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Probability 101
Random variable    : Possible outcome of an observation

Discrete Probability

is discrete

Random variables can be discrete or continuous 

impossible determined

all outcomes

normalisation

Common discrete distributions
- Uniform

- Binomial

- Poisson
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Question:

You have two regular 6-faced 

dice, one blue and one red. 

What is the probability of 

throwing them and having 

the following result? 

What is the probability of 

throwing both and getting a 

“3” in only one of them? 

And at least one of them?  



Random variable    : Possible outcome of an observation
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Common distributions

- Exponential
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Find the value of      so the  

the following distributions 

are PDFs

Question:



Joint Probability

Conditional Probability  

Marginal Probability

 = month  = day number
(November, 7) = 1/366 
(November | 7) = 1/12
(7) = 12/365

Probability of an event from X  
AND an event from Y
Probability of an event from X  
GIVEN an event from Y
Probability of an event from X  
INDEPENDENTLY from Y

2 random variables: ,

Probability 101
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Question:

- Calculate the following  

probabilities:

P(31,December) 

P(31) 

P(Dec) 

P(31|December) 

P(December|31) 

and test that:

P(31,Dec) = P(31|Dec)P(Dec)

P(31,Dec) = P(Dec|31)P(31)
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2 continuous random variables:  ,
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Same marginals but 
different joint distributions!
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<latexit sha1_base64="YcpAJsD/gfKSUaHMuMD8MF1M7GY=">AAAB/nicdZDLSgMxFIYzXmu9jZedm2ARWpBhpq217opuXI5gbUs7lEyaaUMzmTHJCLUUX8WNCwVx63O4821MLxQV/SHw851zOCe/HzMqlW1/GguLS8srq6m19PrG5ta2ubN7I6NEYFLFEYtE3UeSMMpJVVHFSD0WBIU+IzW/fzGu1+6IkDTi12oQEy9EXU4DipHSqG3uu9n6cSMHW5zcQu1zbraRa5sZ2zorFgonBehY9kRQk3w5XyrNSQbM5LbNj1YnwklIuMIMSdl07Fh5QyQUxYyM0q1EkhjhPuqSprYchUR6w8n1I3ikSQcGkdCPKzih3yeGKJRyEPq6M0SqJ3/XxvCvWjNRQdkbUh4ninA8XRQkDKoIjqOAHSoIVmygDcKC6lsh7iGBsNKBpXUI87//b2p5yylajnNVzFTOZ3mkwAE4BFnggFNQAZfABVWAwT14BM/gxXgwnoxX423aumDMZvbADxnvX51ckzo=</latexit>

P (X,Y ) 6= P (X)P (Y )



Probability 101
2 continuous random variables:  ,

<latexit sha1_base64="ngpVhUKMMsBDZXP6FBZ4z1Xs6vs=">AAAB7nicdZDLSgMxFIYz9VbrrerSTbAIFWSYkbZ2dkU3LivYi7RDyaSZNjaTDElGKEPfwY0LBXHr87jzbUwvFBX9IXD4/nPIOX8QM6q043xamZXVtfWN7GZua3tndy+/f9BUIpGYNLBgQrYDpAijnDQ01Yy0Y0lQFDDSCkZXU7/1QKSigt/qcUz8CA04DSlG2qBmvdg+uzvt5QuO7VXKbrkEXduZCRriVb2KtyQFsFC9l//o9gVOIsI1ZkipjuvE2k+R1BQzMsl1E0VihEdoQDqm5Cgiyk9n207giSF9GAppHtdwRr9PpChSahwFpjNCeqh+e1P4l9dJdFj1U8rjRBOO5x+FCYNawOnpsE8lwZqNTYGwpGZXiIdIIqxNQDkTwvL2/4vWue2WbNe9KRVql4s8suAIHIMicMEFqIFrUAcNgME9eATP4MUS1pP1ar3NWzPWYuYQ/JD1/gU8Co6+</latexit>

P (X,Y )

<latexit sha1_base64="GJp9uQ9vijyPPabtc4rV0mk+AMY=">AAAB7HicdZBPSwJBGMbftX9m/6yOXYYksMuyG2ruTerS0SBT0EVmx1EHZ3aXmdlAFr9Clw4F0bUP1K1v06yKVNQDAy+/532Z932CmDOlHefTyq2tb2xu5bcLO7t7+wfFw6N7FSWS0BaJeCQ7AVaUs5C2NNOcdmJJsQg4bQeT68xvP1CpWBTe6WlMfYFHIRsygnWGmuXOeb9YcmyvVnWrFeTazlzIEK/u1bwVKcFSzX7xozeISCJoqAnHSnVdJ9Z+iqVmhNNZoZcoGmMywSPaNWWIBVV+Ot91hs4MGaBhJM0LNZrT7xMpFkpNRWA6BdZj9dvL4F9eN9HDup+yME40Dcnio2HCkY5QdjgaMEmJ5lNTYCKZ2RWRMZaYaBNPwYSwuv3/on1huxXbdW8rpcbVMo88nMAplMGFS2jADTShBQTG8AjP8GIJ68l6td4WrTlrOXMMP2S9fwEluY4l</latexit>

P (X)

<latexit sha1_base64="DC3KsRoX0t/FLSwEy3b4Vz4Uo3k=">AAAB7HicdZDNSgMxFIXv+FvrX9Wlm2AR6maYkbZ2dkU3LitYW2mHkkkzbWgyMyQZoZS+ghsXCuLWB3Ln25hpS1HRA4HLd+4l954g4Uxpx/m0VlbX1jc2c1v57Z3dvf3CweGdilNJaJPEPJbtACvKWUSbmmlO24mkWASctoLRVea3HqhULI5u9TihvsCDiIWMYJ2hRun+rFcoOrZXrbiVMnJtZyZkiFfzqt6SFGGhRq/w0e3HJBU00oRjpTquk2h/gqVmhNNpvpsqmmAywgPaMWWEBVX+ZLbrFJ0a0kdhLM2LNJrR7xMTLJQai8B0CqyH6reXwb+8TqrDmj9hUZJqGpH5R2HKkY5RdjjqM0mJ5mNTYCKZ2RWRIZaYaBNP3oSwvP3/onVuu2XbdW/KxfrlIo8cHMMJlMCFC6jDNTSgCQSG8AjP8GIJ68l6td7mrSvWYuYIfsh6/wInP44m</latexit>

P (Y )

<latexit sha1_base64="2OFYYPlQZ0w5pduoVqwp6PlDOBw="></latexit>

P (X) =

Z maxY

minY
P (X,Y )dY

<latexit sha1_base64="GJp9uQ9vijyPPabtc4rV0mk+AMY=">AAAB7HicdZBPSwJBGMbftX9m/6yOXYYksMuyG2ruTerS0SBT0EVmx1EHZ3aXmdlAFr9Clw4F0bUP1K1v06yKVNQDAy+/532Z932CmDOlHefTyq2tb2xu5bcLO7t7+wfFw6N7FSWS0BaJeCQ7AVaUs5C2NNOcdmJJsQg4bQeT68xvP1CpWBTe6WlMfYFHIRsygnWGmuXOeb9YcmyvVnWrFeTazlzIEK/u1bwVKcFSzX7xozeISCJoqAnHSnVdJ9Z+iqVmhNNZoZcoGmMywSPaNWWIBVV+Ot91hs4MGaBhJM0LNZrT7xMpFkpNRWA6BdZj9dvL4F9eN9HDup+yME40Dcnio2HCkY5QdjgaMEmJ5lNTYCKZ2RWRMZaYaBNPwYSwuv3/on1huxXbdW8rpcbVMo88nMAplMGFS2jADTShBQTG8AjP8GIJ68l6td4WrTlrOXMMP2S9fwEluY4l</latexit>

P (X)

<latexit sha1_base64="DC3KsRoX0t/FLSwEy3b4Vz4Uo3k=">AAAB7HicdZDNSgMxFIXv+FvrX9Wlm2AR6maYkbZ2dkU3LitYW2mHkkkzbWgyMyQZoZS+ghsXCuLWB3Ln25hpS1HRA4HLd+4l954g4Uxpx/m0VlbX1jc2c1v57Z3dvf3CweGdilNJaJPEPJbtACvKWUSbmmlO24mkWASctoLRVea3HqhULI5u9TihvsCDiIWMYJ2hRun+rFcoOrZXrbiVMnJtZyZkiFfzqt6SFGGhRq/w0e3HJBU00oRjpTquk2h/gqVmhNNpvpsqmmAywgPaMWWEBVX+ZLbrFJ0a0kdhLM2LNJrR7xMTLJQai8B0CqyH6reXwb+8TqrDmj9hUZJqGpH5R2HKkY5RdjjqM0mJ5mNTYCKZ2RWRIZaYaBNP3oSwvP3/onVuu2XbdW/KxfrlIo8cHMMJlMCFC6jDNTSgCQSG8AjP8GIJ68l6td7mrSvWYuYIfsh6/wInP44m</latexit>

P (Y )

Same marginals but 
different joint distributions!

<latexit sha1_base64="WJmGveAJDD0s8Tsi9Yg4SWXBKV4="></latexit>

P (X,Y ) = P (X)P (Y |X)

Independent variables
<latexit sha1_base64="fhRv7volOAcvKwvN8w5ROKkhNRo=">AAAB9XicdZDLSgMxFIbPeK31VnXpJliEdjPMtLXWhVB047KCtZV2KJk004ZmLiaZQhn7HG5cKIhb38Wdb2N6oajoD4Gf75zDOfndiDOpLOvTWFpeWV1bT22kN7e2d3Yze/u3MowFoXUS8lA0XSwpZwGtK6Y4bUaCYt/ltOEOLif1xpAKycLgRo0i6vi4FzCPEaw0cmq5u4dmHp0jbfKdTNYyz0rF4kkR2aY1FdKkUCmUywuShblqncxHuxuS2KeBIhxL2bKtSDkJFooRTsfpdixphMkA92hL2wD7VDrJ9OgxOtaki7xQ6BcoNKXfJxLsSznyXd3pY9WXv2sT+FetFSuv4iQsiGJFAzJb5MUcqRBNEkBdJihRfKQNJoLpWxHpY4GJ0jmldQiLv/9vGgXTLpm2fV3KVi/meaTgEI4gBzacQhWuoAZ1IHAPj/AML8bQeDJejbdZ65IxnzmAHzLevwDnEZC3</latexit>

P (Y |X) = P (Y )
<latexit sha1_base64="VntaWagyklLCcg2xlcA87g3WcMk=">AAAB+3icdZDLSgMxFIYzXmu9TXXpJliEFmSYaWutC6HoxuUI1ra0Q8mkaRuayQxJRiljH8WNCwVx64u4821MLxQV/SHw851zOCe/HzEqlW1/GkvLK6tr66mN9ObW9s6umdm7lWEsMKnhkIWi4SNJGOWkpqhipBEJggKfkbo/vJzU63dESBryGzWKiBegPqc9ipHSqGNm3FzjuJmH51CbvJtr5jtm1rbOSsXiSRE6lj0V1KRQKZTLC5IFc7kd86PdDXEcEK4wQ1K2HDtSXoKEopiRcbodSxIhPER90tKWo4BIL5mePoZHmnRhLxT6cQWn9PtEggIpR4GvOwOkBvJ3bQL/qrVi1at4CeVRrAjHs0W9mEEVwkkOsEsFwYqNtEFYUH0rxAMkEFY6rbQOYfH3/029YDkly3GuS9nqxTyPFDgAhyAHHHAKquAKuKAGMLgHj+AZvBgPxpPxarzNWpeM+cw++CHj/Qv+pJG5</latexit>

P (X,Y ) = P (X)P (Y )

Dependent variables
<latexit sha1_base64="2lNKR55QbARXEPSf8rACO5FzRxY=">AAAB+nicdZDLTgIxFIY7eEO8jbp000hMYENmABF3RDcuMRHBACGdcoCGTmdsOyRk5E3cuNDEuPVJ3Pk2lkuIGv2TJn++c07O6e+FnCntOJ9WYmV1bX0juZna2t7Z3bP3D25VEEkKNRrwQDY8ooAzATXNNIdGKIH4Hoe6N7yc1usjkIoF4kaPQ2j7pC9Yj1GiDerYdjVz99DI4paAe2x8tmOnndx5sVA4LWA358yEDcmX86XSkqTRQtWO/dHqBjTyQWjKiVJN1wl1OyZSM8phkmpFCkJCh6QPTWMF8UG149nlE3xiSBf3Amme0HhGv0/ExFdq7Hum0yd6oH7XpvCvWjPSvXI7ZiKMNAg6X9SLONYBnsaAu0wC1XxsDKGSmVsxHRBJqDZhpUwIy7//b+r5nFvMue51MV25WOSRREfoGGWQi85QBV2hKqohikboET2jFyu2nqxX623emrAWM4foh6z3L/irkmk=</latexit>

P (Y |X) 6= P (Y )
<latexit sha1_base64="YcpAJsD/gfKSUaHMuMD8MF1M7GY=">AAAB/nicdZDLSgMxFIYzXmu9jZedm2ARWpBhpq217opuXI5gbUs7lEyaaUMzmTHJCLUUX8WNCwVx63O4821MLxQV/SHw851zOCe/HzMqlW1/GguLS8srq6m19PrG5ta2ubN7I6NEYFLFEYtE3UeSMMpJVVHFSD0WBIU+IzW/fzGu1+6IkDTi12oQEy9EXU4DipHSqG3uu9n6cSMHW5zcQu1zbraRa5sZ2zorFgonBehY9kRQk3w5XyrNSQbM5LbNj1YnwklIuMIMSdl07Fh5QyQUxYyM0q1EkhjhPuqSprYchUR6w8n1I3ikSQcGkdCPKzih3yeGKJRyEPq6M0SqJ3/XxvCvWjNRQdkbUh4ninA8XRQkDKoIjqOAHSoIVmygDcKC6lsh7iGBsNKBpXUI87//b2p5yylajnNVzFTOZ3mkwAE4BFnggFNQAZfABVWAwT14BM/gxXgwnoxX423aumDMZvbADxnvX51ckzo=</latexit>

P (X,Y ) 6= P (X)P (Y )

- Can we have a situation 

where      is a discrete random 

variable  and     a continuous  

one?

Question:

- What is the normalisation 

condition for P(X,Y) where 

X and Y are continuous 

random variables?

<latexit sha1_base64="eMxrQdT3N2fC77Ak/m4Kx4k0d88=">AAAB6XicdVBNS8NAEN3Ur1q/qh69LBbBU0hixfZW9OKxBWsLbSib7aRdu9mE3Y1QQn+BFw8K4tV/5M1/47aNoKIPBh7vzTAzL0g4U9pxPqzCyura+kZxs7S1vbO7V94/uFVxKim0acxj2Q2IAs4EtDXTHLqJBBIFHDrB5Grud+5BKhaLGz1NwI/ISLCQUaKN1OoOyhXH9tz6mXeGHdtZwJB6vead17GbKxWUozkov/eHMU0jEJpyolTPdRLtZ0RqRjnMSv1UQULohIygZ6ggESg/Wxw6wydGGeIwlqaExgv1+0RGIqWmUWA6I6LH6rc3F//yeqkOa37GRJJqEHS5KEw51jGef42HTALVfGoIoZKZWzEdE0moNtmUTAhfn+L/Scez3artuq1qpXGZ51FER+gYnSIXXaAGukZN1EYUAXpAT+jZurMerRfrddlasPKZQ/QD1tsnpPSNUw==</latexit>

X <latexit sha1_base64="hMT6y+PCiolKn2d2ESZCl6lupto=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0jSis2t6MVjC9ZW2lA22027dvPB7kYoob/AiwcF8eo/8ua/cdtGUNEHA4/3ZpiZ5yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mg4FYS2Scxj0fWxpJxFtK2Y4rSbCIpDn9OOP7mc+517KiSLo2s1TagX4lHEAkaw0lLrdlCuWKZju1WniizTWkAT1607Zy6yc6UCOZqD8nt/GJM0pJEiHEvZs61EeRkWihFOZ6V+KmmCyQSPaE/TCIdUetni0Bk60coQBbHQFSm0UL9PZDiUchr6ujPEaix/e3PxL6+XqqDuZSxKUkUjslwUpBypGM2/RkMmKFF8qgkmgulbERljgYnS2ZR0CF+fov9JxzHtmmnbrVqlcZHnUYQjOIZTsOEcGnAFTWgDAQoP8ATPxp3xaLwYr8vWgpHPHMIPGG+fpnmNVA==</latexit>

Y



Probability in time

Probability 101 Time    is usually 
not a random variable

Steady state probability

can be discrete (e.g. generations) 
or continuous (e.g. duration)

Generative model:

signifies sequential ordering i.e. causality in our model

Special case (Markov process)
e.g. Population dynamics, 

Reaction kinetics 
Epidemic models



Probability in time

Probability 101 Time    is usually 
not a random variable

Steady state probability

can be discrete (e.g. generations) 
or continuous (e.g. duration)

Generative model:

signifies sequential ordering i.e. causality in our model

Special case (Markov process)
e.g. Population dynamics, 

Reaction kinetics 
Epidemic models

Question:

In the simplest model of DNA substitution (JC69), each 

nucleotide can mutate to any other nucleotide with the same 

probability per unit time r.  

Knowing that at a given time t=0 the base of site is A: 

P(A,t=0)=1. Derive the general expression for the probability 

P(G,t) of the site having a base G at time t 

1) Express the probability that the site has a base G at time  

  t+Δt as P(G∣t+Δt)=P(G∣t)+F(t), where F(t) represents     

  the change in probability over the small time interval Δt. 

2) Transform the above expression into a differential     

  equation that describes the rate of change of P(G,t) over    

  time.  

3) Solve the differential equation to find P(G,t) 

  expression for P(G,t).



Bayesian Inference 
in systems biology

Theory Applications

What is Bayesian inference?

Probability 101 

Bayes’ theorem in biology

Priors and likelihood

Interpretation of posteriors

Markov Chain Monte Carlo

Population dynamics in 
microscopic and 
macroscopic communities

ODE generative models: 
Morphogen patterning of 
embryonic tissues  

Phylogeny and model 
selection



Bayes’ Theorem

<latexit sha1_base64="VU8nqKe1TyLKXiUIFwC+tJEfOtI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0hqq+2t6MVjBWsLbSib7aZdursJuxuhhP4FLx4UxKs/yJv/xqQtRUUfDDzem2Fmnh9xpo3jfForq2vrG5u5rfz2zu7efuHg8F6HsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqdtf3yd+e0HqjQL5Z2ZRNQTeChZwAg2mdQsdc76haJj16sXTr2MXNuZATl2uX5eq9aWShEWaPYLH71BSGJBpSEca911nch4CVaGEU6n+V6saYTJGA9pN6USC6q9ZHbrFJ2mygAFoUpLGjRTv08kWGg9EX7aKbAZ6d9eJv7ldWMT1LyEySg2VJL5oiDmyIQoexwNmKLE8ElKMFEsvRWREVaYmDSefBrC8vf/SbtsuxXbdW8rxcbVIo8cHMMJlMCFS2jADTShBQRG8AjP8GIJ68l6td7mrSvWYuYIfsB6/wIR544X</latexit>

P (X)

<latexit sha1_base64="qKHNLtzyuTrSkwZgoyWNmdfDT48=">AAAB7HicdVBNT8JAEJ3iF+IX6tHLRmKCl6ZFULgRvXjERAQDhGyXLWzY3Ta7WxPS8Be8eNDEePUHefPf2AIhavQlk7y8N5OZeV7ImTaO82llVlbX1jeym7mt7Z3dvfz+wZ0OIkVokwQ8UG0Pa8qZpE3DDKftUFEsPE5b3vgq9VsPVGkWyFszCWlP4KFkPiPYpFKjeH/azxccu1Y5d2ol5NrODMixS7WzaqW6VAqwQKOf/+gOAhIJKg3hWOuO64SmF2NlGOF0mutGmoaYjPGQdhIqsaC6F89unaKTRBkgP1BJSYNm6veJGAutJ8JLOgU2I/3bS8W/vE5k/GovZjKMDJVkvsiPODIBSh9HA6YoMXySEEwUS25FZIQVJiaJJ5eEsPz9f9Iq2W7Zdt2bcqF+ucgjC0dwDEVw4QLqcA0NaAKBETzCM7xYwnqyXq23eWvGWswcwg9Y718TbY4Y</latexit>

P (Y )

<latexit sha1_base64="VYGWpbuTCaFWxGHcYZb8L0vcDJA=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBAiyLIbE01uQS8eI5iHJEuYncwmY2Znl5lZIYT8gxcPCuLV7/Hm3zh5EFS0oKGo6qa7y485U9pxPq2l5ZXVtfXURnpza3tnN7O3X1dRIgmtkYhHsuljRTkTtKaZ5rQZS4pDn9OGP7ia+I0HKhWLxK0extQLcU+wgBGsjVSv5pqndyedTNaxy8Vzp5xHru1MgRw7Xz4rFUsLJQtzVDuZj3Y3IklIhSYcK9VynVh7Iyw1I5yO0+1E0RiTAe7RlqECh1R5o+m1Y3RslC4KImlKaDRVv0+McKjUMPRNZ4h1X/32JuJfXivRQckbMREnmgoyWxQkHOkITV5HXSYp0XxoCCaSmVsR6WOJiTYBpU0Ii9//J4287RZs170pZCuX8zxScAhHkAMXLqAC11CFGhC4h0d4hhcrsp6sV+tt1rpkzWcO4Aes9y8oOI6w</latexit>

P (X,Y )
<latexit sha1_base64="orusuVcWhkVPlQ5xmUizU9WhZfc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc82H25NOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiaI8A</latexit>

P (X|Y )

<latexit sha1_base64="owYXqz1up165EkrAHEsoAkrwLCM=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc7cPzZNOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiao8A</latexit>

P (Y |X)

<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=

<latexit sha1_base64="VYGWpbuTCaFWxGHcYZb8L0vcDJA=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBAiyLIbE01uQS8eI5iHJEuYncwmY2Znl5lZIYT8gxcPCuLV7/Hm3zh5EFS0oKGo6qa7y485U9pxPq2l5ZXVtfXURnpza3tnN7O3X1dRIgmtkYhHsuljRTkTtKaZ5rQZS4pDn9OGP7ia+I0HKhWLxK0extQLcU+wgBGsjVSv5pqndyedTNaxy8Vzp5xHru1MgRw7Xz4rFUsLJQtzVDuZj3Y3IklIhSYcK9VynVh7Iyw1I5yO0+1E0RiTAe7RlqECh1R5o+m1Y3RslC4KImlKaDRVv0+McKjUMPRNZ4h1X/32JuJfXivRQckbMREnmgoyWxQkHOkITV5HXSYp0XxoCCaSmVsR6WOJiTYBpU0Ii9//J4287RZs170pZCuX8zxScAhHkAMXLqAC11CFGhC4h0d4hhcrsp6sV+tt1rpkzWcO4Aes9y8oOI6w</latexit>

P (X,Y )

<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=
<latexit sha1_base64="VU8nqKe1TyLKXiUIFwC+tJEfOtI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0hqq+2t6MVjBWsLbSib7aZdursJuxuhhP4FLx4UxKs/yJv/xqQtRUUfDDzem2Fmnh9xpo3jfForq2vrG5u5rfz2zu7efuHg8F6HsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqdtf3yd+e0HqjQL5Z2ZRNQTeChZwAg2mdQsdc76haJj16sXTr2MXNuZATl2uX5eq9aWShEWaPYLH71BSGJBpSEca911nch4CVaGEU6n+V6saYTJGA9pN6USC6q9ZHbrFJ2mygAFoUpLGjRTv08kWGg9EX7aKbAZ6d9eJv7ldWMT1LyEySg2VJL5oiDmyIQoexwNmKLE8ElKMFEsvRWREVaYmDSefBrC8vf/SbtsuxXbdW8rxcbVIo8cHMMJlMCFS2jADTShBQRG8AjP8GIJ68l6td7mrSvWYuYIfsB6/wIR544X</latexit>

P (X)

<latexit sha1_base64="qKHNLtzyuTrSkwZgoyWNmdfDT48=">AAAB7HicdVBNT8JAEJ3iF+IX6tHLRmKCl6ZFULgRvXjERAQDhGyXLWzY3Ta7WxPS8Be8eNDEePUHefPf2AIhavQlk7y8N5OZeV7ImTaO82llVlbX1jeym7mt7Z3dvfz+wZ0OIkVokwQ8UG0Pa8qZpE3DDKftUFEsPE5b3vgq9VsPVGkWyFszCWlP4KFkPiPYpFKjeH/azxccu1Y5d2ol5NrODMixS7WzaqW6VAqwQKOf/+gOAhIJKg3hWOuO64SmF2NlGOF0mutGmoaYjPGQdhIqsaC6F89unaKTRBkgP1BJSYNm6veJGAutJ8JLOgU2I/3bS8W/vE5k/GovZjKMDJVkvsiPODIBSh9HA6YoMXySEEwUS25FZIQVJiaJJ5eEsPz9f9Iq2W7Zdt2bcqF+ucgjC0dwDEVw4QLqcA0NaAKBETzCM7xYwnqyXq23eWvGWswcwg9Y718TbY4Y</latexit>

P (Y )

<latexit sha1_base64="VYGWpbuTCaFWxGHcYZb8L0vcDJA=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBAiyLIbE01uQS8eI5iHJEuYncwmY2Znl5lZIYT8gxcPCuLV7/Hm3zh5EFS0oKGo6qa7y485U9pxPq2l5ZXVtfXURnpza3tnN7O3X1dRIgmtkYhHsuljRTkTtKaZ5rQZS4pDn9OGP7ia+I0HKhWLxK0extQLcU+wgBGsjVSv5pqndyedTNaxy8Vzp5xHru1MgRw7Xz4rFUsLJQtzVDuZj3Y3IklIhSYcK9VynVh7Iyw1I5yO0+1E0RiTAe7RlqECh1R5o+m1Y3RslC4KImlKaDRVv0+McKjUMPRNZ4h1X/32JuJfXivRQckbMREnmgoyWxQkHOkITV5HXSYp0XxoCCaSmVsR6WOJiTYBpU0Ii9//J4287RZs170pZCuX8zxScAhHkAMXLqAC11CFGhC4h0d4hhcrsp6sV+tt1rpkzWcO4Aes9y8oOI6w</latexit>

P (X,Y )
<latexit sha1_base64="orusuVcWhkVPlQ5xmUizU9WhZfc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc82H25NOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiaI8A</latexit>

P (X|Y )

<latexit sha1_base64="owYXqz1up165EkrAHEsoAkrwLCM=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc7cPzZNOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiao8A</latexit>

P (Y |X)
<latexit sha1_base64="VYGWpbuTCaFWxGHcYZb8L0vcDJA=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBAiyLIbE01uQS8eI5iHJEuYncwmY2Znl5lZIYT8gxcPCuLV7/Hm3zh5EFS0oKGo6qa7y485U9pxPq2l5ZXVtfXURnpza3tnN7O3X1dRIgmtkYhHsuljRTkTtKaZ5rQZS4pDn9OGP7ia+I0HKhWLxK0extQLcU+wgBGsjVSv5pqndyedTNaxy8Vzp5xHru1MgRw7Xz4rFUsLJQtzVDuZj3Y3IklIhSYcK9VynVh7Iyw1I5yO0+1E0RiTAe7RlqECh1R5o+m1Y3RslC4KImlKaDRVv0+McKjUMPRNZ4h1X/32JuJfXivRQckbMREnmgoyWxQkHOkITV5HXSYp0XxoCCaSmVsR6WOJiTYBpU0Ii9//J4287RZs170pZCuX8zxScAhHkAMXLqAC11CFGhC4h0d4hhcrsp6sV+tt1rpkzWcO4Aes9y8oOI6w</latexit>

P (X,Y )

<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=

<latexit sha1_base64="qKHNLtzyuTrSkwZgoyWNmdfDT48=">AAAB7HicdVBNT8JAEJ3iF+IX6tHLRmKCl6ZFULgRvXjERAQDhGyXLWzY3Ta7WxPS8Be8eNDEePUHefPf2AIhavQlk7y8N5OZeV7ImTaO82llVlbX1jeym7mt7Z3dvfz+wZ0OIkVokwQ8UG0Pa8qZpE3DDKftUFEsPE5b3vgq9VsPVGkWyFszCWlP4KFkPiPYpFKjeH/azxccu1Y5d2ol5NrODMixS7WzaqW6VAqwQKOf/+gOAhIJKg3hWOuO64SmF2NlGOF0mutGmoaYjPGQdhIqsaC6F89unaKTRBkgP1BJSYNm6veJGAutJ8JLOgU2I/3bS8W/vE5k/GovZjKMDJVkvsiPODIBSh9HA6YoMXySEEwUS25FZIQVJiaJJ5eEsPz9f9Iq2W7Zdt2bcqF+ucgjC0dwDEVw4QLqcA0NaAKBETzCM7xYwnqyXq23eWvGWswcwg9Y718TbY4Y</latexit>

P (Y )

<latexit sha1_base64="owYXqz1up165EkrAHEsoAkrwLCM=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc7cPzZNOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiao8A</latexit>

P (Y |X)
<latexit sha1_base64="VU8nqKe1TyLKXiUIFwC+tJEfOtI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0hqq+2t6MVjBWsLbSib7aZdursJuxuhhP4FLx4UxKs/yJv/xqQtRUUfDDzem2Fmnh9xpo3jfForq2vrG5u5rfz2zu7efuHg8F6HsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqdtf3yd+e0HqjQL5Z2ZRNQTeChZwAg2mdQsdc76haJj16sXTr2MXNuZATl2uX5eq9aWShEWaPYLH71BSGJBpSEca911nch4CVaGEU6n+V6saYTJGA9pN6USC6q9ZHbrFJ2mygAFoUpLGjRTv08kWGg9EX7aKbAZ6d9eJv7ldWMT1LyEySg2VJL5oiDmyIQoexwNmKLE8ElKMFEsvRWREVaYmDSefBrC8vf/SbtsuxXbdW8rxcbVIo8cHMMJlMCFS2jADTShBQRG8AjP8GIJ68l6td7mrSvWYuYIfsB6/wIR544X</latexit>

P (X)<latexit sha1_base64="orusuVcWhkVPlQ5xmUizU9WhZfc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc82H25NOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiaI8A</latexit>

P (X|Y )
<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=



Bayesian Inference
<latexit sha1_base64="orusuVcWhkVPlQ5xmUizU9WhZfc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc82H25NOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiaI8A</latexit>

P (X|Y )
<latexit sha1_base64="qKHNLtzyuTrSkwZgoyWNmdfDT48=">AAAB7HicdVBNT8JAEJ3iF+IX6tHLRmKCl6ZFULgRvXjERAQDhGyXLWzY3Ta7WxPS8Be8eNDEePUHefPf2AIhavQlk7y8N5OZeV7ImTaO82llVlbX1jeym7mt7Z3dvfz+wZ0OIkVokwQ8UG0Pa8qZpE3DDKftUFEsPE5b3vgq9VsPVGkWyFszCWlP4KFkPiPYpFKjeH/azxccu1Y5d2ol5NrODMixS7WzaqW6VAqwQKOf/+gOAhIJKg3hWOuO64SmF2NlGOF0mutGmoaYjPGQdhIqsaC6F89unaKTRBkgP1BJSYNm6veJGAutJ8JLOgU2I/3bS8W/vE5k/GovZjKMDJVkvsiPODIBSh9HA6YoMXySEEwUS25FZIQVJiaJJ5eEsPz9f9Iq2W7Zdt2bcqF+ucgjC0dwDEVw4QLqcA0NaAKBETzCM7xYwnqyXq23eWvGWswcwg9Y718TbY4Y</latexit>

P (Y )

<latexit sha1_base64="owYXqz1up165EkrAHEsoAkrwLCM=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc7cPzZNOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiao8A</latexit>

P (Y |X)
<latexit sha1_base64="VU8nqKe1TyLKXiUIFwC+tJEfOtI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0hqq+2t6MVjBWsLbSib7aZdursJuxuhhP4FLx4UxKs/yJv/xqQtRUUfDDzem2Fmnh9xpo3jfForq2vrG5u5rfz2zu7efuHg8F6HsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqdtf3yd+e0HqjQL5Z2ZRNQTeChZwAg2mdQsdc76haJj16sXTr2MXNuZATl2uX5eq9aWShEWaPYLH71BSGJBpSEca911nch4CVaGEU6n+V6saYTJGA9pN6USC6q9ZHbrFJ2mygAFoUpLGjRTv08kWGg9EX7aKbAZ6d9eJv7ldWMT1LyEySg2VJL5oiDmyIQoexwNmKLE8ElKMFEsvRWREVaYmDSefBrC8vf/SbtsuxXbdW8rxcbVIo8cHMMJlMCFS2jADTShBQRG8AjP8GIJ68l6td7mrSvWYuYIfsB6/wIR544X</latexit>

P (X)
<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=

<latexit sha1_base64="0n8PUfL6Sc4Jbn7sBJyxvwJ3VCQ=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+2t6MVjC9ZW2lA22027drMJuxuhhP4CLx4UxKv/yJv/xu0HRUUfDDzem2Fmnh9zprTjfFqZldW19Y3sZm5re2d3L79/cKuiRBLaJBGPZNvHinImaFMzzWk7lhSHPqctf3Q19VsPVCoWiRs9jqkX4oFgASNYG6lx18sXHLtaPneqReTazgzIsYvVs0q5slQKsEC9l//o9iOShFRowrFSHdeJtZdiqRnhdJLrJorGmIzwgHYMFTikyktnh07QiVH6KIikKaHRTP0+keJQqXHom84Q66H67U3Fv7xOooOKlzIRJ5oKMl8UJBzpCE2/Rn0mKdF8bAgmkplbERliiYk22eRMCMvf/yetou2WbNdtlAq1y0UeWTiCYzgFFy6gBtdQhyYQoPAIz/Bi3VtP1qv1Nm/NWIuZQ/gB6/0LrlyNWQ==</latexit>

Y : Experimental data

parameter value
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<latexit sha1_base64="yE/DjgLAp8oRTO5Om9KKjEeUr3k=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgadmNiSa3oBePCRgTSJYwO+kko7MPZmaFsOQLvHhQEK/+kTf/xsmDoKIFDUVVN91dfiy40o7zaWVWVtfWN7Kbua3tnd29/P7BrYoSybDJIhHJtk8VCh5iU3MtsB1LpIEvsOXfX0391gNKxaPwRo9j9AI6DPmAM6qN1Gj38gXHrpbPnWqRuLYzA3HsYvWsUq4slQIsUO/lP7r9iCUBhpoJqlTHdWLtpVRqzgROct1EYUzZPR1ix9CQBqi8dHbohJwYpU8GkTQVajJTv0+kNFBqHPimM6B6pH57U/Evr5PoQcVLeRgnGkM2XzRIBNERmX5N+lwi02JsCGWSm1sJG1FJmTbZ5EwIy9//J62i7ZZs122UCrXLRR5ZOIJjOAUXLqAG11CHJjBAeIRneLHurCfr1Xqbt2asxcwh/ID1/gWs141Y</latexit>

X : Parameter value (  )
<latexit sha1_base64="4CW7+McQEOY2JPu5gVralNVwUjU=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4Gmba6cNd0Y3LCvYB7VAymUwbm0mGJCOUof/gxoWCuPV73Pk3pg9BRQ9cOJxzL/feEySMKu04H1ZubX1jcyu/XdjZ3ds/KB4edZRIJSZtLJiQvQApwignbU01I71EEhQHjHSDydXc794Tqajgt3qaED9GI04jipE2UmcQEqbRsFhy7AvPq1Q9aEijWq4vSKVWK9egazsLlMAKrWHxfRAKnMaEa8yQUn3XSbSfIakpZmRWGKSKJAhP0Ij0DeUoJsrPFtfO4JlRQhgJaYpruFC/T2QoVmoaB6YzRnqsfntz8S+vn+qo4WeUJ6kmHC8XRSmDWsD56zCkkmDNpoYgLKm5FeIxkghrE1DBhPD1KfyfdMu269mue+OVmperPPLgBJyCc+CCOmiCa9ACbYDBHXgAT+DZEtaj9WK9Lltz1mrmGPyA9fYJtPiPtQ==</latexit>

�

<latexit sha1_base64="nGf+T8Ie95ZlWnB0inJGbo+W1HY="></latexit>

P (�)P (data|�)
P (data)

= P (�|data)
Prior  

probability
Posterior 
probability

Likelihood



Bayesian Inference
<latexit sha1_base64="orusuVcWhkVPlQ5xmUizU9WhZfc=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc82H25NOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiaI8A</latexit>

P (X|Y )
<latexit sha1_base64="qKHNLtzyuTrSkwZgoyWNmdfDT48=">AAAB7HicdVBNT8JAEJ3iF+IX6tHLRmKCl6ZFULgRvXjERAQDhGyXLWzY3Ta7WxPS8Be8eNDEePUHefPf2AIhavQlk7y8N5OZeV7ImTaO82llVlbX1jeym7mt7Z3dvfz+wZ0OIkVokwQ8UG0Pa8qZpE3DDKftUFEsPE5b3vgq9VsPVGkWyFszCWlP4KFkPiPYpFKjeH/azxccu1Y5d2ol5NrODMixS7WzaqW6VAqwQKOf/+gOAhIJKg3hWOuO64SmF2NlGOF0mutGmoaYjPGQdhIqsaC6F89unaKTRBkgP1BJSYNm6veJGAutJ8JLOgU2I/3bS8W/vE5k/GovZjKMDJVkvsiPODIBSh9HA6YoMXySEEwUS25FZIQVJiaJJ5eEsPz9f9Iq2W7Zdt2bcqF+ucgjC0dwDEVw4QLqcA0NaAKBETzCM7xYwnqyXq23eWvGWswcwg9Y718TbY4Y</latexit>

P (Y )

<latexit sha1_base64="owYXqz1up165EkrAHEsoAkrwLCM=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiZdmNiSa3oBePEcxDkiXMTibJmNmdZWZWCGv+wYsHBfHq93jzb5w8CCpa0FBUddPd5UecKe04n9bS8srq2npqI725tb2zm9nbrysRS0JrRHAhmz5WlLOQ1jTTnDYjSXHgc9rwh5cTv3FPpWIivNGjiHoB7oesxwjWRqpXc7cPzZNOJuvY5eKZU84j13amQI6dL5+WiqWFkoU5qp3MR7srSBzQUBOOlWq5TqS9BEvNCKfjdDtWNMJkiPu0ZWiIA6q8ZHrtGB0bpYt6QpoKNZqq3ycSHCg1CnzTGWA9UL+9ifiX14p1r+QlLIxiTUMyW9SLOdICTV5HXSYp0XxkCCaSmVsRGWCJiTYBpU0Ii9//J4287RZs170uZCsX8zxScAhHkAMXzqECV1CFGhC4g0d4hhdLWE/Wq/U2a12y5jMH8APW+xeiao8A</latexit>

P (Y |X)
<latexit sha1_base64="VU8nqKe1TyLKXiUIFwC+tJEfOtI=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSLUS0hqq+2t6MVjBWsLbSib7aZdursJuxuhhP4FLx4UxKs/yJv/xqQtRUUfDDzem2Fmnh9xpo3jfForq2vrG5u5rfz2zu7efuHg8F6HsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqdtf3yd+e0HqjQL5Z2ZRNQTeChZwAg2mdQsdc76haJj16sXTr2MXNuZATl2uX5eq9aWShEWaPYLH71BSGJBpSEca911nch4CVaGEU6n+V6saYTJGA9pN6USC6q9ZHbrFJ2mygAFoUpLGjRTv08kWGg9EX7aKbAZ6d9eJv7ldWMT1LyEySg2VJL5oiDmyIQoexwNmKLE8ElKMFEsvRWREVaYmDSefBrC8vf/SbtsuxXbdW8rxcbVIo8cHMMJlMCFS2jADTShBQRG8AjP8GIJ68l6td7mrSvWYuYIfsB6/wIR544X</latexit>

P (X)
<latexit sha1_base64="1kdYk1DKiCWQ4srl4vvaCf6xlk0=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqq+1BKHrx2IK1hTaUzXbTrt1swu5GKKG/wIsHBfHqP/Lmv3H7QVHRBwOP92aYmefHnCntOJ9WZmV1bX0ju5nb2t7Z3cvvH9ypKJGENknEI9n2saKcCdrUTHPajiXFoc9pyx9dT/3WA5WKReJWj2PqhXggWMAI1kZqXPbyBceuls+dahG5tjMDcuxi9axSriyVAixQ7+U/uv2IJCEVmnCsVMd1Yu2lWGpGOJ3kuomiMSYjPKAdQwUOqfLS2aETdGKUPgoiaUpoNFO/T6Q4VGoc+qYzxHqofntT8S+vk+ig4qVMxImmgswXBQlHOkLTr1GfSUo0HxuCiWTmVkSGWGKiTTY5E8Ly9/9Jq2i7Jdt1G6VC7WqRRxaO4BhOwYULqMEN1KEJBCg8wjO8WPfWk/Vqvc1bM9Zi5hB+wHr/AoPQjT0=</latexit>=

<latexit sha1_base64="nGf+T8Ie95ZlWnB0inJGbo+W1HY="></latexit>

P (�)P (data|�)
P (data)

= P (�|data)
Prior  

probability

Posterior 
probability

Likelihood

What about               ? 
<latexit sha1_base64="jm1eyKxUeMxpACQdddJa8CDpQU8=">AAACGnicdVDNS8MwHE39nPOr6tFLcAgTZLRjY9tt6MXjBOcGXRlpmm5h6QdJKozSf8OL/4oXDwriTbz435h1Lajog8DjvfdLfnlOxKiQhvGprayurW9slrbK2zu7e/v6weGtCGOOSR+HLORDBwnCaED6kkpGhhEnyHcYGTizy4U/uCNc0DC4kfOI2D6aBNSjGEkljXUjGWWXWHzi2IlRM1pGvdk6VySDIp1O22jW017VRRKdpWO9UqRgkYJFCpq5UgE5emP9feSGOPZJIDFDQlimEUk7QVxSzEhaHsWCRAjP0IRYigbIJ8JOsqVSeKoUF3ohVyeQMFO/TyTIF2LuOyrpIzkVv72F+JdnxdJr2wkNoliSAC8f8mIGZQgXNUGXcoIlmyuCMKdqV4iniCMsVZllVULxU/g/GdRrZqNmmteNSvci76MEjsEJqAITtEAXXIEe6AMM7sEjeAYv2oP2pL1qb8voipbPHIEf0D6+AGsXnJs=</latexit>

P (data)

How do I choose the prior?

What am I supposed to do with the posterior?

Can you give examples of the likelihood?

Okay, but how do apply this with my laptop?


