors

Measurements are affected by errors

1. Has same sign and magnitude for identical conditions
2. Must be checked for, identified, eliminated, randomized

Sources:
¢ Miscalibration of instruments
¢ Consistent operator error (e.g. parallax)
¢ Failure to produce experimentally conditions
assumed in an analysis (e.g. steady state, isothermal,
well mixed, pure component, etc.)
Solutions:
¢ Recalibrate
e Apply correction for identified error
¢ Improve procedures, experimental design
¢ Shift to other methods
L]

Take data in random order; rotate operators

10
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Measurements are affected by errors

Systematic errors

1. Has same sign and magnitude for identical conditions
2. Must be checked for, identified, eliminated, randomized

Sources:
¢ Miscalibration of instruments
i operator error (e

¢ Failure to produce experimentally conditions

assumed in an analysis (e.g. steady state, isothermal,
well mixed, pure component, etc.)

Solutions:

* Recalibrate

e Apply correction for identified error

¢ Improve procedures, experimental design
* Shift to other methods

¢ Take data in random order; rotate operators
11
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Calibration

What is calibration?

Calibration is a step made to establish the correctness and utility of a device.

1. Astandard is used (a device or material whose correctness or properties are
known.

2. The unit under test and the standard are both made to make a measurement.

3. The performance of the unit under test is assigned based on the comparison
to the standard — we say that the unit under test is calibrated against the
standard.

12
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Factory Calibration

* Many devices come to us calibrated
by the manufacturers

* How do we know the accuracy of
these devices?

T=398=+7

13
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Factory Calibration

* Many devices come to us calibrated
by the manufacturers

* How do we know the accuracy of
these devices?

T=398=+7?

We check with the manufacturer.

14
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Digital Thermometers .

Factory Calibration -

HH500 Series @ , -—?‘/

Omega HH501BIJK e
" R

on
= Dusl Dinplay Function
Feschsien

(HH501BJK)

Display Type: Backiit LCD
MNumber of Digits: 1999

Input Channel: 2

Temperature Range: -50 to 1370°C

Resolution: 0.1°4°
D

W/Baad Wire Type K Thermocouple: 2
Bagic Accuracy: 0.1% +1°C

Sensor resolution here is what we call
Sensitivity (part of reading error)—the
smallest change a sensor can detect in
the quantity that it is measuring

(dual display, 0.1°/1°C)

www.omega.com/Temperature/pdf/HH500.pdf

15
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. . Omega HH501BJK
Factory Calibration

Standard limits of error: greater of 2.2°C or 0.75%

Special limits of error: greater of 1.1°C or 0.4%

(Note that until T > 275°C,
1.1°C > 0.4%)

m DM EGA 1-888-TC-OMEGA (1-888-826-5342) US and Canada
-

1:203-369-1660 INTERNATIONAL
Part Number & All DMEGA  Search O]

surement & Controd

Home  Quick Order Products

Search Tools Support About OMEGA My Account

Wire Color Codes and Limits of Error
To view the printable version, click e

(Printable version also contains international color codes)

i
Allery Combiration Cobor Cading B o] (o) ) swandard | specal N\
Ansy oo oeoubl®) over Max/|  Limits Limits of i Lanisi
Extension of Errore Emmor® ™ 584-3 [Code
E + Temperature -
4+ Lead Lead Grads w ad .-,/ {mm ) Bare Wire
e s c,;"’: Aaducing, Vacuum, [rart
Oto PO (346 ta 21920 ~n.oof 1o water of | greater of ' ';"":‘::I“"’: e
Extengion Grade: =210 to 1300°%C) 69563 2.3°C or D.75% [1.1°C or 0.4%] prepig-set e e k’
32 to 392°F | c al oI
| B to F00%C Low Temperatures.
1 Thermacouple Grade
movEcap | MLOMESAD ~326 ta 2353°F | Gaan Gridiing and nart.
K NECKEL CHROMIY CMEL - AL LIMINLM + * 200 to 1250%C =454 to 2501%F : 6,458 t greater of greater of t Limited Use in Vacuum of K
it Hi Al - Extension Grade: =370 to 1372%C]  S4.008 \|2.2°C or 0.75% [1.3°C or 0.4% [ . Rducng, Wida Temparature
(magnatic) 32 to 392°F \ / 4 |Range, Most Poputar Cabbrabon
5l 0 to 200C

16
www.omega.com/techref/colorcodes.html|
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ernational color codes)

N\

Rang (above 0°C)

EMF (mV) Standard Special
Over Max, Limits Limits of
empera of Errorx* Error**
(above 0°C)

greater of
2.2°C or 0.75%

greater of
1.1°C or 0.4%

greater of
2.2°C or 0.75%

greater of
1.1°C or 0.4%

© Faith A. Morrison, Michigan Tech U.

. . Omega HH501BJK
Factory Calibration

» Standard limits of error: greater of +2.2°C or 0.75%

* Special limits of error: greater of +1.1°C or 0.4%
(Note that until T > 275°C,

Which limits apply, depends on what you buy: L1°C > 04%)

Digital Thermomet,
»

Connectors
SLRTC, and 5SRTC Series

* Sold in Packs of & Economically Priced
= New Kapton® Insulation Available Now

SLATC (Al models)!

* Made from Special Limits of Error Wire
T t RIC Series)
* 30 and 36 AWG Wires with PFA Insulation. Max. Service Temp 260°C [500°F)
* 30 AWG Wires with Glass Braid Insulation. Maximum Service Temp 480°C
(B00°F)
= 1and 2 meter (35 and 727} Lengths Standard

* Convenient 5-Pack

* Molded Subminiature Connector with Integral Strain ReliefiSpocl
Clhck for lamger mage. " Max Service Temp for Connector Body 220°C (425°F)

* Avallable from Stock In Convenlent 5-Packs

* PFA, Kapton®, or Glass Braid Insulation

View related products - Temperature Sensors and Instruments.

Ready-Made Insulated Thermocouf with Kapton®, PFA, Glass Braid Insulation and Molded

18

www.omega.com/pptst/5LSC_5SRTC.html
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Factory Calibration

* Many devices come to us calibrated
by the manufacturers

* How do we know the accuracy of
these devices?

According to the manufacturer (at best):

T =39.8+1.1°C
38.7 < T <40.9°C

(note that T > 275°C the

uncertainty is even higher, 0.4%) 19

© Faith A. Morrison, Michigan Tech U.

Factory Calibration

* Many devices come to us calibrated
by the manufacturers

* How do we know the accuracy of
these devices?

According to the manufacturer (at best):

T =39.8+1.1°C
38.7 < T <40.9°C

Let’s check. .

© Faith A. Morrison, Michigan Tech U.
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EXAMPLE 3: For the temperature indicators in the lab, what is the
standard error and 95% confidence interval for the measurement?
Consider replicate error, reading error, and calibration error.

Let’s try.

21
© Faith A. Morrison, Michigan Tech U.

Replicate Error

¢ Test 11 meters
* Calculate standard error e = —

© Faith A. Morrison, Michigan Tech U.
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Replicate Error

e 11 thermocouples, 11 temperature indicators

¢ Indicators in service for various amounts of time
¢ Factory calibrated
¢ All measuring the temperature of a bath thermostated to 40.0°C
¢ Record temperatures

Y= mean | variance | std dev | std error 95% Cl
T N s? s e, 2e lower | upper
°C 11 39.2 1.1 1.1 0.3 0.6 38.6 39.9

\A 39.3 °C °c iC iC °c °c °c

Y, 40.0

A 36.7

Y, 39.9

Ys 39.8

v | 3 s 11

v | s e, = —=——=0.3°C

Ye 39.9 \/ﬁ NEE

Yo 39

Yio 40.1

Y11 40.0

23
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Reading Error

Issues:

* Sensitivity
¢ Resolution
¢ Fluctuations

24

© Faith A. Morrison, Michigan Tech U.

1/25/2016

12



Statistics 3: Calibration Error F. Morrison 1/25/2016

Reading Error Worksheet Michigan Technological University
it Engin

Reading Error

CM3215 Fundamentals of Chemical i ing Lab wering
Prof. Faith Morrison
This worksheet guides the user through af the and 85%
Issu es: or off a digital readout (yielding value x and subject to reading error). The reading-error-related
dard error ; may used in f error ealculations of derived quantities.

* Sensitivity
¢ Resolution

Device name:

Measured Quantity:

* Fluctuations {gve symbol)
(include units)
Representative value: .
P Ve Xl Quantity o Not Applicable
issue to error
Sensitivity How much signal does it take to 3
(menufoc. or estimated) | cause the reading to change?
Resolution: imitation | 1y et division or decimal
on marked scale or oy 2
digital readout
e
Fluctuations with time
of observation (max-min}/2 8
Maximum of 1, 2, & 3: eg =
Standard based L
tandard error based on
s = eg/V3 e =
reading error:
95% Confidence Interval on the
reading:  +2e,
are: for cxamle, i jonof he
uncertainty, we do Instead, see worksheet,
13-Jan-16

© Faith A. Morrison, Michigan Tech U.

jTech|

Reading Error Worksheet
CM3215 Fundamentals of Chemical Engineering Lab
Prof. Faith Morrison

Michigan Technelogical University
Department of Chemical Enginearing

Note: Ifa value s supplied by, for example, & manufacturer, with no indleation of
. Inste:

uncertainty, we do not use this warkshe

13-Jan-16

This i igh the calculation of the standard error and 95% confidence scale
or off a digital readout ( g x and subject to read ). The readir d
standard error e, may be used in f error I of d
Device name: Omega Temp indicator with thermocouple
Measured Quantity: Temperature, T
(give symbol) ’
(include units)
(Represeurative valies 39.8°C Quantity or Not Applicable
lissue 1o error
Sensitivity How much signal does it take to 1
(manufac. or estimated) | cause the reading to change?
Resolution: limitation |\ _\r (v 2liect division or decimal
on marked scale or place 2 .
Reading error, ey: digital readout 2
i with <
Fluctuations \-hfh time (max-min)/2 3 [S)
of observation &
c
Maximum of 1, 2, & 3: €r = [
2
S
Standard error based on _ Q
= e =
reading error: & =ea/V3 * s
c
95% Confidence Interval on the S
reading:  +2e, 0
=
=
2
<
<
=
(]
w

26

13
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jTech|

Reading Error Worksheet Michigan Technological University
CM3215 Fundamentals of Chemical Engineering Lab Department of Chemical Enginearing
Prof. Faith Morrison

This workshe ides the igh the calculati f thy dard and 95% confidence scale
or off a digital readout (yielding value x and subject to reading error). The reading-error-related
standard error e, may be used in f error l: of d i
Device name: Omega Temp indicator with thermocouple
Measured Quantity: Temperature, T
(give symbol) ’
linclude units]
lue:
fepresentative vale 39.8°C Quantity or Not Applicable
lissue to error
Sensitivity How much signal does it take to o
(manufac. orestimated) | cause the reading to change? | 0.1°C (gUE‘SS)
Resolution: limitation
is i 0
on marked scale o Half smallest d\:;on ‘or decimal 2 0.05°C .
digital readout P )
e
e with £ <=
wations with ti o
Fluctuations Eh time (max-min}f2 3 0.05°C [5)
of observation g
N c
Maximumof 1, 2, & 3: e = 0.1°C g
(units) =
Standard error based on V3 e= 0.06 oc £
reading error. es = eq/ * . S
; c
95% Confidence Interval on the t+11°C 5]
reading:  +2¢, : K]
=
2
<
=
K
L

Summary of Errors
Standard Errors, e,:
. . S
* Replicate standard error is A 0.3°C
. . e
* Reading standard error is T’% = 0.06°C
* Calibration error?
© Faith A. Morrison, Michigan Tech U.
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Calibration Error

Issues:

e Manufacturer maximum error
allowable

¢ Least significant digit on
provided value

e User calibration

29
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Calibration Error

Michigan Technological University

Issues:

* Manufacturer maximum error
allowable

* Least significant digit on
provided value

¢ User calibration

Calibration Error Worksheet
CM3215 Fundamentals of Chemical Engineering Lab
Prof. Faith Morrison

The error e, is defined as the “best-case” standard error for a quantity as determined for a brand-new unit by a
manufacturer or for a particular device by someone with authority to certify the value. For example, the technical
specifications of a device may indicate that it s accurate to a value +2e,. Alternatively, a value of a constant (the
viscometer constant a, for example) may be provided by the manufacturer with no specific uncertainty. In this
case, the rule of thumb method of “least significant digit” is acceptable for evaluating the uncertainty. Finally, a
user may take steps to calibrate a meter on site; this determination of error (likely to be greater than the “best
case” error) has the advantage of reflecting issues associated with the particular unit in question.

Device name:
Measured quantity: | symbol: Representative value:
(include units)
Estimate of e,:
(or Not Applicable)
Rigorous Method:
Manufacturer
2e,
maximum error
allowable
Rule of Thumb Least significant digit
Method: i,
Least significant digit “3”9:7 " eas
on provided value 1= 22e
Method 3: .
User calibration =
95% I, Calibration error
= only: quantity+2e,
Maximum of
Methods 1-3
2e, =
unis)

© Faith A. Morrison, Michigan Tech U.
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Calibration Error
) Michigan Technological University
Doarit ot Chomn Engeerv
Calibration Error Worksheet
CM3215 Fundamentals of Chemical Engineering Lab
Prof. Faith Morrison
The error e, is defined as the “best-case” standard error for a quantity as determined far a brand-new unit by a
manufacturer or for a particular autherity . For example, the technical
specifications of a device may indicate zhal its accurate to a value +2e,. Allemmwn\y avalue of a constant [the
viscometer constant a, for 1 with no specific uncertainty. In this
«case, the rule of thumb method of “least Slanlftﬁf\l digit” is acceptable for evaluating the uncertainty. Finally, a
user may take steps to calibrate a meter on site; this determination of error (likely to be greater than the “best
«case” error) has the advantage of reflecting issues associated with the particular unit in question.
Dpevicename: Omega Temp indicator w/ t-couple
Measured quantity: Symbol: Representative value:
linclude units)
temperature T 39.8°C
Estimate of e,:
{or Not Applicable)
Rigorous Method:
Manufacturer
maxinmum error
allowable
Rule of Thumb
Method:
Least significant digit
‘on provided value
Method 3:
User calibration
31
© Faith A. Morrison, Michigan Tech U.
Calibration Error
_ Tech]

Michigan Technological University
Dopartment of Chemical Engingerg

Calibration Error Worksheet
CM3215 Fundamentals of Chemical Engineering Lab
Prof. Faith Morrison

The error e, i defined as the “best-case” standard error for a quantity as determined for a brand-new unit by a

manufacturer or for a particular authority . For example, the technical
spcification of a device may indicate that it i accurate to avalue £2¢,. Aternatively, avalue of a constant the
viscometer constant @, for ! be with o specific uncertainty. n this

«case, the rule of thumb method of “least Slaﬂlftﬁf\l digit” is acceptable for evaluating the uncertainty. Finally, a
user may take steps to calibrate a meter on site; this determination of error (likely to be greater than the "best
case” error) has the advantage of reflecting issues associated with the particular unit in question.

Dpevicename: Omega Temp indicator w/ t-couple
Measured quantity: Symbol: Representative value:
{include wnits)
temperature T 39.8°C
Estimate of e, . .
for Not Applicable) (User calibration: Can also
Frnactuer be a place where you add
mammenor | 209~ 1.1°C 0.55°C beap y
allowable in extra error due to
Rule of Thumb = - .
Method: Least significans dige knowing, for example, that
veasesgnfcantcige | 190 oLt 0.1°¢ ;
on provided value =42, the instrument has not
Methoas: [, been well cared for or the
User calibration . n/a .
user is not an expert)
95% Cl, Calibration error
e= (0.55°C only: quantity+2e, 32
Maximum of
Methods 1- 3 39.2+1.1°C
- 110(: {units)

© Faith A. Morrison, Michigan Tech U.
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Summary of Errors of
Temperature Indicator

Standard Errors, e,:

* Replicate standard error is

* Reading standard error is

e Calibration error is

S _ o)
= 0.3°C
e€rR _ o
E 0.06°C
es; = 0.55°C

© Faith A. Morrison, Michigan Tech U.

Summary of Errors of
Temperature Indicator

Standard Errors, e,:

* Reading standard error is

e Calibration error is

How do we combine?

o . . i = [0)
Replicate standard error is 7 0.3°C

erR __ o
7B 0.06°C
es; = 0.55°C

Calibration error is the largest,
followed by replicate error

© Faith A. Morrison, Michigan Tech U.

1/25/2016
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Summary of Errors of
Temperature Indicator

e Calibration error is

For all three types of errors, we write a
variance of the sampling distribution.

eZotar = (0.3)2 + (0.06)% + (0.55)?
€s.total = 0.63°C

¢ Replicate standard error is

¢ Reading standard error is

Standard Errors for temperature indicator, eg:

S _ o
" 0.3°C
eRrR _ o
BT 0.06°C
es; = 0.55°C

Why? Because we know how to
combine variances (see literature):

2 _ 2 2 2
Ototal = 01 + 03 + 03 + -

They add in quadrature.

35
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Factory Calibration
e Many devices come to us calibrated
by the manufacturers

¢ How do we know the accuracy of
these devices?

According to the manufacturer:

T =39.2+1.1°C
381 <T <40.3°C

39.2°C

Performance in our laboratory:

(ignoring calibration error)

T =39.2+0.6°C
38.6 <T <39.8°C

I
38.0°C  385°C  39.0°C

© Faith A. Morrison, Michigan Tech U.

36

39.5°C 40.0°C 40.5°C

1/25/2016
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Factory Calibration

-From replicates
-Manufacturer limits

39.2°C

true value

Observations:

38.0°C 38.5°C 39.0°C

39.5°C 40.0°C 40.5°C

measurement

true value, however

e The narrow spread of the replicates testifies to the precision of the
e The fact that the true value of T is not included in the spread of the
replicates, speaks poorly of the accuracy of the measurement

e The error limits supplied by the manufacturer do encompass the

* Replicates can only tell us about precision, not accuracy.

37
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Factory Calibration

-From replicates
-Manufacturer limits

39.2°C

true value

38.0°C 38.5°C 39.0°C

more narrow.

indicator were used over
and over, the spread of the
replicates would be even

If a single temperature

39.5°C 40.0°C 40.5°C

Always consider the
manufacturer’s error limits
along with replicates to
estimate a sensor’s
accuracy.

38

© Faith A. Morrison, Michigan Tech U.
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son

Obtaining a Good Estimate of a Quantity

Summary:

Replicate error:

Reading error:

e2

Measure the quantity several times — replicates

The average value is a good estimate of the quantity we are measuring if only random errors are
present

The 95% confidence interval comes from +( **)eg

(**) = 2 if the number of replicates is 7 or higher

(**) comes from the Student’s t distribution if N < 7

Report one sig fig on error (unless that digit is 1 or 2)

Determine signal needed to change reading
Determine half smallest division or decimal place
Determine average of fluctuations

Max of those //3 =reading error

use +2e; for 95% confidence interval

Calibration error:

Determine manufacturer maximum error allowable
Assume least significant digit varies by +1
Calibrate in-house

Use largest uncertainty as determined above
Replication cannot reduce calibration error

Combining Errors:

— p2 2 2
s,combined — es,replicate + es,reading + es,calibration

© Faith A. Morrison, Michigan Tech U.

Obtaining a Good Estimate of a Quantity

Summary:

Replicate error:

Reading error:

e2

Measure the quantity several times — replicates

The average value is a good estimate of the quantity we are measuring if only random errors are
present

The 95% confidence interval comes from +( **)eg

(**) = 2 if the number of replicates is 7 or higher

(**) comes from the Student’s t distribution if N < 7

Report one sig fig on error (unless that digit is 1 or 2)

Determine signal needed to change reading
Determine half smallest division or decimal place
Determine average of fluctuations

Max of those /3 =reading error

use +2e; for 95% confidence interval

Calibration error:

Determine manufacturer maximum error allowable
Assume least significant digit varies by +1
Calibrate in-house

Use largest uncertainty as determined above
Replication cannot reduce calibration error

Combining Errors:

— p2 2 2
s,combined — es,replicate + es,reading + es,calibration
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Statistics 3: Calibration Error F. Morrison
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Statistics Lecture 4:

Error Propagation
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1. Quick start—Replicate arror

3. Calibration Errer
4. Error Progogation
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