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Lab 3 discussion



Calibration

You must calibrate the images measured in microns 
Determine µm per pixel 

The marks on this slide are 10 microns apart 
(assume this has negligible uncertainty)



Particle Tracking

(xi, yi) arrays

Do describe briefly the settings used  
in the trackpy process  
(mass cut, radius, …) 

along with the movie you started from  
(bead diameter, frame rate, x40 or x100) Your analysis 

starts here



Consistency
(xi, yi) arrays

These Δx and Δy distributions should have  
µ = 0 and σx = σy.  Test this quantitatively! 

Remember, we talked about the stat error on the  
standard deviation!  Hwk 2 problem 5.28

Δxi and Δyi arrays

Don’t worry if you are up to 2 sigma off…



Diffusion
In each dimension: 

But since mean is zero: 

<latexit sha1_base64="473fNvu7QmOS4o3+uXbSigOdIqY=">AAACE3icbVDLSgMxFM3UV62vUZdugkWoLupMUXQjFO3CZQX7gE4tmTRtQzMPkjvSMvQf3Pgrblwo4taNO//GTDsLrR4IHM45N8k9bii4Asv6MjILi0vLK9nV3Nr6xuaWub1TV0EkKavRQASy6RLFBPdZDTgI1gwlI54rWMMdXiV+455JxQP/FsYha3uk7/MepwS01DGPKp0RvsBOoEPJHbFTYQIIHt2VJvgYF0o4FeCwY+atojUF/kvslORRimrH/HS6AY085gMVRKmWbYXQjokETgWb5JxIsZDQIemzlqY+8Zhqx9OdJvhAK13cC6Q+PuCp+nMiJp5SY8/VSY/AQM17ifif14qgd96OuR9GwHw6e6gXCQwBTgrCXS4ZBTHWhFDJ9V8xHRBJKOgac7oEe37lv6ReKtqnRevmJF++TOvIoj20jwrIRmeojK5RFdUQRQ/oCb2gV+PReDbejPdZNGOkM7voF4yPb3c+m/0=</latexit>

Dx = �x2/(2�t)

<latexit sha1_base64="l7RlzJtnJbWQUlGkbyJJiMdkwvo=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuCpJUXQjFHXhsoJ9QBPDZDpph04mYWYiltKNv+LGhSJu/Qx3/o3TNgttPXDhzDn3MveeMOVMacf5thYWl5ZXVgtrxfWNza1te2e3oZJMElonCU9kK8SKciZoXTPNaSuVFMchp82wfzX2mw9UKpaIOz1IqR/jrmARI1gbKbD3vWvKNUaP9xV0gTzFujEOzCOwS07ZmQDNEzcnJchRC+wvr5OQLKZCE46VartOqv0hlpoRTkdFL1M0xaSPu7RtqMAxVf5wcsAIHRmlg6JEmhIaTdTfE0McKzWIQ9MZY91Ts95Y/M9rZzo694dMpJmmgkw/ijKOdILGaaAOk5RoPjAEE8nMroj0sMREm8yKJgR39uR50qiU3dOyc3tSql7mcRTgAA7hGFw4gyrcQA3qQGAEz/AKb9aT9WK9Wx/T1gUrn9mDP7A+fwDqWpVU</latexit>

�x2 = �2
x

Variance is proportional to diffusion constant - errors 

Note: Dx and Dy are measuring the same thing! 

Either take average, or measure 2D diffusion:
<latexit sha1_base64="+WH+a1sUXmmzOoqNIVtCyn6E8Ps=">AAACE3icbVC7TgJBFJ3FF+ILtbSZSExAE9wlGG1MiFJYYiKPhAUyOwwwYfaRmbvGDeEfbPwVGwuNsbWx828cYAsFT3KTM+fcm7n3OIHgCkzz20gsLa+sriXXUxubW9s76d29mvJDSVmV+sKXDYcoJrjHqsBBsEYgGXEdwerO8Hri1++ZVNz37iAKWMslfY/3OCWgpU76uIwvcdZWvO+SzkO7gE9w/IjahdxptojtMhNAMOQ66YyZN6fAi8SKSQbFqHTSX3bXp6HLPKCCKNW0zABaIyKBU8HGKTtULCB0SPqsqalHXKZao+lNY3yklS7u+VKXB3iq/p4YEVepyHV0p0tgoOa9ifif1wyhd9EacS8IgXl09lEvFBh8PAkId7lkFESkCaGS610xHRBJKOgYUzoEa/7kRVIr5K2zvHlbzJSu4jiS6AAdoiyy0DkqoRtUQVVE0SN6Rq/ozXgyXox342PWmjDimX30B8bnDxQEmyc=</latexit>

D = (�2
x + �2

y)/(4�t)

Apply calibration somewhere!



Boltzmann constant
• Diffusion Coefficient D is your primary experimental 

observable, make sure you state this clearly with 
(correct) uncertainties  

• Can interpret this as the Boltzmann constant:
<latexit sha1_base64="Xq9BzlPFzckPh1aAZdpgsCbwo0Y=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKohehVA8eK/QLtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hbX1jc6u4XdrZ3ds/KB8etY1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wfDfzO09MG65kEyYJC2IylDzilICV/Hsc4Vs87tdxs1+uuFV3DrxKvJxUUI5Gv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBNkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSfui6l1V3cfLSq2ex1FEJ+gUnSMPXaMaekAN1EIUKfSMXtGbA86L8+58LFoLTj5zjP7A+fwB5iePsw==</latexit>

Df = kBT where
<latexit sha1_base64="uoSaWA4Ik4WBYP7YRXhMYEczEE4=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGbE7SIEvXiMYhbIhNDTqUma9Cx01wTCkD/x4kERr/6JN//GTjIHTXxQ8Hiviqp6fiKFRsf5tgorq2vrG8XN0tb2zu6evX/Q0HGqONR5LGPV8pkGKSKoo0AJrUQBC30JTX94N/WbI1BaxNETjhPohKwfiUBwhkbq2nZAb+gl9RJBPUBGH7t22ak4M9Bl4uakTHLUuvaX14t5GkKEXDKt266TYCdjCgWXMCl5qYaE8SHrQ9vQiIWgO9ns8gk9MUqPBrEyFSGdqb8nMhZqPQ590xkyHOhFbyr+57VTDK47mYiSFCHi80VBKinGdBoD7QkFHOXYEMaVMLdSPmCKcTRhlUwI7uLLy6RxVnEvKs7Debl6m8dRJEfkmJwSl1yRKrknNVInnIzIM3klb1ZmvVjv1se8tWDlM4fkD6zPH+dqkeU=</latexit>

f = 6⇡⌘R

Beads have diameters of either 2.54 µm or 1.06 µm
Error propagation problem, straight off HW1, assumptions

Be careful with units!  You may be off by x2,  
if you are off by 1012 you have forgotten to convert microns…



Dependence on Δt
• Diffusion relation predicts variance σ2 ~ Δt 

• Test this by changing Δt, and find σ2 (with error) 

• Fit plot of σ2 vs. Δt, should show linear 
dependence, slope is 2D, does this (qualitatively) 
agree with your previous value?

<latexit sha1_base64="qOOGIR07POPcPj9nDKjTsTpvNrE=">AAACD3icbVDLTgIxFO3gC/E16tJNI9G4IjNEoxsToixcYiKPBJB0SoGGTmfS3jGQCX/gxl9x40Jj3Lp159/YgVkoeJImJ+ec2/YeLxRcg+N8W5ml5ZXVtex6bmNza3vH3t2r6SBSlFVpIALV8IhmgktWBQ6CNULFiO8JVveG14lff2BK80DewThkbZ/0Je9xSsBIHfu4iFtlJoBgwOXOCF/iVmDyyXVxaozui5OOnXcKzhR4kbgpyaMUlY791eoGNPKZBCqI1k3XCaEdEwWcCjbJtSLNQkKHpM+ahkriM92Op/tM8JFRurgXKHMk4Kn6eyImvtZj3zNJn8BAz3uJ+J/XjKB30Y65DCNgks4e6kUCQ4CTcnCXK0ZBjA0hVHHzV0wHRBEKpsKcKcGdX3mR1IoF96zg3J7mS1dpHVl0gA7RCXLROSqhG1RBVUTRI3pGr+jNerJerHfrYxbNWOnMPvoD6/MHruebNQ==</latexit>

2�tDx = �x2

Don’t need to go crazy here, just want  
to see that you can fit a line and get error out



Example

Find variance  
for different Δt values

variance vs. Δt 

Δt = 1s Δt = 9s



Your Data

Δr2 vs Δt for many trajectories 
Any individual path may be off, but on average,  

there is a nice linear relationship!

You will not  
make this exact 

plot…

Δt ≲ 10s  
should work



Hypothesis Testing



Question
• Some ropes are tested by hanging very heavy 

weights from them.  For good ropes, 10% fail this 
test. 

• After being used outside for a year, you test 5 
ropes and find that 2 fail (40%).  Is this significant 
evidence that sunlight is causing the ropes to fail? 

• You test 5 more ropes and 2 more fail.  Does this 
change your conclusion about the failure rate?



Hypothesis Testing
• Frame the question as a null hypothesis 

• Identify n (trials) and ν (“successes”),  
for null hypothesis, identify p (expected “success” per trial) 

• Check if you can use Gaussian approximation:  
Is np and n(1-p) ≳ 10?   
If so, Gaussian w/ µ = np, σ2 = np(1-p) works fine… 

• Find statistical probability (P value) of observed ν events or 
worse given n and p.  

• Compare P value to arbitrary thresholds*



Binomial Distribution

Bn,p(⌫) =
n!

⌫!(n� ⌫)!
p⌫(1� p)(n�⌫)

n - number of trials 
p - probability of success / trial 

ν - number of successes

https://stattrek.com/online-calculator/binomial.aspx
Google: binomial calculator

https://stattrek.com/online-calculator/binomial.aspx
https://stattrek.com/online-calculator/binomial.aspx

