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Four Prototypical Trajectories

Finishing up!
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Expectation

<latexit sha1_base64="QulsucrFztYbTExkmkyCleg03VE=">AAACDXicbVDLSgNBEJz1GeNr1aOXwSjES9iVoLkEAiJ4jGAekF3C7GSSDJl9MNMrG5b8gBd/xYsHRbx69+bfOEn2oIkFDUVVN91dXiS4Asv6NlZW19Y3NnNb+e2d3b198+CwqcJYUtagoQhl2yOKCR6wBnAQrB1JRnxPsJY3up76rQcmFQ+DexhHzPXJIOB9TgloqWueOsASSG8mnbaLq9hRsd9NcIId2gsB14ttXE3Ou2bBKlkz4GViZ6SAMtS75pfTC2nsswCoIEp1bCsCNyUSOBVskndixSJCR2TAOpoGxGfKTWffTPCZVnq4H0pdAeCZ+nsiJb5SY9/TnT6BoVr0puJ/XieGfsVNeRDFwAI6X9SPBYYQT6PBPS4ZBTHWhFDJ9a2YDokkFHSAeR2CvfjyMmlelOzLUvmuXKhVsjhy6BidoCKy0RWqoVtURw1E0SN6Rq/ozXgyXox342PeumJkM0foD4zPH/6CmjE=</latexit>

E[X] =
X

x

x · P (X = x)

All the values 
that X can 
take on

The probability 
that X takes 
on that value



Expectation	of	a	Function
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<latexit sha1_base64="RudcZoUcXyNyW9GGSz17K3dT21I=">AAACE3icbVDLSgNBEJyNrxhfUY9eBoOQeAi7EjSXQEAEjxHMA7LLMjuZJENmH8z0SsKSf/Dir3jxoIhXL978GyfJHjSxoKGo6qa7y4sEV2Ca30ZmbX1jcyu7ndvZ3ds/yB8etVQYS8qaNBSh7HhEMcED1gQOgnUiyYjvCdb2Rtczv/3ApOJhcA+TiDk+GQS8zykBLbn5cxvYGJKbaXdQ7JQcXMO2in13jAfFcQnbtBcCbhQ7uDYuufmCWTbnwKvESkkBpWi4+S+7F9LYZwFQQZTqWmYETkIkcCrYNGfHikWEjsiAdTUNiM+Uk8x/muIzrfRwP5S6AsBz9fdEQnylJr6nO30CQ7XszcT/vG4M/aqT8CCKgQV0sagfCwwhngWEe1wyCmKiCaGS61sxHRJJKOgYczoEa/nlVdK6KFuX5cpdpVCvpnFk0Qk6RUVkoStUR7eogZqIokf0jF7Rm/FkvBjvxseiNWOkM8foD4zPH1D4m90=</latexit>

E[g(X)] =
X

x

g(x) · P (X = x)

<latexit sha1_base64="43WRhC8ClKH5ApnD+yHbddNWBaw=">AAACEXicbVDJSgNBEO1xjXGLevTSGIR4CTMhaC6BgAgeI5gFZiZDT6eTNOlZ6K6RhCG/4MVf8eJBEa/evPk3dpaDJj4oeLxXRVU9PxZcgWl+G2vrG5tb25md7O7e/sFh7ui4qaJEUtagkYhk2yeKCR6yBnAQrB1LRgJfsJY/vJ76rQcmFY/CexjHzA1IP+Q9TgloycsVHGAjSG8mdrtTcnEVOyoJvBEedUrYod0IcL3QxtXRhZfLm0VzBrxKrAXJowXqXu7L6UY0CVgIVBClbMuMwU2JBE4Fm2SdRLGY0CHpM1vTkARMuensowk+10oX9yKpKwQ8U39PpCRQahz4ujMgMFDL3lT8z7MT6FXclIdxAiyk80W9RGCI8DQe3OWSURBjTQiVXN+K6YBIQkGHmNUhWMsvr5JmqWhdFst35Xytsogjg07RGSogC12hGrpFddRAFD2iZ/SK3own48V4Nz7mrWvGYuYE/YHx+QN485t5</latexit>

E[X2] =
X

x

x2 · P (X = x)

Law of unconscious statistician

So for example…
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Conditional	Expectation

All the values 
that X can 
take on

The probability 
that X takes 
on that value

<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



Function	or	Number?
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<latexit sha1_base64="IO4PJ4c5qeyE58Rsr13FW1HeJL8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBehKILHCraNpKFstpt26WYTdzdCif0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1uFpeWV1bXiemljc2t7p7y711JxKgltkpjH0g2wopwJ2tRMc+omkuIo4LQdDK8mfvuRSsVicadHCfUj3BcsZARrI7nXnvt0f+H43XLFrtpToEXi5KQCORrd8lenF5M0okITjpXyHDvRfoalZoTTcamTKppgMsR96hkqcESVn03vHaMjo/RQGEtTQqOp+nsiw5FSoygwnRHWAzXvTcT/PC/V4bmfMZGkmgoyWxSmHOkYTZ5HPSYp0XxkCCaSmVsRGWCJiTYRlUwIzvzLi6R1UnVOq7XbWqV+mcdRhAM4hGNw4AzqcAMNaAIBDs/wCm/Wg/VivVsfs9aClc/swx9Ynz8tu49r</latexit>

E[X|Y = 1]

Number
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<latexit sha1_base64="C7c7OV+K5dmE5NToj4IRe6ubIac=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktol6EoggeK9gP2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoORzdTv/1ElWZSPJhxQoMYDwSLGMHGSq1bv3NVC3rlilt1Z0DLxMtJBXI0euWvbl+SNKbCEI619j03MUGGlWGE00mpm2qaYDLCA+pbKnBMdZDNrp2gE6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif56fmugyyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQCUbgrf48jJp1areefXs/qxSv87jKMIRHMMpeHABdbiDBjSBwCM8wyu8OdJ5cd6dj3lrwclnDuEPnM8fnYWOgw==</latexit>

E[X = 2]

Function	or	Number?

Error. 
Expectation is defined on a random variable
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<latexit sha1_base64="belWGcmV8yKUT3GcQiSvN7amPi0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBehKILHCraNpKFstpt26WYTdzdCif0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1uFpeWV1bXiemljc2t7p7y711JxKgltkpjH0g2wopwJ2tRMc+omkuIo4LQdDK8mfvuRSsVicadHCfUj3BcsZARrI7nXnvt0fzHyu+WKXbWnQIvEyUkFcjS65a9OLyZpRIUmHCvlOXai/QxLzQin41InVTTBZIj71DNU4IgqP5veO0ZHRumhMJamhEZT9fdEhiOlRlFgOiOsB2rem4j/eV6qw3M/YyJJNRVktihMOdIxmjyPekxSovnIEEwkM7ciMsASE20iKpkQnPmXF0nrpOqcVmu3tUr9Mo+jCAdwCMfgwBnU4QYa0AQCHJ7hFd6sB+vFerc+Zq0FK5/Zhz+wPn8AmyOPsw==</latexit>

E[X|Y = y]

Function

Function	or	Number?



This is just function of Y

E[X|Y=y]

This is a function with Y as input

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



Y = 5
12

E[X|Y=y]

This is just function of Y

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



Y = 3 6

E[X|Y=y]

This is just function of Y

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



E[X]
<latexit sha1_base64="htRPXeyjl3b6xIRinbWutiuEegs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCCB4r2A9IQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5YcKZNq777VQ2Nre2d6q7tb39g8Oj+vFJT8epIrRLYh6rQYg15UzSrmGG00GiKBYhp/1wdpv7/SeqNIvlo5knNBB4IlnECDa5dOcPglG94TbdAmideCVpQInOqP41HMckFVQawrHWvucmJsiwMoxwuqgNU00TTGZ4Qn1LJRZUB1lx6wJdWGWMoljZkgYV6u+JDAut5yK0nQKbqV71cvE/z09NdBNkTCapoZIsF0UpRyZG+eNozBQlhs8twUQxeysiU6wwMTaemg3BW315nfRaTc9teg9XjXarjKMKZ3AOl+DBNbThHjrQBQJTeIZXeHOE8+K8Ox/L1opTzpzCHzifP6EKjec=</latexit><latexit sha1_base64="htRPXeyjl3b6xIRinbWutiuEegs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCCB4r2A9IQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5YcKZNq777VQ2Nre2d6q7tb39g8Oj+vFJT8epIrRLYh6rQYg15UzSrmGG00GiKBYhp/1wdpv7/SeqNIvlo5knNBB4IlnECDa5dOcPglG94TbdAmideCVpQInOqP41HMckFVQawrHWvucmJsiwMoxwuqgNU00TTGZ4Qn1LJRZUB1lx6wJdWGWMoljZkgYV6u+JDAut5yK0nQKbqV71cvE/z09NdBNkTCapoZIsF0UpRyZG+eNozBQlhs8twUQxeysiU6wwMTaemg3BW315nfRaTc9teg9XjXarjKMKZ3AOl+DBNbThHjrQBQJTeIZXeHOE8+K8Ox/L1opTzpzCHzifP6EKjec=</latexit><latexit sha1_base64="htRPXeyjl3b6xIRinbWutiuEegs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCCB4r2A9IQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5YcKZNq777VQ2Nre2d6q7tb39g8Oj+vFJT8epIrRLYh6rQYg15UzSrmGG00GiKBYhp/1wdpv7/SeqNIvlo5knNBB4IlnECDa5dOcPglG94TbdAmideCVpQInOqP41HMckFVQawrHWvucmJsiwMoxwuqgNU00TTGZ4Qn1LJRZUB1lx6wJdWGWMoljZkgYV6u+JDAut5yK0nQKbqV71cvE/z09NdBNkTCapoZIsF0UpRyZG+eNozBQlhs8twUQxeysiU6wwMTaemg3BW315nfRaTc9teg9XjXarjKMKZ3AOl+DBNbThHjrQBQJTeIZXeHOE8+K8Ox/L1opTzpzCHzifP6EKjec=</latexit><latexit sha1_base64="htRPXeyjl3b6xIRinbWutiuEegs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCCB4r2A9IQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5YcKZNq777VQ2Nre2d6q7tb39g8Oj+vFJT8epIrRLYh6rQYg15UzSrmGG00GiKBYhp/1wdpv7/SeqNIvlo5knNBB4IlnECDa5dOcPglG94TbdAmideCVpQInOqP41HMckFVQawrHWvucmJsiwMoxwuqgNU00TTGZ4Qn1LJRZUB1lx6wJdWGWMoljZkgYV6u+JDAut5yK0nQKbqV71cvE/z09NdBNkTCapoZIsF0UpRyZG+eNozBQlhs8twUQxeysiU6wwMTaemg3BW315nfRaTc9teg9XjXarjKMKZ3AOl+DBNbThHjrQBQJTeIZXeHOE8+K8Ox/L1opTzpzCHzifP6EKjec=</latexit>

E[X|Y = y]
<latexit sha1_base64="Pa5UQzNhSidukK0esk2WC7dbtCI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBehIILHCraNpKFstpt26WYTdzdCiP0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1ulldW19Y3yZmVre2d3r7p/0FFxKgltk5jH0g2wopwJ2tZMc+omkuIo4LQbjK+mfveRSsVicaezhPoRHgoWMoK1kdxrz326v8z8frVm1+0Z0DJxClKDAq1+9as3iEkaUaEJx0p5jp1oP8dSM8LppNJLFU0wGeMh9QwVOKLKz2f3TtCJUQYojKUpodFM/T2R40ipLApMZ4T1SC16U/E/z0t1eOHnTCSppoLMF4UpRzpG0+fRgElKNM8MwUQycysiIywx0SaiignBWXx5mXQadceuO7dntWajiKMMR3AMp+DAOTThBlrQBgIcnuEV3qwH68V6tz7mrSWrmDmEP7A+fwCTZY+a</latexit><latexit sha1_base64="Pa5UQzNhSidukK0esk2WC7dbtCI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBehIILHCraNpKFstpt26WYTdzdCiP0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1ulldW19Y3yZmVre2d3r7p/0FFxKgltk5jH0g2wopwJ2tZMc+omkuIo4LQbjK+mfveRSsVicaezhPoRHgoWMoK1kdxrz326v8z8frVm1+0Z0DJxClKDAq1+9as3iEkaUaEJx0p5jp1oP8dSM8LppNJLFU0wGeMh9QwVOKLKz2f3TtCJUQYojKUpodFM/T2R40ipLApMZ4T1SC16U/E/z0t1eOHnTCSppoLMF4UpRzpG0+fRgElKNM8MwUQycysiIywx0SaiignBWXx5mXQadceuO7dntWajiKMMR3AMp+DAOTThBlrQBgIcnuEV3qwH68V6tz7mrSWrmDmEP7A+fwCTZY+a</latexit><latexit sha1_base64="Pa5UQzNhSidukK0esk2WC7dbtCI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBehIILHCraNpKFstpt26WYTdzdCiP0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1ulldW19Y3yZmVre2d3r7p/0FFxKgltk5jH0g2wopwJ2tZMc+omkuIo4LQbjK+mfveRSsVicaezhPoRHgoWMoK1kdxrz326v8z8frVm1+0Z0DJxClKDAq1+9as3iEkaUaEJx0p5jp1oP8dSM8LppNJLFU0wGeMh9QwVOKLKz2f3TtCJUQYojKUpodFM/T2R40ipLApMZ4T1SC16U/E/z0t1eOHnTCSppoLMF4UpRzpG0+fRgElKNM8MwUQycysiIywx0SaiignBWXx5mXQadceuO7dntWajiKMMR3AMp+DAOTThBlrQBgIcnuEV3qwH68V6tz7mrSWrmDmEP7A+fwCTZY+a</latexit><latexit sha1_base64="Pa5UQzNhSidukK0esk2WC7dbtCI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBehIILHCraNpKFstpt26WYTdzdCiP0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprRtf1ulldW19Y3yZmVre2d3r7p/0FFxKgltk5jH0g2wopwJ2tZMc+omkuIo4LQbjK+mfveRSsVicaezhPoRHgoWMoK1kdxrz326v8z8frVm1+0Z0DJxClKDAq1+9as3iEkaUaEJx0p5jp1oP8dSM8LppNJLFU0wGeMh9QwVOKLKz2f3TtCJUQYojKUpodFM/T2R40ipLApMZ4T1SC16U/E/z0t1eOHnTCSppoLMF4UpRzpG0+fRgElKNM8MwUQycysiIywx0SaiignBWXx5mXQadceuO7dntWajiKMMR3AMp+DAOTThBlrQBgIcnuEV3qwH68V6tz7mrSWrmDmEP7A+fwCTZY+a</latexit>

E[X = 5]
<latexit sha1_base64="MYACz71CtBV1pIzIxB3Rj94V4uo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFr0IBRE8VrAfsF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6oZYU84EbRlmOO0miuI45LQTjm9mfueJKs2keDCThAYxHgoWMYKNldq3fve6HvTLFbfqzoFWiZeTCuRo9stfvYEkaUyFIRxr7XtuYoIMK8MIp9NSL9U0wWSMh9S3VOCY6iCbXztFZ1YZoEgqW8Kgufp7IsOx1pM4tJ0xNiO97M3E/zw/NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSrlU9t+rdX1QatTyOIpzAKZyDB5fQgDtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBmlaObQ==</latexit><latexit sha1_base64="MYACz71CtBV1pIzIxB3Rj94V4uo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFr0IBRE8VrAfsF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6oZYU84EbRlmOO0miuI45LQTjm9mfueJKs2keDCThAYxHgoWMYKNldq3fve6HvTLFbfqzoFWiZeTCuRo9stfvYEkaUyFIRxr7XtuYoIMK8MIp9NSL9U0wWSMh9S3VOCY6iCbXztFZ1YZoEgqW8Kgufp7IsOx1pM4tJ0xNiO97M3E/zw/NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSrlU9t+rdX1QatTyOIpzAKZyDB5fQgDtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBmlaObQ==</latexit><latexit sha1_base64="MYACz71CtBV1pIzIxB3Rj94V4uo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFr0IBRE8VrAfsF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6oZYU84EbRlmOO0miuI45LQTjm9mfueJKs2keDCThAYxHgoWMYKNldq3fve6HvTLFbfqzoFWiZeTCuRo9stfvYEkaUyFIRxr7XtuYoIMK8MIp9NSL9U0wWSMh9S3VOCY6iCbXztFZ1YZoEgqW8Kgufp7IsOx1pM4tJ0xNiO97M3E/zw/NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSrlU9t+rdX1QatTyOIpzAKZyDB5fQgDtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBmlaObQ==</latexit><latexit sha1_base64="MYACz71CtBV1pIzIxB3Rj94V4uo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFr0IBRE8VrAfsF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6oZYU84EbRlmOO0miuI45LQTjm9mfueJKs2keDCThAYxHgoWMYKNldq3fve6HvTLFbfqzoFWiZeTCuRo9stfvYEkaUyFIRxr7XtuYoIMK8MIp9NSL9U0wWSMh9S3VOCY6iCbXztFZ1YZoEgqW8Kgufp7IsOx1pM4tJ0xNiO97M3E/zw/NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSrlU9t+rdX1QatTyOIpzAKZyDB5fQgDtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBmlaObQ==</latexit>

Doesn’t make sense. Take expectation of random variables, not 
events

This is a number:

This is a function of y:

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



X = favorite number
Y = year in school

E[X] = 0 * 0.05 + … + 9 * 0.10 = 5.38 

Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



X = favorite number
Y = year in school

E[X | Y] ?

Year in school, Y = y E[X | Y = y]

2 5.5

3 5.8

4 6.0

5 4.7

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



X = favorite number
Y = year in school

E[X | Y] ?

Year in school, Y = y E[X | Y = y]

2 5.5

3 5.8

4 6.0

5 4.7

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



X = units in fall quarter
Y = year in school

E[X | Y] ?

Conditional	Expectation
<latexit sha1_base64="Jmb8ch+939GnNOUs587p5dkzi2A=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxDiJe5K0FwCgggeI5gYyS5hdjLRwdkHM72SZc1nePFXvHhQxGtu/o2Tx0GjBQ1FVTfdXX4shUbb/rLm5hcWl5ZzK/nVtfWNzcLWdlNHiWK8wSIZqZZPNZci5A0UKHkrVpwGvuTX/v3ZyL9+4EqLKLzCNOZeQG9D0ROMopE6hUMXeR+z80G79XhTSz2ogauToNOHPrisGyHUSy2o9eERbmqQHnQKRbtsjwF/iTMlRTJFvVMYut2IJQEPkUmqdduxY/QyqlAwyQd5N9E8puye3vK2oSENuPay8WMD2DdKF3qRMhUijNWfExkNtE4D33QGFO/0rDcS//PaCfaqXibCOEEessmiXiIBIxilBF2hOEOZGkKZEuZWYHdUUYYmy7wJwZl9+S9pHpWd43LlslI8rU7jyJFdskdKxCEn5JRckDppEEaeyAt5I+/Ws/VqfVifk9Y5azqzQ37BGn4DeOueFQ==</latexit>

E[X|Y = y] =
X

x

x · P (X = x|Y = y)



What	is	this???
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E[E[X|Y ]] = E[X]

Function of Y



E[E[X|Y ]] = E[X]

E[E[X|Y ]] =
X

y

E[X|Y = y]P (Y = y)

=
X

y

X

x

xP (X = x|Y = y)P (Y = y)

=
X

y

X

x

xP (X = x, Y = y)

=
X

x

X

y

xP (X = x, Y = y)

=
X

x

x
X

y

P (X = x, Y = y)

=
X

x

xP (X = x)

= E[X]

g(Y) = E[X|Y]

Def of E[X|Y]

Chain rule!

I switch the order of the sums

Move that x outside the y sum

Marginalization

Def of E[X]

E[E[X|Y ]] = E[X]

Law	of	Total	Expectation

Law of unconscious statistician



Law of Total Expectation

E[X] =
X

y

E[X|Y = y]P (Y = y)
<latexit sha1_base64="AQDusej+73DlBIO4zNq6I35uJKw=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkpgm4KBRFcVrAPaYchk2ba0CQzJBlhGLtx46+4caGIW//BnX9j2s5CWw8knJxzLzf3BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0eXEb98TqWgkbnUaE4+jgaAhxUgbybePrrodD9ZgTyXcT6F5PdzVUq9RNvepb5ecijMFXCRuTkogR8O3v3r9CCecCI0ZUqrrOrH2MiQ1xYyMi71EkRjhERqQrqECcaK8bLrFGJ4YpQ/DSJojNJyqvzsyxJVKeWAqOdJDNe9NxP+8bqLDCy+jIk40EXg2KEwY1BGcRAL7VBKsWWoIwpKav0I8RBJhbYIrmhDc+ZUXSatacZ2Ke3NWqlfzOArgEByDMnDBOaiDa9AATYDBI3gGr+DNerJerHfrY1a6ZOU9B+APrM8fuviWvg==</latexit><latexit sha1_base64="AQDusej+73DlBIO4zNq6I35uJKw=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkpgm4KBRFcVrAPaYchk2ba0CQzJBlhGLtx46+4caGIW//BnX9j2s5CWw8knJxzLzf3BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0eXEb98TqWgkbnUaE4+jgaAhxUgbybePrrodD9ZgTyXcT6F5PdzVUq9RNvepb5ecijMFXCRuTkogR8O3v3r9CCecCI0ZUqrrOrH2MiQ1xYyMi71EkRjhERqQrqECcaK8bLrFGJ4YpQ/DSJojNJyqvzsyxJVKeWAqOdJDNe9NxP+8bqLDCy+jIk40EXg2KEwY1BGcRAL7VBKsWWoIwpKav0I8RBJhbYIrmhDc+ZUXSatacZ2Ke3NWqlfzOArgEByDMnDBOaiDa9AATYDBI3gGr+DNerJerHfrY1a6ZOU9B+APrM8fuviWvg==</latexit><latexit sha1_base64="AQDusej+73DlBIO4zNq6I35uJKw=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkpgm4KBRFcVrAPaYchk2ba0CQzJBlhGLtx46+4caGIW//BnX9j2s5CWw8knJxzLzf3BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0eXEb98TqWgkbnUaE4+jgaAhxUgbybePrrodD9ZgTyXcT6F5PdzVUq9RNvepb5ecijMFXCRuTkogR8O3v3r9CCecCI0ZUqrrOrH2MiQ1xYyMi71EkRjhERqQrqECcaK8bLrFGJ4YpQ/DSJojNJyqvzsyxJVKeWAqOdJDNe9NxP+8bqLDCy+jIk40EXg2KEwY1BGcRAL7VBKsWWoIwpKav0I8RBJhbYIrmhDc+ZUXSatacZ2Ke3NWqlfzOArgEByDMnDBOaiDa9AATYDBI3gGr+DNerJerHfrY1a6ZOU9B+APrM8fuviWvg==</latexit><latexit sha1_base64="AQDusej+73DlBIO4zNq6I35uJKw=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkpgm4KBRFcVrAPaYchk2ba0CQzJBlhGLtx46+4caGIW//BnX9j2s5CWw8knJxzLzf3BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0eXEb98TqWgkbnUaE4+jgaAhxUgbybePrrodD9ZgTyXcT6F5PdzVUq9RNvepb5ecijMFXCRuTkogR8O3v3r9CCecCI0ZUqrrOrH2MiQ1xYyMi71EkRjhERqQrqECcaK8bLrFGJ4YpQ/DSJojNJyqvzsyxJVKeWAqOdJDNe9NxP+8bqLDCy+jIk40EXg2KEwY1BGcRAL7VBKsWWoIwpKav0I8RBJhbYIrmhDc+ZUXSatacZ2Ke3NWqlfzOArgEByDMnDBOaiDa9AATYDBI3gGr+DNerJerHfrY1a6ZOU9B+APrM8fuviWvg==</latexit>

For any random variable X and any discrete 
random variable Y 



int Recurse() {
int x = randomInt(1, 3);  // Equally likely values

if (x == 1) return 3;
else if (x == 2) return (5 + Recurse());
else return (7 + Recurse());

}

Let Y = value returned by Recurse().   What is E[Y]?

)3(]3|[)2(]2|[)1(]1|[][ ==+==+=== XPXYEXPXYEXPXYEYE
3]1|[ ==XYE

][5]5[]2|[ YEYEXYE +=+==
][7]7[]3|[ YEYEXYE +=+==

])[215)(3/1()3/1])([7()3/1])([5()3/1(3][ YEYEYEYE +=++++=
15][ =YE

Analyzing Recursive Code



Four Prototypical Trajectories

Protip: do this in CS161



Where	are	we	in	CS109?
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You are here



General “Inference”



Probabilistic Model

Fever
Tired

Flu Undergrad

P (U = 1) = 0.8
<latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit>

P (Fl = 1) = 0.1
<latexit sha1_base64="2j89fAK6mAT2kD86ZmEJr3Jwugw=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyWRgm6EgiAuK9gHtKFMppN26GQS5iHU0C9x40IRt36KO//GaZuFth64l8M59zJ3TphyprTnfTtr6xubW9uFneLu3v5ByT08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdjm9mfvuRSsUS8aAnKQ1iPBQsYgRrK/XdUqNyy9E18s9t86p+3y17VW8OtEr8nJQhR6PvfvUGCTExFZpwrFTX91IdZFhqRjidFntG0RSTMR7SrqUCx1QF2fzwKTqzygBFibQlNJqrvzcyHCs1iUM7GWM9UsveTPzP6xodXQUZE6nRVJDFQ5HhSCdolgIaMEmJ5hNLMJHM3orICEtMtM2qaEPwl7+8SloXVd8mdl8r12t5HAU4gVOogA+XUIc7aEATCBh4hld4c56cF+fd+ViMrjn5zjH8gfP5A2CrkEA=</latexit><latexit sha1_base64="2j89fAK6mAT2kD86ZmEJr3Jwugw=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyWRgm6EgiAuK9gHtKFMppN26GQS5iHU0C9x40IRt36KO//GaZuFth64l8M59zJ3TphyprTnfTtr6xubW9uFneLu3v5ByT08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdjm9mfvuRSsUS8aAnKQ1iPBQsYgRrK/XdUqNyy9E18s9t86p+3y17VW8OtEr8nJQhR6PvfvUGCTExFZpwrFTX91IdZFhqRjidFntG0RSTMR7SrqUCx1QF2fzwKTqzygBFibQlNJqrvzcyHCs1iUM7GWM9UsveTPzP6xodXQUZE6nRVJDFQ5HhSCdolgIaMEmJ5hNLMJHM3orICEtMtM2qaEPwl7+8SloXVd8mdl8r12t5HAU4gVOogA+XUIc7aEATCBh4hld4c56cF+fd+ViMrjn5zjH8gfP5A2CrkEA=</latexit><latexit sha1_base64="2j89fAK6mAT2kD86ZmEJr3Jwugw=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyWRgm6EgiAuK9gHtKFMppN26GQS5iHU0C9x40IRt36KO//GaZuFth64l8M59zJ3TphyprTnfTtr6xubW9uFneLu3v5ByT08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdjm9mfvuRSsUS8aAnKQ1iPBQsYgRrK/XdUqNyy9E18s9t86p+3y17VW8OtEr8nJQhR6PvfvUGCTExFZpwrFTX91IdZFhqRjidFntG0RSTMR7SrqUCx1QF2fzwKTqzygBFibQlNJqrvzcyHCs1iUM7GWM9UsveTPzP6xodXQUZE6nRVJDFQ5HhSCdolgIaMEmJ5hNLMJHM3orICEtMtM2qaEPwl7+8SloXVd8mdl8r12t5HAU4gVOogA+XUIc7aEATCBh4hld4c56cF+fd+ViMrjn5zjH8gfP5A2CrkEA=</latexit><latexit sha1_base64="2j89fAK6mAT2kD86ZmEJr3Jwugw=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyWRgm6EgiAuK9gHtKFMppN26GQS5iHU0C9x40IRt36KO//GaZuFth64l8M59zJ3TphyprTnfTtr6xubW9uFneLu3v5ByT08aqnESEKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdjm9mfvuRSsUS8aAnKQ1iPBQsYgRrK/XdUqNyy9E18s9t86p+3y17VW8OtEr8nJQhR6PvfvUGCTExFZpwrFTX91IdZFhqRjidFntG0RSTMR7SrqUCx1QF2fzwKTqzygBFibQlNJqrvzcyHCs1iUM7GWM9UsveTPzP6xodXQUZE6nRVJDFQ5HhSCdolgIaMEmJ5hNLMJHM3orICEtMtM2qaEPwl7+8SloXVd8mdl8r12t5HAU4gVOogA+XUIc7aEATCBh4hld4c56cF+fd+ViMrjn5zjH8gfP5A2CrkEA=</latexit>

P (T = 1|Flu = 0, U = 0) = 0.1

P (T = 1|Flu = 0, U = 1) = 0.8

P (T = 1|Flu = 1, U = 0) = 0.9

P (T = 1|Flu = 1, U = 1) = 1.0
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Fev|Flu = 0 ⇠ N(100.0, 1.81)

Fev|Flu = 1 ⇠ N(98.25, 0.73)
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If you know the probability of each random variables 
given the ones that directly cause it, you can joint 
sample!



Four Prototypical Trajectories

But where do those numbers come
from?



Four Prototypical Trajectories

Suspense



Four Prototypical Trajectories

At this point, if you are given a model, 
with all the involved probabilities, you 

can make predictions



Four Prototypical Trajectories

But what if you want to learn the 
probabilities in the model?



Four Prototypical Trajectories

But what if you want to learn the 
probabilities in the model?

Oh can we also learn the structure of 
the model too?



Four Prototypical Trajectories

But what if you want to learn the 
probabilities in the model?

Oh can we also learn the structure of 
the model too?

I wish. Another day J



Four Prototypical Trajectories

But what if you want to learn the 
probabilities in the model?



Four Prototypical Trajectories

Machine Learning



AI and Machine Learning

ML:	Rooted	in	probability	theory

Artificial 
Intelligence

Machine 
Learning

Deep 
Learning
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Jump Straight to Deep Learning?

Tensor Flow



Jump Straight to Deep Learning?



Understand the theory to help you debug



But another reason…



Machine Learning Uses a Lot of Data



One Shot Learning

Single training example: 

Test set:



One Shot Learning

Single
training
example:



Computers struggle...



… especially for human problems.



Understand the theory 
to push on the grand challenges







Once upon a time…



…there was parameter estimation



Consider some probability distributions:
§ Ber(p)
§ Poi(λ)
§ Uni(⍺, β)
§ Normal(μ, s2)
§ Y = mX + b
§ etc…

Call these “parametric models”
Given model, parameters yield actual distribution
§ Usually refer to parameters of distribution as q
§ Note that q that can be a vector of parameters

q = p
q = l
q = (a, b)
q = (µ, s2)
q = (m, b)

What are Parameters?



Fever
Tired

Flu Undergrad

P (U = 1) = 0.8
<latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit><latexit sha1_base64="q04hXdQRTNZ67G98iEl4KWqq7YU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahXkIihfYiFLx4rGDaQhvLZrtpl242YXejlND/4cWDIl79L978N27bHLT1wQyP92bY2RcknCntON9WYWNza3unuFva2z84PCofn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95pFKxWNzraUL9CI8ECxnB2kgPraqHrpF7aZpjNwblimM7C6B14uakAjlag/JXfxiTNKJCE46V6rlOov0MS80Ip7NSP1U0wWSCR7RnqMARVX62uHqGLowyRGEsTQmNFurvjQxHSk2jwExGWI/VqjcX//N6qQ4bfsZEkmoqyPKhMOVIx2geARoySYnmU0MwkczcisgYS0y0CapkQnBXv7xO2le269juXa3SrOVxFOEMzqEKLtShCbfQAg8ISHiGV3iznqwX6936WI4WrHznFP7A+vwBPNSPrw==</latexit>

P (Fl = 1) = 0.1
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P (T = 1|Flu = 0, U = 0) = 0.1

P (T = 1|Flu = 0, U = 1) = 0.8

P (T = 1|Flu = 1, U = 0) = 0.9

P (T = 1|Flu = 1, U = 1) = 1.0
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Fev|Flu = 0 ⇠ N(100.0, 1.81)

Fev|Flu = 1 ⇠ N(98.25, 0.73)
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Parameters

What are Parameters?



Why Do We Care?

Real World Problem

Formal Model 𝜃

Prediction 
Function 𝜃*

Model the problem

Learning Algorithm

Testing
Data

Training 
Data

Evaluation
score



Modelling

Real World Problem

Formal Model 𝜃

Prediction 
Function 𝜃*

Model the problem

Learning Algorithm

Testing
Data

Training 
Data

Evaluation
score



Parameter Estimation (aka Training)

Real World Problem

Formal Model 𝜃

Prediction 
Function 𝜃*

Model the problem

Learning Algorithm

Testing
Data

Training 
Data

Evaluation
score



Testing

Real World Problem

Formal Model 𝜃

Prediction 
Function 𝜃*

Model the problem

Learning Algorithm

Testing
Data

Training 
Data

Evaluation
score



Basis for learning from data
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Parameter Estimation
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We’ve	already	seen	some	estimations
𝑋!, 𝑋", … , 𝑋# are 𝑛 i.i.d. random variables,
where 𝑋$ drawn from distribution 𝐹 with 𝐸 𝑋$ = 𝜇, Var 𝑋$ = 𝜎".

Sample mean:

61

*𝑋 =
1
𝑛
,
$%!

#

𝑋$ unbiased estimate of 𝜇

Sample variance: 𝑆" =
1

𝑛 − 1
,
$%!

#

𝑋$ − *𝑋 " unbiased estimate of 𝜎"
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Limited tool: how could we use that for 
fitting a “Mixture of Gaussians”?



Great idea in Machine Learning



Demo:	Likelihood	of	Data

65







Maximum Likelihood Algorithm

4. Use an optimization algorithm to calculate argmax

1. Decide on a model for the distribution of your samples. 
Define the PMF / PDF for your sample.

2. Write out the log likelihood function.

3. State that the optimal parameters are 
the argmax of the log likelihood 
function.



Õ
=

=
n

i
iXfL

1

)|()( qq

The Likelihood Function
n I.I.D. data points X1, X2, ..., Xn

We explicitly specify 
parameter q of distributionThis is just a 

product since Xi
are I.I.D.



Likelihood (of data given 
parameters):

Õ
=

=
n

i
iXfL

1

)|()( qq

Either the 
PDF (continuous) or 
PMF (discrete), or 

joint if multiple variables per datapoint



Argmax

f(x) = �x2 + 5

max
x

� x2 + 5 = 5

argmax
x

� x2 + 5 = 0



Argmax of Log

Claim:

Log is monotonic

argmax
x

f(x) = argmax
x

log f(x)

x ≤ y Û log(x) ≤ log(y) for all x, y > 0



Argmax of Log

argmax
x

f(x) = argmax
x

log f(x)



log(ab) = log(a) + log(b)

Log I Love You



Natural Log

log(x)

loge(x)

ln(x)



Maximum Likelihood Algorithm

4. Use an optimization algorithm to calculate argmax

1. Decide on a model for the distribution of 
your samples. Define the PMF / PDF for 
your sample.

2. Write out the log likelihood function.

3. State that the optimal 
parameters are the argmax of 
the log likelihood function.



Story so far: We can chose parameters by 
finding the argmax of the log likelihood of our 

data



Maximum Likelihood

Õ
=

=
n

i
iXfL

1

)|()( qq

LL(✓) =
nX

i=1

log f(Xi|✓)

✓̂ = argmax
✓

LL(✓)



arg ma
x



But how do we compute argmax?



Option #1: Straight optimization



Finding	the	argmax	with	calculus

82

"𝑥 = arg max
!

𝑓 𝑥 Let 𝑓 𝑥 = −𝑥" + 4, 
where −2 < 𝑥 < 2.

0

1

2

3

4

-2 -1 0 1 2

𝑓 𝑥

𝑥

𝑑
𝑑𝑥
𝑓 𝑥 =

𝑑
𝑑𝑥

𝑥" + 4 = 2𝑥Differentiate w.r.t.
argmax’s argument

Set to 0 and solve 2𝑥 = 0 ⇒ =𝑥 = 0

Make sure #𝑥
is a maximum

• Check 𝑓 #𝑥 ± 𝜖 < 𝑓 #𝑥
• Generally ignored in expository derivations
• We’ll ignore it here too (and won’t require it in class)
• arg min is defined similarly, relevant for gradient descent



Computing	the	MLE

General approach for finding 𝜃&'( , the MLE of 𝜃:

83

𝜃!"# = arg max
$

𝐿𝐿 𝜃

1. Determine 
formula for 𝐿𝐿 𝜃

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃

𝐿𝐿 𝜃 =0
!"#

$

log 𝑓 𝑋!|𝜃
𝜕𝐿𝐿 𝜃
𝜕𝜃

3. Solve

To maximize:
𝜕𝐿𝐿 𝜃
𝜕𝜃

= 0

4. Technically, make sure derived 6𝜃%&' is a maximum 
• Check 𝐿𝐿 𝜃%&' ± 𝜖 < 𝐿𝐿 𝜃%&'
• Often ignored in expository derivations
• We’ll ignore it here too (and won’t require it in class)

(algebra or
computer)

𝐿𝐿 𝜃 is often easier to 
differentiate than 𝐿 𝜃 .



Maximizing Likelihood with Bernoulli

Consider I.I.D. random variables X1, X2, ..., Xn
§ Xi ~ Ber(p)
§ Probability mass function, f(Xi | p): 



Consider I.I.D. random variables X1, X2, ..., Xn
§ Xi ~ Ber(p)
§ Probability mass function, f(Xi | p): 

Maximizing Likelihood with Bernoulli

0 1

p

1 - p

PMF of Bernoulli

1    0     )1()|( 1 or where =-= -
i

xx
i xpppXf ii

PMF of Bernoulli (p = 0.2)

f(x) = 0.2x(1� 0.2)1�x



Bernoulli PMF

f(X = x|p) = px(1� p)1�x

X ⇠ Ber(p)



Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?

87

1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

𝑓 𝑋$|𝑝 = B𝑝 if 𝑋$ = 1
1 − 𝑝 if 𝑋$ = 0

𝐿𝐿 𝜃 =0
!"#

$

log 𝑓 𝑋!|𝑝

?



Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?

88

1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .
• 𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(!

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

𝐿𝐿 𝜃 =0
!"#

$

log 𝑓 𝑋!|𝑝

𝑓 𝑋$|𝑝 = 𝑝3! 1 − 𝑝 !43! where 𝑋$ ∈ {0,1}

• Is differentiable with respect to 𝑝
• Valid PMF over discrete domain✅

𝑓 𝑋$|𝑝 = B𝑝 if 𝑋$ = 1
1 − 𝑝 if 𝑋$ = 0



𝐿𝐿 𝜃 =0
!"#

$

log 𝑓 𝑋!|𝑝

Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?

89

1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .
• 𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(!

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

=0
!"#

$

log 𝑝(! 1 − 𝑝 #)(!

𝑌 =0
!"#

$

𝑋!

=0
!"#

$

𝑋! log 𝑝 + 1 − 𝑋! log 1 − 𝑝

= 𝑌 log 𝑝 + 𝑛 − 𝑌 log 1 − 𝑝 , where 



Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .
• 𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(!

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

= 𝑌 log 𝑝 + 𝑛 − 𝑌 log 1 − 𝑝 , where 𝑌 =0
!"#

$

𝑋!

𝐿𝐿 𝜃 =0
!"#

$

𝑋! log 𝑝 + 1 − 𝑋! log 1 − 𝑝

𝜕𝐿𝐿 𝜃
𝜕𝑝

= 𝑌
1
𝑝
+ 𝑛 − 𝑌

−1
1 − 𝑝

= 0



Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .
• 𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(!

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

= 𝑌 log 𝑝 + 𝑛 − 𝑌 log 1 − 𝑝 , where 𝑌 =0
!"#

$

𝑋!

𝐿𝐿 𝜃 =0
!"#

$

𝑋! log 𝑝 + 1 − 𝑋! log 1 − 𝑝

𝜕𝐿𝐿 𝜃
𝜕𝑝

= 𝑌
1
𝑝
+ 𝑛 − 𝑌

−1
1 − 𝑝

= 0



Maximum	Likelihood	with	Bernoulli
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝑝&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

• Let 𝑋$~Ber 𝑝 .
• 𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(!

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

3. Solve resulting
equations

= 𝑌 log 𝑝 + 𝑛 − 𝑌 log 1 − 𝑝 , where 𝑌 =0
!"#

$

𝑋!

𝐿𝐿 𝜃 =0
!"#

$

𝑋! log 𝑝 + 1 − 𝑋! log 1 − 𝑝

𝜕𝐿𝐿 𝜃
𝜕𝑝

= 𝑌
1
𝑝
+ 𝑛 − 𝑌

−1
1 − 𝑝

= 0

𝑝%&' =
1
𝑛
𝑌 =

1
𝑛
0
!"#

$

𝑋!
MLE of the Bernoulli parameter, 
𝑝%&', is the unbiased estimate of 
the mean, >𝑋 (sample mean)



Isn’t that the same as 
unbiased estimator?



Yes. For Bernoulli.



MLE	of	Bernoulli	is	the	sample	mean
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Quick	check
• You draw 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋# from the distribution 𝐹,

yielding the following sample:
0, 0, 1, 1, 1, 1, 1, 1, 1, 1

• Suppose distribution 𝐹 = Ber 𝑝 with unknown parameter 𝑝.
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(𝑛 = 10)

A. 1.0
B. 0.5
C. 0.8
D. 0.2
E. None/other

1. What is 𝑝&'( , the MLE of the parameter 𝑝?

𝑝%&' = >𝑋 =
1
𝑛
0
!"#

$

𝑋!



Quick	check
• You draw 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋# from the distribution 𝐹, 

yielding the following sample:
0, 0, 1, 1, 1, 1, 1, 1, 1, 1

• Suppose distribution 𝐹 = Ber 𝑝 with unknown parameter 𝑝.
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A. 1.0
B. 0.5
C. 0.8
D. 0.2
E. None/other

1. What is 𝑝&'( , the MLE of the parameter 𝑝?

𝑝%&' = >𝑋 =
1
𝑛
0
!"#

$

𝑋!

(𝑛 = 10)



Quick	check
• You draw 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋# from the distribution 𝐹, 

yielding the following sample:
0, 0, 1, 1, 1, 1, 1, 1, 1, 1

• Suppose distribution 𝐹 = Ber 𝑝 with unknown parameter 𝑝.
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C. 0.8

𝐿 𝜃 =?
!"#

$

𝑓 𝑋!|𝑝

1. What is 𝑝&'( , the MLE of the parameter 𝑝?
2. What is the likelihood 𝐿 𝜃 of this particular sample?

𝑓 𝑋!|𝑝 = 𝑝(! 1 − 𝑝 #)(! where 𝑋! ∈ {0,1}

= 𝑝* 1 − 𝑝 +

where 𝜃 = 𝑝

(𝑛 = 10)



Maximum Likelihood Algorithm

4. Use an optimization algorithm to calculate argmax

1. Decide on a model for the distribution of 
your samples. Define the PMF / PDF for 
your sample.

2. Write out the log likelihood function.

3. State that the optimal 
parameters are the argmax of 
the log likelihood function.





MLE	for	Poisson

101



Maximum	Likelihood	with	Poisson
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝜆&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

𝐿𝐿 𝜃 =$
!"#

$

log
𝑒%&𝜆'!
𝑋!!

= −𝑛𝜆 + log 𝜆 $
!"#

$

𝑋! −$
!"#

$

log 𝑋!!

=$
!"#

$

−𝜆 log 𝑒 + 𝑋! log 𝜆 − log𝑋!!

(using natural 
log, ln 𝑒 = 1)

𝑓 𝑋!|𝜆 =
𝑒),𝜆(!
𝑋!!

• Let 𝑋$~Poi 𝜆 .
• PMF:



Maximum	Likelihood	with	Poisson
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝜆&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

𝐿𝐿 𝜃 =$
!"#

$

log
𝑒%&𝜆'!
𝑋!!

= −𝑛𝜆 + log 𝜆 $
!"#

$

𝑋! −$
!"#

$

log 𝑋!!

=$
!"#

$

−𝜆 log 𝑒 + 𝑋! log 𝜆 − log𝑋!!

(using natural 
log, ln 𝑒 = 1)

𝑓 𝑋!|𝜆 =
𝑒),𝜆(!
𝑋!!

• Let 𝑋$~Poi 𝜆 .
• PMF:

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

−𝑛 +
1
𝜆=
%&'

(

𝑋% + 𝑛 log 𝜆 −=
%&'

(
1
𝑋%!

⋅
𝜕𝑋%!
𝜕𝑋%

−𝑛 +
1
𝜆
0
!"#

$

𝑋!
A. B. C. None/other/

don’t know 🤔

𝜕𝐿𝐿 𝜃
𝜕𝜆

= ?



Maximum	Likelihood	with	Poisson
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝜆&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

𝐿𝐿 𝜃 =$
!"#

$

log
𝑒%&𝜆'!
𝑋!!

= −𝑛𝜆 + log 𝜆 $
!"#

$

𝑋! −$
!"#

$

log 𝑋!!

=$
!"#

$

−𝜆 log 𝑒 + 𝑋! log 𝜆 − log𝑋!!

(using natural 
log, ln 𝑒 = 1)

𝑓 𝑋!|𝜆 =
𝑒),𝜆(!
𝑋!!

• Let 𝑋$~Poi 𝜆 .
• PMF:

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

−𝑛 +
1
𝜆=
%&'

(

𝑋% + 𝑛 log 𝜆 −=
%&'

(
1
𝑋%!

⋅
𝜕𝑋%!
𝜕𝑋%

−𝑛 +
1
𝜆
0
!"#

$

𝑋!
A. B. C. None/other/

don’t know

𝜕𝐿𝐿 𝜃
𝜕𝜆

= ?



Maximum	Likelihood	with	Poisson
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝜆&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

𝐿𝐿 𝜃 =$
!"#

$

log
𝑒%&𝜆'!
𝑋!!

= −𝑛𝜆 + log 𝜆 $
!"#

$

𝑋! −$
!"#

$

log 𝑋!!

=$
!"#

$

−𝜆 log 𝑒 + 𝑋! log 𝜆 − log𝑋!!

(using natural 
log, ln 𝑒 = 1)

𝑓 𝑋!|𝜆 =
𝑒),𝜆(!
𝑋!!

• Let 𝑋$~Poi 𝜆 .
• PMF:

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

𝜕𝐿𝐿 𝜃
𝜕𝜆

= −𝑛 +
1
𝜆
0
!"#

$

𝑋! = 0

3. Solve resulting
equations

𝜆%&' =
1
𝑛
0
!"#

$

𝑋!



Maximum	Likelihood	with	Poisson
Consider a sample of 𝑛 i.i.d. RVs 𝑋!, 𝑋", … , 𝑋#.
What is 𝜃&'( = 𝜆&'(?
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1. Determine 
formula for 𝐿𝐿 𝜃

𝐿𝐿 𝜃 =$
!"#

$

log
𝑒%&𝜆'!
𝑋!!

= −𝑛𝜆 + log 𝜆 $
!"#

$

𝑋! −$
!"#

$

log 𝑋!!

=$
!"#

$

−𝜆 log 𝑒 + 𝑋! log 𝜆 − log𝑋!!

(using natural 
log, ln 𝑒 = 1)

𝑓 𝑋!|𝜆 =
𝑒),𝜆(!
𝑋!!

• Let 𝑋$~Poi 𝜆 .
• PMF:

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

𝜕𝐿𝐿 𝜃
𝜕𝜆

= −𝑛 +
1
𝜆
0
!"#

$

𝑋! = 0

3. Solve resulting
equations

𝜆%&' =
1
𝑛
0
!"#

$

𝑋!

MLE of the Poisson 
parameter, 𝜆%&', is the 
unbiased estimate of the 
mean, >𝑋 (sample mean)



Its so general!



MLE	for	Gaussian

108



Maximum	Likelihood	with	Normal
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𝐿𝐿 𝜃 =0
!"#

$

log
1
2𝜋𝜎

𝑒) (!)- "/ +/" =0
!"#

$

− log 2𝜋𝜎 − 𝑋! − 𝜇 +/ 2𝜎+

(using natural log)

= −0
!"#

$

log 2𝜋𝜎 −0
!"#

$

𝑋! − 𝜇 +/ 2𝜎+

Consider a sample of 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋#.
• Let 𝑋!~𝒩 𝜇, 𝜎+ .

What is 𝜃&'( = 𝜇&'( , 𝜎&'(" ?
1. Determine 

formula for 𝐿𝐿 𝜃
3. Solve resulting

equations
2. Differentiate 𝐿𝐿 𝜃

w.r.t. (each) 𝜃, set to 0

𝑓 𝑋!|𝜇, 𝜎+ =
1
2𝜋𝜎

𝑒) (!)- "/ +/"



Maximum	Likelihood	with	Normal
Consider a sample of 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋#.
• Let 𝑋!~𝒩 𝜇, 𝜎+ .

What is 𝜃&'( = 𝜇&'( , 𝜎&'(" ?
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1. Determine 
formula for 𝐿𝐿 𝜃

3. Solve resulting
equations

𝐿𝐿 𝜃 = −0
!"#

$

log 2𝜋𝜎 −0
!"#

$

𝑋! − 𝜇 +/ 2𝜎+

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

𝑓 𝑋!|𝜇, 𝜎+ =
1
2𝜋𝜎

𝑒) (!)- "/ +/"

𝜕𝐿𝐿 𝜃
𝜕𝜇

=0
!"#

$

2 𝑋! − 𝜇 / 2𝜎+

=
1
𝜎+
0
!"#

$

𝑋! − 𝜇 = 0

with respect to 𝜇



Maximum	Likelihood	with	Normal
Consider a sample of 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋#.
• Let 𝑋!~𝒩 𝜇, 𝜎+ .

What is 𝜃&'( = 𝜇&'( , 𝜎&'(" ?
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1. Determine 
formula for 𝐿𝐿 𝜃

3. Solve resulting
equations

𝐿𝐿 𝜃 = −0
!"#

$

log 2𝜋𝜎 −0
!"#

$

𝑋! − 𝜇 +/ 2𝜎+

2. Differentiate 𝐿𝐿 𝜃
w.r.t. (each) 𝜃, set to 0

𝑓 𝑋!|𝜇, 𝜎+ =
1
2𝜋𝜎

𝑒) (!)- "/ +/"

𝜕𝐿𝐿 𝜃
𝜕𝜇

=0
!"#

$

2 𝑋! − 𝜇 / 2𝜎+

=
1
𝜎+
0
!"#

$

𝑋! − 𝜇 = 0

with respect to 𝜇 with respect to 𝜎

𝜕𝐿𝐿 𝜃
𝜕𝜎

= −0
!"#

$
1
𝜎
+0

!"#

$

2 𝑋! − 𝜇 +/ 2𝜎0

= −
𝑛
𝜎
+
1
𝜎0
0
!"#

$

𝑋! − 𝜇 + = 0



Maximum	Likelihood	with	Normal
Consider a sample of 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋#.
• Let 𝑋!~𝒩 𝜇, 𝜎+ .

What is 𝜃&'( = 𝜇&'( , 𝜎&'(" ?
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3. Solve resulting
equations

𝑓 𝑋!|𝜇, 𝜎+ =
1
2𝜋𝜎

𝑒) (!)- "/ +/"

1
𝜎+
0
!"#

$

𝑋! − 𝜇 = 0Two equations, 
two unknowns:

First, solve
for 𝜇%&':

1
𝜎+0

!"#

$

𝑋! −
1
𝜎+0

!"#

$

𝜇 = 0 ⇒ 0
!"#

$

𝑋! = 𝑛𝜇 ⇒ 𝜇%&' =
1
𝑛
0
!"#

$

𝑋!
unbiased

−
𝑛
𝜎
+
1
𝜎0
0
!"#

$

𝑋! − 𝜇 + = 0



Maximum	Likelihood	with	Normal
Consider a sample of 𝑛 i.i.d. random variables 𝑋!, 𝑋", … , 𝑋#.
• Let 𝑋!~𝒩 𝜇, 𝜎+ .

What is 𝜃&'( = 𝜇&'( , 𝜎&'(" ?
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3. Solve resulting
equations

𝑓 𝑋!|𝜇, 𝜎+ =
1
2𝜋𝜎

𝑒) (!)- "/ +/"

−
𝑛
𝜎
+
1
𝜎0
0
!"#

$

𝑋! − 𝜇 + = 0Two equations, 
two unknowns:

1
𝜎+0

!"#

$

𝑋! −
1
𝜎+0

!"#

$

𝜇 = 0 ⇒ 0
!"#

$

𝑋! = 𝑛𝜇 ⇒ 𝜇%&' =
1
𝑛
0
!"#

$

𝑋!

Next, solve
for 𝜎%&':

1
𝜎0
0
!"#

$

𝑋! − 𝜇 + =
𝑛
𝜎 ⇒0

!"#

$

𝑋! − 𝜇 + = 𝜎+𝑛 ⇒ 𝜎%&'+ =
1
𝑛
0
!"#

$

𝑋! − 𝜇%&' +

biased

unbiased

First, solve
for 𝜇%&':

1
𝜎+
0
!"#

$

𝑋! − 𝜇 = 0



Consider I.I.D. random variables X1, X2, ..., Xn
§ Xi ~ Uni(0, 1)

§ Observe data:
o0.15, 0.20, 0.30, 0.40, 0.65, 0.70, 0.75

Likelihood: L(a,1)

a

L(a,1)

Likelihood: L(0, b)

b

L(0, b)

Understanding MLE with Uniform



How do small samples affect MLE?
§ In many cases,                      = sample mean 
oUnbiased.  Not too shabby…

§ As seen with Normal,
oBiased.  Underestimates for small n (e.g., 0 for n = 1)

§ As seen with Uniform, aMLE ≥ a and bMLE ≤ b
oBiased.  Problematic for small n (e.g., a = b when n = 1)

§ Small sample phenomena intuitively make sense:
oMaximum likelihood Þ best explain data we’ve seen
oDoes not attempt to generalize to unseen data
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Small Samples = Problems



Maximum Likelihood Estimators are generally:
§ Consistent:                                      for e > 0

§ Potentially biased (though asymptotically less so)
§ Asymptotically optimal
oHas smallest variance of “good” estimators for large samples

§ Often used in practice where sample size is large 
relative to parameter space
oBut be careful, there are some very large parameter spaces

1) |ˆ(|lim =<-
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Properties of MLE



Machine Learning: 
Learn parameters (mostly with MLE) for 

probabilistic models.




