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Announcements

• Pset #1 is due on Friday

• Office hours, wahoo!

• First sections this week!

• Section assignments will be sent out today.

• Auditing? Cool, but just lectures and online resources.

• https://cs109psets.netlify.app/win22/lecture4/

https://cs109psets.netlify.app/win22/lecture4/poop


Follow Along with Lecture
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https://cs109psets.netlify.app/win22/lecture4/

https://cs109psets.netlify.app/win22/lecture4/poop


Review



This class going forward
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Equally likely
events

Last week Today and for most of this course
Not equally likely events



Recall: S = all possible outcomes. E = the event.

• Axiom 1: 0 £ P(E) £ 1

• Axiom 2: P(S) = 1

• Identity 3: P(Ec) = 1 – P(E)

Review, Axioms of Probability



Recall: S = all possible outcomes. E = the event.

• Axiom 1: 0 £ P(E) £ 1

• Axiom 2: P(S) = 1

• Axiom 3: If events E and F are mutually exclusive:

P (E [ F ) = P (E) + P (F )

Review, Axioms of Probability



P (E [ F ) = P (E) + P (F )

If events are mutually exclusive, probability of OR is simple:

7/50 4/50

Review, Mutually Exclusive Events



P (E [ F ) = P (E) + P (F )

If events are mutually exclusive, probability of OR is simple:

7/50 4/50

P (E [ F ) =
7

50
+
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50

7/50 4/50

Review, Mutually Exclusive Events



X1

P (X1 [X2 [ · · · [Xn) =
nX

i=1

P (Xi)

X2

X3

Wahoo! All my 

events are mutually 

exclusive

Review, Mutually Exclusive Events



If events are mutually 
exclusive probability of 

OR is easy!

Review, Mutually Exclusive Events



Piech, CS109, Stanford University

End Review



Learning Goal for Today: Conditional Probability
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𝑃 𝐸

𝑃 𝐸|𝐹
Law of Total

Probability

Definition of
conditional probability

Chain rule
(Product rule)

𝑃 𝐸 and 𝐹

𝑃 𝐹|𝐸

Bayes’
Theorem



Conditional	
Probability
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Roll two dice
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Equally likely 
outcomes

In blue



Roll two 6-sided dice, yielding values 𝐷! and 𝐷". 
You want them to sum to 4.

What is the best outcome for  𝑃 𝐷! ?
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Dice, our misunderstood friends

Your Choices:
§ A. 1 and 3 tie for best
§ B. 1, 2 and 3 tie for best
§ C. 2 is the best
§ D. Other/none/more than one



Roll two 6-sided dice, yielding values 𝐷! and 𝐷".

Let 𝐸 be event: 𝐷! + 𝐷" = 4.

What is 𝑃 𝐸 ? What is 𝑃 𝐸, given 𝐹 already observed ?
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Dice, our misunderstood friends

𝑆 = 36
𝐸 = 1,3 , 2, 2 , 3,1

𝑃 𝐸 = 3/36 = 1/12

S = { 2,1 , 2,2 , 2,3 , 2,4 , 2,5 , (2,6)}
𝐸 = 2,2

𝑃 𝐸 = 1/6

Let 𝐹 be event: 𝐷! = 2.



Conditional Probability
The conditional probability of 𝐸 given 𝐹 is the probability that 𝐸 occurs given 
that F has already occurred. This is known as conditioning on F.

Written as: 𝑃(𝐸|𝐹)
Means: “𝑃 𝐸, given 𝐹 already observed ”
Sample space à all possible outcomes consistent with 𝐹 (i.e. 𝑆 ∩ 𝐹)
Event à all outcomes in 𝐸 consistent with 𝐹 (i.e. 𝐸 ∩ 𝐹)
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Conditional Probability, visual intuition
The conditional probability of 𝐸 given 𝐹 is the probability that 𝐸 occurs given 
that F has already occurred. This is known as conditioning on F.
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P (E|F ) =
3

14
⇡ 0.21

P (E) =
8

50
⇡ 0.16



Conditional Probability, equally likely outcomes
The conditional probability of 𝐸 given 𝐹 is the probability that 𝐸 occurs 
given that F has already occurred. This is known as conditioning on F.

With equally likely outcomes:
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𝑃 𝐸 𝐹 =
3
14 ≈ 0.21

𝑃 𝐸 =
8
50 ≈ 0.16

Shorthand notation for set 
intersection (aka set “and”)

||
||

||
||

F
EF

SF
EF

=# of outcomes in E consistent with F

# of outcomes in S consistent with F
Pr(E|F ) =
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Conditional Probability, equally likely outcomes
The conditional probability of 𝐸 given 𝐹 is the probability that 𝐸 occurs 
given that F has already occurred. This is known as conditioning on F.

With equally likely outcomes:
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𝑃 𝐸 𝐹 =
3
14 ≈ 0.21

𝑃 𝐸 =
8
50 ≈ 0.16

Shorthand notation for set 
intersection (aka set “and”)

||
||

||
||

F
EF

SF
EF

=# of outcomes in E consistent with F

# of outcomes in S consistent with F
Pr(E|F ) =
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Conditional probability in general

General definition of conditional probability:

𝑃 𝐸|𝐹 =
𝑃 𝐸𝐹
𝑃(𝐹)

The Chain Rule (aka Product rule):

𝑃 𝐸𝐹 = 𝑃 𝐹 𝑃 𝐸 𝐹
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These properties hold even when 
outcomes are not equally likely.

What if P(F) = 0?
§P(E | F) undefined
§Congratulations!  Observed impossible



Notation
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P (E and F )

<latexit sha1_base64="QCiPCsbuMNvCjbjTLDDL60UZOuU=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPXgoSCKxwr2A9qlZNNsG5rNLklWKEt/hBcPinj193jz35i2e9DWBwOP92aYmefHgmvjON8ot7K6tr6R3yxsbe/s7hX3D5o6ShRlDRqJSLV9opngkjUMN4K1Y8VI6AvW8kc3U7/1xJTmkXw045h5IRlIHnBKjJVa9fLtGb477RVLTsWZAS8TNyMlyFDvFb+6/YgmIZOGCqJ1x3Vi46VEGU4FmxS6iWYxoSMyYB1LJQmZ9tLZuRN8YpU+DiJlSxo8U39PpCTUehz6tjMkZqgXvan4n9dJTHDlpVzGiWGSzhcFicAmwtPfcZ8rRo0YW0Ko4vZWTIdEEWpsQgUbgrv48jJpnlfci0r1oVqqXWdx5OEIjqEMLlxCDe6hDg2gMIJneIU3FKMX9I4+5q05lM0cwh+gzx9Nwo47</latexit>

P (E,F )

<latexit sha1_base64="1aISYyGlPePHmM2Jk//NkW6bfYc=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh48FETxWMF+wHYp2TTbhmaTJckKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHhy0tU0Vok0guVSfEmnImaNMww2knURTHIaftcHQz9dtPVGkmxaMZJzSI8UCwiBFsrOQ3KreoS3CC7s56pbJbdWdAy8TLSRlyNHqlr25fkjSmwhCOtfY9NzFBhpVhhNNJsZtqmmAywgPqWypwTHWQzU6eoFOr9FEklS1h0Ez9PZHhWOtxHNrOGJuhXvSm4n+en5roKsiYSFJDBZkvilKOjETT/1GfKUoMH1uCiWL2VkSGWGFibEpFG4K3+PIyaZ1XvYtq7aFWrl/ncRTgGE6gAh5cQh3uoQFNICDhGV7hzTHOi/PufMxbV5x85gj+wPn8ATgGj+c=</latexit>

P (E \ F )

<latexit sha1_base64="Np0iDcLYZ84Ad3ws87BjqdGU41s=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh48FETxWMF+wHYp2TTbhmaTJckKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHhy0tU0Vok0guVSfEmnImaNMww2knURTHIaftcHQz9dtPVGkmxaMZJzSI8UCwiBFsrOQ3KreoS9IE3Z31SmW36s6AlomXkzLkaPRKX92+JGlMhSEca+17bmKCDCvDCKeTYjfVNMFkhAfUt1TgmOogm508QadW6aNIKlvCoJn6eyLDsdbjOLSdMTZDvehNxf88PzXRVZAxkaSGCjJfFKUcGYmm/6M+U5QYPrYEE8XsrYgMscLE2JSKNgRv8eVl0jqvehfV2kOtXL/O4yjAMZxABTy4hDrcQwOaQEDCM7zCm2OcF+fd+Zi3rjj5zBH8gfP5A1amj/s=</latexit>

P (E [ F )

<latexit sha1_base64="acR46NTTKbINemZL494crbC5u50=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyWRoi5cFERxWcE+oA1lMp20QyeZMHMjLSG/4saFIm79EXf+jdPHQlvP6nDOvdxzjx8LrsFxvq3c2vrG5lZ+u7Czu7d/YB8Wm1omirIGlUKqtk80EzxiDeAgWDtWjIS+YC1/dDP1W09MaS6jR5jEzAvJIOIBpwSM1LOL9fIt7gIbQ4qlwhm+O+vZJafizIBXibsgJbRAvWd/dfuSJiGLgAqidcd1YvBSooBTwbJCN9EsJnREBqxjaERCpr10lj3Dp0bp48DcDmQEeKb+3khJqPUk9M1kSGCol72p+J/XSSC48lIexQmwiM4PBYnAIPG0CNznilEQE0MIVdxkxXRIFKFg6iqYEtzll1dJ87ziXlSqD9VS7XpRRx4doxNURi66RDV0j+qogSgao2f0it6szHqx3q2P+WjOWuwcoT+wPn8A3teTCA==</latexit>

P (E or F )
<latexit sha1_base64="9PZr4ZtUTyJ4Urt/7uAITUjSfSM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh48FETxWMF+QLuUbJptQ7PJmmSFsvZPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++0sLa+srq3nNvKbW9s7u4W9/YaWiSK0TiSXqhVgTTkTtG6Y4bQVK4qjgNNmMLya+M1HqjST4t6MYupHuC9YyAg2VmrVStfoCd2cdAtFt+xOgRaJl5EiZKh1C1+dniRJRIUhHGvd9tzY+ClWhhFOx/lOommMyRD3adtSgSOq/XR67xgdW6WHQqlsCYOm6u+JFEdaj6LAdkbYDPS8NxH/89qJCS/8lIk4MVSQ2aIw4chINHke9ZiixPCRJZgoZm9FZIAVJsZGlLchePMvL5LGadk7K1fuKsXqZRZHDg7hCErgwTlU4RZqUAcCHJ7hFd6cB+fFeXc+Zq1LTjZzAH/gfP4AHq6OtQ==</latexit>

P (E|F )

And Or Given

<latexit sha1_base64="RYd/TLsZdhIiq1wipa5OT51JpXA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBotQQUoiRV24KIiPZQX7gDSUyXTSDp1MwsxEKLGf4caFIm79Gnf+jdM2C209cOFwzr3ce48fc6a0bX9buaXlldW1/HphY3Nre6e4u9dUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+8mvitRyoVi8SDHsXUC3FfsIARrI3k1svX6AndnKDb426xZFfsKdAicTJSggz1bvGr04tIElKhCcdKuY4day/FUjPC6bjQSRSNMRniPnUNFTikykunJ4/RkVF6KIikKaHRVP09keJQqVHom84Q64Ga9ybif56b6ODCS5mIE00FmS0KEo50hCb/ox6TlGg+MgQTycytiAywxESblAomBGf+5UXSPK04Z5XqfbVUu8ziyMMBHEIZHDiHGtxBHRpAIIJneIU3S1sv1rv1MWvNWdnMPvyB9fkDcq2PZg==</latexit>

P (E|F,G)

Probability of E given 
F and G

<latexit sha1_base64="6qnoY2gNJychBa+7sNhe+X30j34=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh48FETxWMFtC+1Ssmm2DU2yS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThWhPol5rNoh1pQzSX3DDKftRFEsQk5b4ehm6reeqNIslo9mnNBA4IFkESPYWMlvVG7vznqlslt1Z0DLxMtJGXI0eqWvbj8mqaDSEI617nhuYoIMK8MIp5NiN9U0wWSEB7RjqcSC6iCbHTtBp1bpoyhWtqRBM/X3RIaF1mMR2k6BzVAvelPxP6+TmugqyJhMUkMlmS+KUo5MjKafoz5TlBg+tgQTxeytiAyxwsTYfIo2BG/x5WXSPK96F9XaQ61cv87jKMAxnEAFPLiEOtxDA3wgwOAZXuHNkc6L8+58zFtXnHzmCP7A+fwBjmuN2w==</latexit>

P (EF )



Baby Poop

In the morning when she wakes up, a baby has a 50% chance of having pooped. 
The chance that a baby cries given that she has pooped is 50%. What is the 
probability that a baby has pooped, and cries.

https://cs109psets.netlify.app/win22/lecture4/poop



Generalized Chain Rule

Pr(E1 and E2 and E3 and . . . En)
<latexit sha1_base64="44DGzK6hn4K/+ibi/yfRSL9TyA8=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIdVNmqmCXBSm6rGAv0A5DJpO2oZnMkJwRy9BHcuOj6EZBEbc+hellYVsPBP585/wk5/djwTXY9ruVWVvf2NzKbud2dvf2D/KHR00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/vB60m89MKV5JO9hFDM3JH3Je5wSMMjL33SBPUJaV+NizXPw7IaJDPAY17zyMrhYBN0gAm2wPPfyBbtkTwuvCmcuCmhedS//Ysw0CZkEKojWHceOwU2JAk4FG+e6iWYxoUPSZx0jJQmZdtPpwmN8ZkiAe5EyRwKe0r+OlIRaj0LfTIYEBnq5N4H/9ToJ9CpuymWcAJN09lAvERgiPEkPB1wxCmJkBKGKm79iOiCKUDAZ50wIzvLKq6JZLjlG310WqpV5HFl0gk5RETnoClXRLaqjBqLoCb2iD/RpPVtv1pf1PRvNWHPPMVoo6+cXJ/GnwQ==</latexit><latexit sha1_base64="44DGzK6hn4K/+ibi/yfRSL9TyA8=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIdVNmqmCXBSm6rGAv0A5DJpO2oZnMkJwRy9BHcuOj6EZBEbc+hellYVsPBP585/wk5/djwTXY9ruVWVvf2NzKbud2dvf2D/KHR00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/vB60m89MKV5JO9hFDM3JH3Je5wSMMjL33SBPUJaV+NizXPw7IaJDPAY17zyMrhYBN0gAm2wPPfyBbtkTwuvCmcuCmhedS//Ysw0CZkEKojWHceOwU2JAk4FG+e6iWYxoUPSZx0jJQmZdtPpwmN8ZkiAe5EyRwKe0r+OlIRaj0LfTIYEBnq5N4H/9ToJ9CpuymWcAJN09lAvERgiPEkPB1wxCmJkBKGKm79iOiCKUDAZ50wIzvLKq6JZLjlG310WqpV5HFl0gk5RETnoClXRLaqjBqLoCb2iD/RpPVtv1pf1PRvNWHPPMVoo6+cXJ/GnwQ==</latexit><latexit sha1_base64="44DGzK6hn4K/+ibi/yfRSL9TyA8=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIdVNmqmCXBSm6rGAv0A5DJpO2oZnMkJwRy9BHcuOj6EZBEbc+hellYVsPBP585/wk5/djwTXY9ruVWVvf2NzKbud2dvf2D/KHR00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/vB60m89MKV5JO9hFDM3JH3Je5wSMMjL33SBPUJaV+NizXPw7IaJDPAY17zyMrhYBN0gAm2wPPfyBbtkTwuvCmcuCmhedS//Ysw0CZkEKojWHceOwU2JAk4FG+e6iWYxoUPSZx0jJQmZdtPpwmN8ZkiAe5EyRwKe0r+OlIRaj0LfTIYEBnq5N4H/9ToJ9CpuymWcAJN09lAvERgiPEkPB1wxCmJkBKGKm79iOiCKUDAZ50wIzvLKq6JZLjlG310WqpV5HFl0gk5RETnoClXRLaqjBqLoCb2iD/RpPVtv1pf1PRvNWHPPMVoo6+cXJ/GnwQ==</latexit><latexit sha1_base64="44DGzK6hn4K/+ibi/yfRSL9TyA8=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIdVNmqmCXBSm6rGAv0A5DJpO2oZnMkJwRy9BHcuOj6EZBEbc+hellYVsPBP585/wk5/djwTXY9ruVWVvf2NzKbud2dvf2D/KHR00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/vB60m89MKV5JO9hFDM3JH3Je5wSMMjL33SBPUJaV+NizXPw7IaJDPAY17zyMrhYBN0gAm2wPPfyBbtkTwuvCmcuCmhedS//Ysw0CZkEKojWHceOwU2JAk4FG+e6iWYxoUPSZx0jJQmZdtPpwmN8ZkiAe5EyRwKe0r+OlIRaj0LfTIYEBnq5N4H/9ToJ9CpuymWcAJN09lAvERgiPEkPB1wxCmJkBKGKm79iOiCKUDAZ50wIzvLKq6JZLjlG310WqpV5HFl0gk5RETnoClXRLaqjBqLoCb2iD/RpPVtv1pf1PRvNWHPPMVoo6+cXJ/GnwQ==</latexit>

<latexit sha1_base64="k8jlM4XWZoq2GrGRQyRUgn82r6Y="></latexit>

= Pr(E1) · Pr(E2|E1) · Pr(E3|E1, E2) · · ·Pr(En|E1, E2 . . . En�1)
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and	Learn



Netflix and Learn 𝑃 𝐸|𝐹 =
𝑃 𝐸𝐹
𝑃(𝐹)

Definition of
Cond. Probability

P(E)

S = {Watch, Not Watch} 

E = {Watch} 

P(E) = ½ ?

What is the probability 
that a user will watch

Life is Beautiful?



Netflix and Learn

What is the probability 
that a user will watch

Life is Beautiful?

P(E)



Netflix and Learn

29

What is the probability 
that a user will watch

Life is Beautiful?

P(E) = 10,234,231 / 50,923,123 = 0.20

P (E) = lim
n!1

n(E)

n
⇡ #people who watched movie

#people on Netflix

P(E)



Netflix and Learn

30

𝑃 𝐸|𝐹 =
𝑃 𝐸𝐹
𝑃(𝐹)

Definition of
Cond. Probability

𝑃 𝐸 = 0.19 𝑃 𝐸 = 0.32 𝑃 𝐸 = 0.20 𝑃 𝐸 = 0.20𝑃 𝐸 = 0.09

Let 𝐸 be the event that a user watches the given movie.



Netflix and Learn
Let 𝐸 = a user watches Life is Beautiful.
Let 𝐹 = a user watches CODA.

What is the probability that a user watches
Life is Beautiful, given they watched Amelie?

𝑃 𝐸|𝐹

𝑃 𝐸|𝐹 =

= # people who have watched both
# people who have watched Amelie

31

𝑃 𝐸|𝐹 =
𝑃 𝐸𝐹
𝑃(𝐹)

Definition of
Cond. Probability

= 
# people who have watched both

# people on Netflix
# people who have watched Amelie

# people on Netflix

𝑃 𝐸𝐹
𝑃(𝐹)

≈ 0.42



Netflix and Learn

Let 𝐸 be the event that a user watches the given movie.
Let 𝐹 be the event that the same user watches CODA (2021).

32

𝑃 𝐸 = 0.19 𝑃 𝐸 = 0.32 𝑃 𝐸 = 0.20 𝑃 𝐸 = 0.20𝑃 𝐸 = 0.09

𝑃 𝐸|𝐹 =
𝑃 𝐸𝐹
𝑃(𝐹)

Definition of
Cond. Probability

𝑃 𝐸|𝐹 = 0.14 𝑃 𝐸|𝐹 = 0.35 𝑃 𝐸|𝐹 = 0.20 𝑃 𝐸|𝐹 = 0.72 𝑃 𝐸|𝐹 = 0.42



Machine Learning

33

Machine Learning is:
Probability + Data + Computers 



Law	of	Total	
Probability

34



Baby Poop Redux

In the morning when she wakes up, a baby has a 50% chance of having pooped. 
The chance that a baby cries given that she has pooped is 50%. What is the 
probability that a baby has pooped, and cries.

Other interesting questions (coming soon):
Probability of crying

What information do you need?



Relationship Between Probabilities

36

𝑃 𝐸

𝑃 𝐸|𝐹
Law of Total

Probability

Definition of
conditional probability

Chain rule
(Product rule)

𝑃 𝐸 and 𝐹



Law of Total Probability

Say E and F are events in S

E = EF È EFc

P(E) = P(EF) + P(EFc)? 

F FC

Sample Space

E



Law of Total Probability

Thm Let 𝐹 be an event where 𝑃 𝐹 > 0. For any event 𝐸,
𝑃(𝐸) = 𝑃 𝐸|𝐹 𝑃 𝐹 + 𝑃 𝐸|𝐹0 𝑃 𝐹0

Proof
1. 𝐸 = 𝐸𝐹 or (𝐸𝐹() Since F and 𝐹( are disjoint
2. 𝑃(𝐸) = 𝑃 𝐸𝐹 + 𝑃(𝐸𝐹() Probability of or for disjoint 
3. 𝑃(𝐸) = 𝑃 𝐸|𝐹 𝑃 𝐹 + 𝑃 𝐸|𝐹( 𝑃 𝐹( Chain rule (product rule)

38



P (E) = P (EF ) + P (EFC)

= P (E|F )P (F ) + P (E|FC)P (FC)

Sample Space

E

Law of Total Probability

Here F is like a “background event”. You know your event conditioned on the background.

F FC



P (E) = P (EF ) + P (EFC)

= P (E|F )P (F ) + P (E|FC)P (FC)

E and FC

Sample Space

E and F

Law of Total Probability

Here F is like a “background event”. You know your event conditioned on the background.

F FC



Baby Poop

In the morning when she wakes up, a baby has a 50% chance of having pooped. 
The chance that a baby cries given that she has pooped is 50%. What is the 
probability that a baby has pooped, and cries.

Other interesting questions (coming soon):
Probability of crying (T)

What information do you need?

Probability of crying given no poop.

<latexit sha1_base64="uJUNxgfzljdVXXu9nbwQ1bJ4rRY=">AAACDXicbVDLSgMxFM3UV62vUZduglVoEcqMlOpGKBTBZYW+oB1LJs20oZnMkGSEMvYH3Pgrblwo4ta9O//GdDoLbb2Q3HPPuZfkHjdkVCrL+jYyK6tr6xvZzdzW9s7unrl/0JJBJDBp4oAFouMiSRjlpKmoYqQTCoJ8l5G2O67N9PY9EZIGvKEmIXF8NOTUoxgpTfXNk3qhUYRXUKeH66JO+jqbV3e1pNapb+atkpUEXAZ2CvIgjXrf/OoNAhz5hCvMkJRd2wqVEyOhKGZkmutFkoQIj9GQdDXkyCfSiZNtpvBUMwPoBUIfrmDC/p6IkS/lxHd1p4/USC5qM/I/rRsp79KJKQ8jRTieP+RFDKoAzqyBAyoIVmyiAcKC6r9CPEICYaUNzGkT7MWVl0HrvGRXSuXbcr5aSe3IgiNwDArABhegCm5AHTQBBo/gGbyCN+PJeDHejY95a8ZIZw7BnzA+fwBTFZan</latexit>

P (T ) = P (T |E)P (E) + P (T |EC)P (EC)

Recall that T is crying and E is poop



Evolution of Bacteria Law of Total
Probability

42

𝑃 𝐸 = 𝑃 𝐸|𝐹 𝑃 𝐹 + 𝑃 𝐸|𝐹! 𝑃 𝐹!

You have bacteria in your gut which is causing a disease.
10% have a mutation which makes them resistant to anti-biotics
You take half a course of anti-biotics…

Probability a bacteria survives given it has the mutation: 20%
Probability a bacteria survives given it doesn't have the mutation: 1%
What is the probability that a randomly chosen bacteria survives?

Let E be the event that a bacterium survives. Let M be the event that a 
bacteria has the mutation. By the By Law of Total Probability (LOTP):

Pr(E) = Pr(E and M) + Pr(E and MC
) LOTP

= Pr(E|M)Pr(M) + Pr(E|MC
)Pr(MC

) Chain Rule

= 0.20 · 0.10 + 0.01 · 0.90 Substituting

= 0.029
<latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit>

http://localhost:8000/en/en/part1/law_total


P (E) = P (EF ) + P (EFC)

= P (E|F )P (F ) + P (E|FC)P (FC)

F FC

Sample Space

E

Law of Total Probability



B1

B2

Sample Space

E
B3 B4

P (E) =
X

i

P (Bi \ E)

=
X

i

P (E|Bi)P (Bi)

Law of Total Probability

For mutually exclusive events 𝐵*, 𝐵+, …, 𝐵,
s.t. 𝐵* ∪ 𝐵+ ∪⋯∪ 𝐵, = 𝑆,

Thm



Real question. What is the probability that a 
surviving bacteria has the mutation?

Pr ( Mutation | Survives )
Pr ( M | E )



46

🤔

Let E be the event that our bacterium survives. Let M be the event that a 
bacteria has the mutation. By the By Law of Total Probability (LOTP):

Pr(E) = Pr(E and M) + Pr(E and MC
) LOTP

= Pr(E|M)Pr(M) + Pr(E|MC
)Pr(MC

) Chain Rule

= 0.20 · 0.10 + 0.01 · 0.90 Substituting

= 0.029
<latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit>

You have bacteria in your gut which is causing a disease.
10% have a mutation which makes them resistant to anti-biotics
You take half a course of anti-biotics…

Probability a bacteria survives given it has the mutation: 20%
Probability a bacteria survives given it doesn't have the mutation: 1%
What is the probability that a randomly chosen bacteria survives?

Real Question: Pr( M | E)?

http://localhost:8000/en/en/part1/law_total


Real Question: Pr( M | E)?
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🤔

You have bacteria in your gut which is causing a disease.
10% have a mutation which makes them resistant to anti-biotics
You take half a course of anti-biotics…

Pr( E | M) = 0.20
Pr( E | MC) = 0.01
What is the probability that a randomly chosen bacteria survives?

Let E be the event that our bacterium survives. Let M be the event that a 
bacteria has the mutation. By the By Law of Total Probability (LOTP):

Pr(E) = Pr(E and M) + Pr(E and MC
) LOTP

= Pr(E|M)Pr(M) + Pr(E|MC
)Pr(MC

) Chain Rule

= 0.20 · 0.10 + 0.01 · 0.90 Substituting

= 0.029
<latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit><latexit sha1_base64="LrIZcnXyGJAsSo5TxKf8bYM2H3s="></latexit>

http://localhost:8000/en/en/part1/law_total


Relationship Between Probabilities

48

𝑃 𝐸

𝑃 𝐸|𝐹
Law of Total

Probability

Definition of
conditional probability

Chain rule
(Product rule)

𝑃 𝐸 and 𝐹



Relationship Between Probabilities
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𝑃 𝐸

𝑃 𝐸|𝐹
Law of Total

Probability

Definition of
conditional probability

Chain rule
(Product rule)

𝑃 𝐸 and 𝐹

𝑃 𝐹|𝐸

Bayes’
Theorem



Bayes’	Theorem	
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Thomas Bayes

51

Rev. Thomas Bayes (~1701-1761):
British mathematician and Presbyterian minister

He looked remarkably similar to Charlie Sheen
(but that’s not important right now)
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I want to calculate 
P(State of the world F | Observation E)

It seems so tricky!…

The other way around is easy
P(Observation E | State of the world F)

What options to I have, chief?

P( F | E )

P( E | F )

Thomas Bayes
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Thomas Bayes Want P( F | E ).  Know P( E | F )

P (F |E) =
P (EF )

P (E)
Def. of Conditional Prob.

=
P (E|F )P (F )

P (E)
Chain Rule

<latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit>

P (F |E) =
P (EF )

P (E)
Def. of Conditional Prob.

=
P (E|F )P (F )

P (E)
Chain Rule

<latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit>

P (F |E) =
P (EF )

P (E)
Def. of Conditional Prob.

=
P (E|F )P (F )

P (E)
Chain Rule

<latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit>

P (F |E) =
P (EF )

P (E)
Def. of Conditional Prob.

=
P (E|F )P (F )

P (E)
Chain Rule

<latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit><latexit sha1_base64="IvilxdU97DewTmP2DDnG60i4sKo="></latexit>

A little while later…



Bayes’ Theorem
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Thm For any events 𝐸 and 𝐹 where 𝑃 𝐸 > 0 and 𝑃 𝐹 > 0,

𝑃 𝐹 𝐸 =
𝑃 𝐸 𝐹 𝑃 𝐹

𝑃 𝐸
Proof

2 steps! See board

Expanded form:

𝑃 𝐹 𝐸 =
𝑃 𝐸 𝐹 𝑃 𝐹

𝑃 𝐸|𝐹 𝑃 𝐹 + 𝑃 𝐸 𝐹0 𝑃(𝐹0)

𝑃 𝐹|𝐸𝑃 𝐸|𝐹

Proof
1 more step! See board



Detecting spam email
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𝑃 𝐸 𝐹 = 𝑃 2“Dear” Spam
email

But what is the probability that an 
email containing “Dear” is spam?

𝑃 𝐹 𝐸 = 𝑃 2“Dear”Spam 
email
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Spam volume as percentage of total email 
traffic worldwide

We can easily calculate how many 
spam emails contain “Dear”:



(silent drumroll)

56



Detecting spam email 𝑃 𝐹 𝐸 =
𝑃 𝐸 𝐹 𝑃 𝐹

𝑃 𝐸|𝐹 𝑃 𝐹 + 𝑃 𝐸 𝐹! 𝑃(𝐹!)
Bayes’ 
Theorem

• 60% of all email in 2016 is spam.
• 20% of spam has the word “Dear”
• 1% of non-spam (aka ham) has the word “Dear”

You get an email with the word “Dear” in it.
What is the probability that the email is spam?

57

1. Define events
& state goal

2. Identify known
probabilities

3. Solve

Let: 𝐸: “Dear”, 𝐹: spam
Want: 𝑃 spam|“Dear”

= 𝑃 𝐹|𝐸



Bayes’ Theorem terminology

𝑃 𝐹 𝐸 =
𝑃 𝐸 𝐹 𝑃 𝐹

𝑃 𝐸

58

posterior
likelihood prior

𝑃 𝐹
𝑃 𝐸|𝐹
𝑃 𝐸|𝐹(

Want: 𝑃 𝐹|𝐸

normalization constant

• 60% of all email in 2016 is spam.
• 20% of spam has the word “Dear”
• 1% of non-spam (aka ham) has the word “Dear”

You get an email with the word “Dear” in it.
What is the probability that the email is spam?



A test is 98% effective at detecting SARS
§ However, test has a “false positive” rate of 1%
§ 0.5% of US population has SARS
§ Let E = you test positive for SARS with this test
§ Let F = you actually have SARS
§ What is P(F | E)?

Solution:

P(E | F) P(F) + P(E | Fc) P(Fc)
P(F | E) =

P(E | F) P(F)

(0.98)(0.005) + (0.01)(1 - 0.005)
P(F | E) =

(0.98)(0.005)
» 0.330

SARS Virus Testing



Intuition Time



All People

Bayes Thorem Intuition



All People

People with SARS

Bayes Thorem Intuition



All People

People who test positive

Bayes Thorem Intuition



All People

People with SARS

People who test positive

Bayes Thorem Intuition



Conditioning on a positive result changes the 
sample space to this:

» 0.330

People who 
test positive

People who test 
positive and have 
SARS

Bayes Thorem Intuition



Conditioning on a positive result changes the 
sample space to this:

» 0.330

People who 
test positive

P(F)P(E|F)

P(F)P(E|F) + 
P(Fc)P(E|Fc)

People who test 
positive and have 
SARS

Bayes Thorem Intuition



All People

People with positive 
test

People with SARS

Bayes Thorem Intuition



Say we have 1000 people:

5 have SARS and test positive, 985 do not have SARS and test negative.
10 do not have SARS and test positive. » 0.333

Bayes Thorem Intuition



Conditioned on just those that test positive:

5 have SARS and test positive, 985 do not have SARS and test negative.
10 do not have SARS and test positive. » 0.333

Bayes Thorem Intuition

Notice that all the people with SARS are here, 
but the group is still mainly folks without SARS



§ Let Ec = you test negative for SARS with this test
§ Let F = you actually have SARS
§ What is P(F | Ec)?

P(Ec | F) P(F) + P(Ec | Fc) P(Fc)
P(F | Ec) = P(Ec | F) P(F)

(0.02)(0.005) + (0.99)(1 - 0.005)
P(F | Ec) = (0.02)(0.005)

» 0.0001

SARS + SARS –
Test + 0.98 = P(E | F) 0.01 = P(E | Fc)
Test – 0.02 = P(Ec | F) 0.99 = P(Ec | Fc)

Why it is still good to get tested



Before Observation

P (L1) P (L2)

P (L5)

Bayes' Theorem and Location



Before Observation After Observation

P (L5)

P (O|Li)
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Know:

Bayes' Theorem and Location



Before Observation After Observation

P (L5)

P (L5|O) =
P (O|L5)P (L5)

P (O)

P (L5|O)

P (O|Li)
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Know:

Bayes' Theorem and Location



P (L5|O) =
P (O|L5)P (L5)P
i P (O|Li)P (Li)
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Before Observation After Observation

P (L5) P (L5|O)

Bayes' Theorem and Location



Before Observation After Observation

P (L5) P (L5|O)

P (L5|O) =
P (O|L5)P (L5)P
i P (O|Li)P (Li)
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Bayes' Theorem and Location



Before Observation After Observation

P (L5) P (L5|O)

P (L5|O) =
P (O|L5)P (L5)P
i P (O|Li)P (Li)
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Bayes' Theorem and Location



Monty	Hall	
Problem

78

LIVE



Monty Hall Problem

79

and	Wayne	Brady



Behind one door is a prize (equally likely to be any 
door).
Behind the other two doors is nothing
1. We choose a door
2. Host opens 1 of other 2 doors, revealing nothing
3. We are given an option to change to the other door.
Should we switch?

Monty Hall Problem aka Let’s Make a Deal

Doors A,B,C

Note: If we don’t switch, P(win) = 1/3(random)

We are comparing P(win) and P(win|switch).



A = prize
• Host opens B or C
• We switch
• We always lose

P(win | A prize,
picked A,
switched) = 0

B = prize
• Host must open C
• We switch to B
• We always win

P(win | B prize,
picked A,
switched) = 1

81

If we switch

C = prize
• Host must open B
• We switch to C
• We always win

P(win | C prize,
picked A,
switched) = 1

Without loss of generality, say we pick A (out of Doors A,B,C).

P(win | picked A, switched) = 1/3 * 0 + 1/3 * 1 + 1/3 * 1 = 2/3
You should switch.

1/3 1/31/3



Start with 1000 envelopes (of which 1 is the prize).

1. You choose 1 envelope.

2. I open 998 of remaining
999 (showing they are empty).

3. Should you
switch?
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Monty Hall, 1000 envelope version

No: P(win without switching) = 

Yes: P(win with new knowledge) = 

###
!$$$

= P(998 empty envelopes had prize)
+ P(last other envelope has prize)

= P(last other envelope has prize)
1

original # envelopes
original # envelopes - 1

original # envelopes

!
!$$$

= P(envelope is prize)
###
!$$$

= P(other 999 envelopes have prize)
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Marilyn Vos Savant


