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Today’s Topics

Errors and Uncertainties
Instrument Errors

Accuracy and Precision
Systematic and Statistical Errors

A S A

Evaluating Fits and Parameter Errors

Appendix: More on oil drop data analysis, fitting
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Redeeming some “Bad Words”

* Errors are not mistakes!

e Statistics is, in a deep sense, what science is about!

* “The discipline that concerns the collection, organization, analysis,
interpretation and presentation of data” (Wikipedia)

* What conclusions can you draw about the universe from your observations?

e Careful error analysis is critical to learning from data
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https://en.wikipedia.org/wiki/Statistics

AM\I!OSPHERIC CIENCES

ITY OF ILLINOIS AT U

CURRENT CONDITIONS
Willard
Airport
9:53AM

Cloudy Skies
Temperature: 43°F
Dew Point: 43°F

Mostly cloudy until late afternoon then
becoming mostly sunny. Highs in the
upper 30s. Northwest winds 10 to 15

Rel. Humidity: 100% mph with gusts to around 25 mph.

Winds: SE at 12 mph This forecast is provided by

Visibility: 5 miles B IOrBCaat ia provicel

Pressurg 1010.9 mb (29.84 in) e

Sunrise: 6:34AM

Sunset: 5:39PM

T =43°F + ??

Best guess: AT ~ 0.5°F
Wind speed 12 mph £ ??
Best guess: Av ~ 0.5 mph
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Errors: Industry

Tolerance

— Upper deviation
Lower deviation

—]
Max. size —m-
Min. sizea

i

Tolerance

Lower deviaiton

Upper deviation
) {

R \ E .
I f_[ Zero line
/

Tolerance

Fastener |1 |
MMC = 747 0744
LMC = 744

Min. size I— Basic size
Max. size

Hole

MMC = .750
LMC = 753

(a) Unilateral tolerance

Clearance fit

(b) Bilateral tolerance.

Tight tolerances cost 5$555!!!
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Errors: Sclence

How fast is the universe expanding? The Hubble Constant

Hubble' Constant Over ‘Time

80}
)

75}
§ Cepheids
c: 70 TRGB
2, CMB
= 65 |

m Cepheids e CMB ® TRGB
GO 4 " 4 " 4 " " 2 4 L 2
2000 2004 2008 2012 2016 2020 2024

Year of Publication

We seek consilience between different techniques
Do we need a new model, or are we missing sources of error??

I Physics 401

Multiple methods:
e Standard candles:
How bright do objects of
known properties appear?
* Peculiar variable stars
* Largest possible red
giant stars
e Standard rulers:
How big do ripples in the
cosmic microwave
background look?


https://en.wikipedia.org/wiki/Consilience

Measurements: Reading Errors

Typical reading error: £%, of minimum gradation or count

AL = 0.5mm

& >
< ra

o

=53mmAL(?)
| , Acrylic rod

AL = 0.03mm

How far should we go to minimize reading error?

What do we Need?
In some cases we don’t
care about accuracy better
than 1mm

-

. J

\_

Tools
If a ruler doesn’t do the
job, use a digital caliper or
Vernier caliper

~

-

Intrinsic Limits

E.g. thermal expansion
CTEAL/L = 7.5x107°K~1

J

Physics 401

AL ~0.004 mm/K
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Measurements: Reading Errors

Fluke 8846A multimeter

Example Vdc (reading)=0.85V on 1V range

AV = 0.85x(1.8x107%)

+1.0x(0.6x1075) = 2.2x1075 = 22uV

90 Days
(23 £5°C)

1 Year
(23 £5 °C)

Temperature
Coefficient/ °C
Outside 18 to 28 °C

0.0025 + 0.0035

0.0037 + 0.0035

0.0005 + 0.0005

0.0018 + 0.0007

0.0025 + 0.0007

0.0005 + 0.0001

0.0018 + 0.0005

0.0024 + 0.0005

0.0005 + 0.0001

0.0027 + 0.0006

0.0038 + 0.0006

0.0005 + 0.0001

8846A Accuracy
Accuracy is given as + (% measurement + % of range)
Range 24 Hour
(23 +1 °C)
100 mV 0.0025 + 0.003
1V 0.0018 + 0.0006
10V 0.0013 + 0.0004
100V 0.0018 + 0.0006
1000 V 0.0018 + 0.0006

0.0031 + 0.001

0.0041 + 0.001

0.0005 + 0.0001
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Accuracy and Precision: Conceptual

Accuracy Precision
How close does the How close do individual
measurement come to measurements come to
the true value? each other?

Repeatability, consistency
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Accuracy and Precision: Conceptual

Accurate, Not Precise

Accurate, Precise

Physics 401
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Accuracy and Precision: Reality

... but in experimental science we don’t know the true value a priori!

1100

Neutron lifetime (s)

[
O
()
-
I 1
I

i

950 - _

ol

850 e Y Liviiiiin s Y Lt :

PDG 2019 1960 1970 1980 1990 2000 2010

How long does a free neutron
live before decaying to a
proton, an electron, and a
neutrino?

udd
n

Wikipedia: Free neutron decay

I Physics 401
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http://pdg.lbl.gov/2019/reviews/contents_sports.html
https://en.wikipedia.org/wiki/Free_neutron_decay

Two Classes of Error

* Systematic error: Reproducible inaccuracy

introduced by imperfect equipment, calibration or
measurement technique.

llBiaS”

* Random error: Indefiniteness of results due to P
finite precision of experiment. Measure of fluctuation Noise
in result after repeatable experimentation.

Philip R. Bevington “Data Reduction and Error Analysis
for the Physical sciences”, McGraw-Hill, 1969

Physics 401 12



Sources of Systematic Error

* Poor calibration of equipment
* Changes in environmental conditions
Imperfect methods of measurement
Offsets and drifts in instruments

e ..etc.

Example #1: measuring a DC voltage
: aa—

Current —
U
source ‘t

E.«=f(time,temperature)

expectation R+xl— (Rl) E, s
[ U=R*]I } U= ;1
(l-kiﬂg)
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Sources of Systematic Error

Example #2: Measuring the speed of “second sound” in superfluid 4He

m——————— ok Published data
- : =
o : ~_=2.17K
S —— E

LHe

|

|

|

|

I ~ u

: Resonator LakeShore % P403 res;ults\ \\
| T 10} .
|

|

Temperature sensor > | T,=2.1K 8\ \

(Diode) .
I 10pA .

* 1.6 1.8 2.0 2.2

: HP34401A T(K
|

DMM

Explanation is imperfect calibration
Common issue with diodes at low T,
where dV/dT is small
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Systematic error

Random Errors

Measured value

Xmeas = Xtrue T|Es|T|€r

Random error

Correct value
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Where Does Randomness Come From?

Where have you found randomness in your other physics classes?

Quantum mechanics
Ignorance

Coupling through

Coupling to large ensembles _ :
complicated functions

DEAD & ALIVE
SCHRODINGER'S CAT

Thermal fluctuations Chaos
Psueodo-random #s

Measurement




Random Errors: Poisson Distribution

Siméon Denis Poisson

(1781-1840)

0.40
0.35
0.30
< 0.25
>IL 0.20
a
0.15
0.10
0.05
0.00

Wikipedia: Poisson distribution

n Probability to observe n events in a time interval
(T' t) —rt of length t.

Sole parameter is rate r (average events/second)

1 I 1

5 10 15
k
Number of counts

1
4

A statistical process (e.g. radioactive decay) is described
through a Poisson distribution if it is/has:

* Discrete: something decays or it doesn’t (n=0,1,2,...)

* No memory: Probability for a decay is the same in any
time interval, no matter how early or late

* Universal probability: the probability to decay in a given
time interval is the same for all nuclei

* Independence: The decay of one nucleus does not affect
the probability of a second nucleus decaying

Physics 401 17


https://en.wikipedia.org/wiki/Poisson_distribution

Random Errors: Poisson Distribution

P,(t) = 0

0.40—

(re)"
—e

-1t

0.35}
0.30}
< 0.25¢
S 0.20t
o
0.15}
0.10}
0.05}
0.00

0 5 10 15
k

Number of counts

20

Probability to observe n events (n=0, 1, 2, ...) in a time
interval of length t.

Sole parameter is rate r (average events/second)

Properties of the Poisson distribution

Z P,(t) = Probabilities sum to 1
n=0
(n) = Z nP,(t) = rt Mean
n=0

g% = Z(n —(n))?2 P,(t) =rt  Variance
n=0

Physics 401
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Poisson Distribution at large rt

probability ol

Poisson and Gaussian distributions

Carl Friedrich Gauss
(1777-1855)

0.1
§ 0.08 f‘\ - "Poisson
@ 0.06 ], \ distribution”
o 0.04 x\ "Gaussian
8 0.02 / . distribution”
0 _A e
0 10 20 30 40

number of counts

) 1 x=(x)?
P,(x) = e 207
" oV2n

Gaussian (continuous) distribution

Physics 401
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Gaussian (Normal) Distribution

34.1%

34.1%

e +]o:
e +20:
e +30:

e H40:
e +50:
e +60:

Rules of thumb

68.3%
95.5%
99.7%

1in 16k
1in1.75M
1in 500M

If | measure N events, the “best” estimate
of the mean is their arithmetic mean.

The error on this estimate is —
VN




Measurements in the Presence of Noise

Source of noisy signal

Expected value 5V

4.89855
5.25111

2.93382
Noise is often (not always!) 6 | | 4.31753
coupling between your test g “ ‘ i Al “\ Il ‘ ‘“\ " \‘ W bt \‘ ‘ i ‘ 4.67903

setup and some thermal bath 4 3.52626
: 4.12001

Hence the use of cryogenic t 2.93411
detectors! T e T o0 t
sample

Actual measured values

u(v)

I Physics 401




Measurements in the Presence of Noise

2000+

Count

'}

x,=5.2924V \

1000+

10

4 100 \\
[
" x,=5.139V \
3 20
(@]
10}
0 <
2 4 6
u(v)
20000}
106

Count

10000 é

Physics 401

Note that the distribution
isn’t getting narrower at
large N.

Instead, you’d have to be
more and more unlucky to
have enough fluctuations in
one direction to move the
arithmetic mean significantly

22



Measurements in the Presence of Noise

S8 sos 1.4 137
5.7 5.02 )

5.01 F L
565 5 3 i
55¢ w9
54t s

g 497 F -

; 5.3 Q 496 | 1.2 -

; 5.2 ; ‘1‘!'“( ’ — ;;Ilnll ’ T ‘“1‘M7 b
5.1 [
5 T . :

: 1.03 roe 1016 1013 1019
a2 wib b
4.8 E vt S U S IR 01 O O I 1

10° 10" 10* 10* 10* 10° 10° 10’ 10" 10* 10° 10* 10° 10°
Counts Counts
G - L3 L)
Result = ,_., & o -standard deviation
“ JN N - number of samples

For N=10° U=4.99910.001 0.02% accuracy
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Fitting Errors

Beta decay of neutron-activated silver foil

Fitting a parameterized model to data means
108

800 Ag t =157s finding the set of parameter values that
12

T

110

Agt —24.65 minimizes the residuals — distances between
1/2 ) .
T e data points and model curve.

600 Equation y = AT*exp(-x/t1) +
A2*exp(-x/t2) + y0O
= Reduced Chi-Sar 143698 Further details in the appendix slides:
3 400 Ad] ReSavers osTe [ minimize what exactly, and how?
U C y0 0.02351 0.95435
C A1 104.87306 12.77612
e o oo 2 41008 Error estimates: how far can we wiggle the
200 B C 2 30.32479 1.6525 . .
parameters before the residuals increase
“significantly”?
0 L 1
0 200 400 600 800
time (s) Error estimates assume model is correct
and residuals are gaussian noise. Errors not
y = Aqe —t/ti 1 g ,e —t/tz 4 Yo trustworthy if these aren’t roughly true!
Physics 401
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Fitting Errors

Beta decay of neutron-activated silver foil

Count

800

600

400

200

Standard Error

0.95435
12.77612
18.44979
25.44606

1.6525

108 .
i Ag t =157s
110
! Agt =24.6s
Model ExpDec2
Equation y = Al*exp(-x/t1) +
A2*exp(-x/t2) + y0O
Reduced Chi-Sqr 1.43698
Adj. R-Square 0.96716
B Value
C y0 0.02351
C A1 104.87306
C 1 177.75903
C A2 710.01478
B C t2 30.32479
0 200 400 600
time (s)

800

y=Ae 't 4 A,e”tt2 4y,

Physics 401

Residuals

Count

40

0 50 100 150

Model Gauss
Equation y=y0 + (Al(w'sq
T(PI12)))'exp(-2
*((xexc)w)'2)
Reduced Chi-S 477021
ar
Ad. R-Square 0.93464
Value Standard Error
0 144204 0.48702
xc 1.49992 019171

20 -

ts
t
ts w 5.93398 040771
unts A 219.24559 14.47587
1 sigma 2.96699

1 FWHM 6.98673
1 Height 29.4798

0000000
HEEEEEE

oL T TRR N A S SR
-20 0 20

Residuals

25



Fitting Errors: Examining the Residuals

20

Residuals
o

Ag decay

20 |
1 1
50 100 150
time (s)
Model auss
Equation y=y0 + (Al(w'sq
n(Pl/2)))"exp(-2
“((cxc)w)2)
Reduced Chi-S 477021
ar
Adj. R-Square 0.93464
Standard Error
20 T Counts. yo 1.44204 0.48702
Counts x 1.49992 049171
- Counts w 5.93398 040771
[ Counts A 219.24559 14.47587
=5 Counts sigma 2.96699
o Counts FWHM 6.98673
o Counts Height 29.4798
= %@ S
0L NI W N N
-20 0 20
Residuals

T T T B B T T T T T
208 - ]
()]
'g ; ]
R 3
c
o)}
©
S 104 .
52 [ .
o ; ...... | TSRS T R W T W WY | IS S T S T W | IS S R ST W WY | IS S ST T S | I
0.000 0.027 0.054 0.081 0.108
Frequency

Test #2: No pronounced frequencies visible

Test #1: generally Gaussian/symmetric residuals

Physics 401
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Fitting Errors: Examining the Residuals

Residuals

Count

Ag decay
20 +
0
=20 |
1 1
50 100 150
time (s)
§ °°°°°
y'2)
201 R
§§
o T §® N N o
-20 0 20
Residuals

corr. coeff.
H»

N
TTTTTTTTTT

L |
Cooaloniinin Livisinin Livisinin v Lisivinen Livisiiin [ FFTTTITIT T Ly
-800 -600 -400 -200 0 200 400 600 800

time (s)

Test #3: Autocorrelation shows no prominent correlation time scales

Correlation

N-1
Yrg(m) = ) fmg(n —m)
e
Auto-correlation Vrr(m) = Z f(m)f(n—m)
n=0

Physics 401 27



Examining Non-ldeal Fit Residuals

800 -
B R IR « [T

i Model ExpDec2 N
y = Al*exp(-x/t1) + A2*ex N
C Equation p(-x/t2) +y0 r
600 F ail L
o Reduced 100.10041 L
Chi-Sqr C
Adj. R-Square 0.99181 20 [
Value Standard Erro -
400 5 y0 5.18284 1.99542 [ r
b n Al 130.85655 ~ 20.27379| || g r
S 5 F t1 145.89449  21.82649 - L
8 A2 702.82197 19.21953 ® r
- ©2 27.93939 1.30697 9 o0 _
200 [ -
Ag decay 5
- '\-\ik-,." CE AR R :
[\ %W e ".d'-‘\'--*-.'\--',‘ e -20 L

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

time (s) time (s)

_ Clean experiment Data + “noise”

ty(s) 177.76 145.89
ta(s) 30.32 27.94
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Examining Non-ldeal Fit Residuals

residuals

time (s)

Histogram does not resemble a normal distribution

Prominent component at frequency 0.03333

Physics 401

Count

Magnitude

120

100 |

80F

60 |

40

20 -

900

T
\“%%m
10 20 30 40 50
Regular residual

<N
0

-20 -10

720 |-
540 -
360 -

180 |

0.03333

0.000 0.027 0.054 0.081 0.108

Frequency
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Examining Non-ldeal Fit Residuals

residuals

20000

40 [

Autocorrelation

10000

Corr Y1

10000 Lo v ooy R Lsgsg 4 g g e N
0 100 200 300 400 500 600 700 800 1
time (s)

Conclusion: Fitting function needs to be modified to incorporate an additional term

y(t) = yo + Age t/t 4+ Aje 2 4+ Ay sin(wt + 0)

Caution: “With four parameters | can fit an elephant, and with five | can make him wiggle his trunk”
John von Neumann, attributed by Enrico Fermi

Physics 401
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[ ] [ ] F [ ] R
35
30
800 T 25
L - w 20
- Model expdec2sine (User) =
L > 15
L y=y0+A1 exp(-x/t1)+A2"exp(-x/t2)+A3"sin(f0"x+te o
- : ta) 8 10
r Equation [\
600 — 8 5
F Reduced 1.38135 2 0
o Chi-Sqr &
r Adj. R-Square 0.97307 -5
: Value Standard Error -10
r yo 252302 0.92374
) 400 [ Al 106.84755 13.12427 =15
c L t 172.79267 17.64555 20
= [ A2 707.94055 25.0644
e r & 2 301719 164703 Independent Variable
C A3 -11.28082 061892 A I i
L fo 0.20964 2.50523E-4 FFT Utocorre atlon
200 INRIRY RERES S5 BREREER teta -9.5583 013923 | i . .
r 192 -
L 6000 [
oF
r O 144 - 3
n T 4000 £
2 e
c =
) o % E S 2000F
time (s) © o
=
a8 [ E 0
0 . . L L L o ) ) )
0.000 0.027 0.054 0.081 0.108 0006 500 o 500 oS
Frequency Time

_ Clear experiment Modified fitting

tai(s) 177.76 145.89 172.79
ta(s) 30.32 27.94 30.17
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Error Analysis: Millikan Oil Drop Experiment

We expect both error components in each measurement

Qmeas — Qtrue T é5 T €,
... ahd there are various sources for each

Systematic error could include uncertainties in plate separation

€s (d), applied DC voltage (V), ambient temperature (7), etc.
Random errors include ? O _____
€, uncertainties in measurement

of t,se t,, €1C. Uncertainty of time of
crossing the marker line.

Physics 401
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Systematic Error Analysis: Millikan Oil Drop Experiment

Qmeas = Qtrue T €5 + €5

Q=ne=FST =

a0 (g8 wry 1) o 1) on =[5 oy 2 o

Generally negligible

1 9md [2n3x3 1[1 1]
P N 9P lg

C

- \/(FT)Z(AS)Z +(FS) (AT) = Q\/(%T +(ATTT

Physics 401



Systematic Error Analysis: Millikan Oil Drop Experiment

Qmeas = Qtrue T €5 + €5

1 9md 2n3x3 |11 1
Q=me=FST =

P N 9P lg

C

Physics 401



Appendix

Step 1. Origin Project For Raw Data :

1: Analyzing the Charge Data

\\engr-file-03\PHYINST\APL Courses\PHYCS401\Students\2. Millikan Raw Data

"\ Data Analysis for Millikan Qil Drop Experi...

@ Millikan_raw data.opj
@ Millikan_raw datal.opj
@ Millikan1_calc.opj

@ Millikan1_no_calc.opj
@ T measurement.opj

8 9:36 AM
017 4:50 PM
/2018 1:38 PM
018 1:36 PM
017 2:03 PM
018 1:36 PM

Adobe Acrobat D...

OPJ File
OPJ File
OPJ File
OPJ File
OPJ File

59KB
15KB
14 KB
95 KB
66 KB

316 KB

All project files with raw data should be stored in:

\\engr-file-03\PHYINST\APL
Courses\PHYCS401\Students\2. Millikan Raw Data

Only files with raw data should be stored in this common folder. Please remove files that are
unrelated to the experimental results!

All other files, including those used for calculations, should be saved in your personal folder

Physics 401
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file:///engr-file-03/PHYINST/APL%20Courses/PHYCS401/Students/2.%20Millikan%20Raw%20Data
file:///engr-file-03/PHYINST/APL%20Courses/PHYCS401/Students/2.%20Millikan%20Raw%20Data

Appendix #1: Analyzing the Charge Data

Step 2. Working on your personal Origin project
Make a copy of the Millikan1 project to your personal folder and open it

3l OriginPro 8.6 (Academic) 64-bit - \\Phyaplportal\PHYCS401\Students\Oil drop exp - anl * - /Folderl/ - [Bookl]

N RRBDREDRE SEEHD ahE B2 o - ST6 B2 & AE D +B:x v 2 Lk G
@ File Edit View Plot Column Worksheet Analysis Statistics Image Tools Format Window Help
% Bn @ © 7 Default: Arial v 9 - I U =« <ap A 4,0, A~ P ML | 2% 3% | @)
N AL) | ow | B0 | Fm [ om | c) | By | H(Y)
5 Long Name
3'\ Parameter names parameter label Par tg tr rc tau_g F
N
& Units s s m
3, Comments
b¢ your your . 618x10° . _ 27x F 1 .
-, data data " plmmHg] "9 2 I'=—Zm~1
3 Pl 9] pg"c fcsp [ ] \
s Prepare equations
E 1 [ Viscosity of air(kg/ms) (250C) n 1.8478E-5 7.455 | 79132 = = Ca|CU|ati0nS Of data in next
T 2 | Temperature coefficient of viscosity | An/AT 4.8E-8] 1556521 167815 _ - | s !
™. 3 | Density of oil (kg/m*3) pl 886 23.07825 31.8955 = — columns ( et coiumn
@ 4 | Density of air (kg/m*3) p2 1.29| 2014243 1170129 _ = values...). Switch
5. 5 | Density difference (kg/m*3) p1-p2 26.97377 2247531 - = Recalculate in Auto mode
gﬂ 6 | acceleration due to gravity (m/s"2) g 16.34362  16.44208 — — k j
e 7 | ambient pressure (mmHg) p 25.93429  25.02886 — -
E‘ 8 | fallfrise distance (m) X 15.34338 9.27446 | <
9 | plate separation (m) d 29.3815 19.6161
10 [ Voltage across the plates (V) v 26.0786 | 24.343 ' Recalculate |None -
11 | Air temperature (oC) None
g Actual air viscosi Before Form
— Manual .
;(Eta) ai
Paste these 5 parameters and raw data from Manually calculate the ise £m]lAriea die

Section L1-L4.0pj projects actual air viscosity
Physics 401 36




pendix

Step 3. Make a histogram

Plot a histogram from the data in
the column of drop charges

e

OB

]
R

G0 N2 A5

IS

EQiT  VIEW

1: Analyzing the Charge Data

FIOL LOIUMN VVOIKSNEET ANalysis DI3USICS 1Mage 100Is Format  winaow Hep

RRl cESHE &= &

1wz ~ S ER BE & AEE G 8

T DefaultA v3 v B I U E-M-A~ | |2-ZL~ Scv 05 [N -0
_ s ] |
Long Name [T ch‘a‘r' Line i
Units Cite-19 Rty Symbol i’
Comments Copy Line + Symbol 4
Copy (full precision) Column/Bar/Pie i’
Copy (including label rows) Multi-Curve i’
Paste 3D XYY ’
3D XYZ >
i 3D Surface 4
Delete 3D Wire/Bar/Symbol >
e T # gox char
Remove Link Area 5 -
i N o
— g Histogram + Probabilities
mE Set Column Values... Specialized i’ ‘& Stacked Histograms
Fill Column with » Stock »

Sort Column
Sort Worksheet

Normalize...
Frequency Count...

Statistics on Columns

Column Width...

Hide/Unhide Columns

Set Sampling Interval...

Mask Cells by Condition...

Move Columns

Reverse Order

Show X Column...

Slide Show of Dependent Graphs

Swap Columns...
Add Sparklines...
Go To...

Mask

Set as Categorical
Properties...

Set Style

U C (X bar R) Chart
ke, Pareto Chart-Binned Data
fu.. Pareto Chart-Raw Data

R Template Library...
» 1 Scatter
2 Line

Scatter Matrix...
3 Histogram + Probabilities BR scatter Matix

2 Probability Plot...
2 Q-QPlot...

4 Histogram

0.87575
0.88322

£40 noa2Re

Physics 401



Appendix #1: Analyzing the Charge Data

Step 4. Histogram - set bin size

Origin will choose the bin size h automatically,
but not optimally. In the plot at right, h=0.5.

We want bins wide enough to control bin-to-bin
fluctuations that obscure the pattern, but
narrow enough not to wash out the pattern.

There are several theoretical approaches to

finding the optimal bin size. One example:
3.50

~ nl/3
... Where o is the sample standard deviation, n is
the total number of observations.
For the data at right, this yields h~0.1

Count

Physics 401
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n=Q/1.602¢-19

Bin size above is 0.5
Peaks vaguely visible, but can’t
determine width
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Appendix #1: Analyzing the Charge Data

" 100F
Step 4. Histogram - set bin size : NN i
. : 80 \
To change the bin size, click on the graph the N N
. . . . '\ i Plot Details - Plot Propertic
uncheck the “Automatic Binning” option N2 ([ S| o |
60 % " Single Block Barplot
[Z] Snap Points To Bin
100 < % (S P———
=} © Bin Size

nr NN 8 R © Numberof Bins | 11|

80 | o 40 :in T

or N Bin Height (0-100) | 100 Preview

60 N N ;::r::::mion Curves

E R (& ]
5 50 i T T N Q 20 \ The Counts column in the Bin Worksheet can be used for fitting.
40 + N A
30t \ ; N
N RN NN
0 N o NS TT N NN TTT TY 0 Plot Type:  Histogram [ workbook | [ oK | [ Cancel | | ppy
10 N N N T EEEEECEE—ECGEm——,
Lo Y N drop charge (C/1.9e-19)
0 1 2 3 4 5

n=Q/1.602e-19

Bin size is now 0.1, pattern is visible!
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Appendix

\Q@?
Step 4. Histogram - find the bin worksheet &

Right-clock on the histogram and choose

“Go to bin worksheet”

1: Analyzing the Charge Data

N o \w\
\ SIS TR,
NN

?\ia N \ﬁﬁ

m Change X $ \méh
W% H\E Change Y k

AN M ATAL N RN AL AN :;d::;:j:lmt Mt
2 izo to Bin Worksheet 4

n=Q/1.602¢ "

Save Format as Theme...

Plot Details...

R =N —
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Appendix #1: Analyzing the Charge Data

Step 5. Add counts-vs-bin plot

DUUKL 9 U

80

— W
7 Plot Setup: Configure Data Plots in Layer‘

Available Data: Long Mame | Sheet | Colg | Rows | File Mame | File D ate | Created | I odified

’WorksheetsinFoIder - Bookl  Sheetl 1 1260 10/6/2008 124353 10/2/2017 14

Include Shortcuts

Right-click on wanous panels
to bring up context menus.

Plat Type: Show(S)| [Book1]'Bookl1_B Bins"
Line N X | wEr | Y | vEr | L | Calumn | Long Mame | Comments | Sampling Interval
<autoed>  Fram/Step=
Line + Symbol A Bin Centers Binz
Column / Bar B Counts Bins
Area C Curnulative Sum Bing
itl;a;ked Area o] Curulative Percent  Bing
il &rea

High - Lows - Cloze

Floating Column

HT M Veckor

YR Wector

Bubble

Color Mapped

Bubble + Color Mapped ™

Plot List: Drag entries in 1st column bo reorder or to mowve between laperz. Right click for other options.

Show | Plot Type | Legend

Histogram B

s, [Book 1 [Sheetl BY]
Vs, [Book1]Bock1_E Bins! "Bin Centers'(<). "Counts" Y

[1%1241%]
[1=507] 0.05<% ¢4.95,0¢Y < 83

Scatter Bing

o
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Appendix #1: Analyzing the Charge Data

Step 5. Multi-peak gaussian fit

100
9
_ NN
80
Teaching\P401\Eugene lectures. Fall 2011\Lecture #5\Spring 2011 results * - [Graph5] I T— 70 I §
ata [ Analysis | Gadgets Tools Format Window Help i
@ Stotistics d R -1 EIE Y == T 60 - =
.: Mathematics 4 - " p — - i Q
. Data Manipulation y JE M N Jsz—v‘ S "D v“:]N "D g 50 N \Q‘
Fittin » = N
Fitting &) I
Signal Processing »
, e

40
Peaks and Baseline Multiple Peak Fit 4 1 <Last used> I
1 Multiple Peak Fit: <Last used>... Single Peak Fit... Open Dialog... 30

2 Multiple Peak Fit: <default>... Peak Analyzer »
3 Subtract Straight Line...

Batch Peak Analysis Using Theme... 20
4 Smooth: <Last used>... | \\ d ro F |

5 Smooth: <default>... 10

%N%!\

)
Lastal

0 1 2 3
n=Q/1.602¢-19
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Appendix

Step 5. Multi-peak gaussian fit

First peak: mean 0.882 £+ 0.007

Count

100

10

90

80

40
30

20

1: Analyzing the Charge Data

A\
Model Gauss
Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w)"2)
Plot Peak1(Counts) Peak2(Counts) Peak3(Counts) Peak4(Counts)
0
v0 4.13586 +1.44011 4.13586 +£1.44011 4.13586 +1.44011 4.13586 +1.44011

XC

0.88153 +0.00716 |1.87811 +0.00995

w

A

Reduced Chi-Sqr
R-Square(COD)
Adj. R-Square

0.26133 £0.01546 0.31295 +£0.02148
29.85852 +1.73381 28.21279 +£1.9281

2.83795 £ 0.01735
0.45524 +0.03783
28.61148 +2.43848

28.87454

0.96067

0.94791

3.84661 +0.02824
0.43709 £ 0.06225
16.5379 £2.41374

o

N
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Appendix #1: Issues with Oil Drop Data

Be careful with data selections obtained by different teams!

[ @ number of elemel @ number of elemel
9 15
14
8 13
5
9 12
7 ° 11
o) ) °
> 6 k) =10 ° 9
%&—0—10— o pu
S ° N 8 %
o5-———————OQ————vﬂ%ggg———dL—————— N °9 >
< R, PR N @ 7 > °
g4 LS e
il 9 gk T
< o D - *)
° F- Y D 3 & 9 .
2 2 O%—m—
1
! 10 (I) 1|o 2|o 3|o 4|o 5|o slo 7|o 80 0 : : . ' . ' ' . L
- 410 0 10 20 30 40 50 60 70 80 90

Row Numbers Row Numbers

For more details how to create the histogram plot and do the analysis, see
“Working with Histogram Graph. Millikan Oil Drop Experiment” (E.V. Colla)
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https://courses.physics.illinois.edu/phys401/sp2020/lectures/Histograms_v2.pdf

Appendix #1: Increasing Experimental Accuracy

Qmeas = Otrue + €5 + €5

Systematic error could be improved with more precise knowledge

of the experimental parameters: plate separation (d), applied DC
€ voltage (V), ambient temperature (7), etc.

Usually these are limited by existing measurement equipment

Random or statistical errors can be reduced only by increasing
€, the number of data points (no limit!)

Physics 401
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Appendix #2: Fitting Models to Data

Fitting a model to data means finding the set of parameter values that gets the
model function “closest” to the data

* Data: ordered pairs (x;, y;), often in the form of an N X2 matrix
* Independent variable x;, e.g. frequency, time, etc.
* Dependent variable y;, e.g. sighal magnitude

* Model function: y = f(x; ), which takes some set of parameters 3

What exactly does “closest” mean? Minimizing some cost function — most often the

sum of squared deviations: N

SB) = ) [f G B) = wil?

1=1
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Appendix #2: Fitting Models to Data

N

SB) = ) [f G B) = wil?

=1

There are several minimization algorithms for solving such problems. Origins uses
the Levenberg-Marquardt algorithm for nonlinear fitting, which is optimized for

guadratic cost functions like this one.

These algorithms proceed from a starting guess and traverse the cost function
“landscape” (hopefully efficiently!) to find a global minimum.

How well they do depends on the quality of the starting guess, and it’s easy to get
trapped in local minima.
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https://en.wikipedia.org/wiki/Levenberg%E2%80%93Marquardt_algorithm

Appendix #2: Fitting Models to Data

g !
o\
_ l i
CHAAZ
N
7 \l// *
Local \
minimum 1

Global




Appendix #2: Fitting Models to Data

m LowPass (Y)

0.00 Best Fit
[
-0.01
[
= -0.02 -
E
n -0.03 1
L Model LowFass [User)
% Eguation ~EAVR 1 AN
1 -0.04 4 |Fist LowPass )
A 2 T7E337E-4 + 2059
Vo 0.09125 + 0.00389
005 4 |Reducedchi 2 18014E-5
R-Square{CO 0.85323
Adj. R-Sguare 024251
-0.06 : . .
100 1000 10000

Low Pass Freq (Hz)

An example of poor results from the fitting procedure
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Appendix #3: Some Reminders

1. Reports should be uploaded only to the proper folder for your
activity and section

* For example, folder Frequency domain analysis L1 should only be used by
students from section L1

e Submit only one copy (no need to submit e.g. both Word and PDF)

* Show your name, and only your name, in the list of authors on the title page
of the report

* | recommend the following file name style:

L1 [ab5 LastName

Physics 401
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