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Today’s topics

• Continue Discussion on Logistic Regression

• Gradient Descent for LR

• Multilabel Classifications

• HW4 posted, Programming assignment due 
date extended to March 25



Logistic Regression

• Binary classification

P (Y (i) = 1|X(i), ✓) = g(< ✓, X(i) >)
<latexit sha1_base64="Vl5TwK8/7dysY8ZfcRiBkLbUc7I=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyzCFEqZEUEXVgpudFfBXqStJZOmbWjmQnJGKGOfw42v4saFIu7EjW9j2pmFth4IfPz/OZyc3w0FV2Db38bC4tLyympmLbu+sbm1be7s1lQQScqqNBCBbLhEMcF9VgUOgjVCyYjnClZ3hxcTv37PpOKBfwOjkLU90vd5j1MCWuqYTsW6vYstnh+XnIdGQoUWDBiQfAn3rbOECzj1zvMdM2cX7WnheXBSyKG0Kh3zs9UNaOQxH6ggSjUdO4R2TCRwKtg424oUCwkdkj5ravSJx1Q7np42xoda6eJeIPXzAU/V3xMx8ZQaea7u9AgM1Kw3Ef/zmhH0Ttsx98MImE+TRb1IYAjwJCfc5ZJRECMNhEqu/4rpgEhCQaeZ1SE4syfPQ+2o6Gi+Ps6Vr9I4MmgfHSALOegEldElqqAqougRPaNX9GY8GS/Gu/GRtC4Y6cwe+lPG1w/l2Z5L</latexit><latexit sha1_base64="Vl5TwK8/7dysY8ZfcRiBkLbUc7I=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyzCFEqZEUEXVgpudFfBXqStJZOmbWjmQnJGKGOfw42v4saFIu7EjW9j2pmFth4IfPz/OZyc3w0FV2Db38bC4tLyympmLbu+sbm1be7s1lQQScqqNBCBbLhEMcF9VgUOgjVCyYjnClZ3hxcTv37PpOKBfwOjkLU90vd5j1MCWuqYTsW6vYstnh+XnIdGQoUWDBiQfAn3rbOECzj1zvMdM2cX7WnheXBSyKG0Kh3zs9UNaOQxH6ggSjUdO4R2TCRwKtg424oUCwkdkj5ravSJx1Q7np42xoda6eJeIPXzAU/V3xMx8ZQaea7u9AgM1Kw3Ef/zmhH0Ttsx98MImE+TRb1IYAjwJCfc5ZJRECMNhEqu/4rpgEhCQaeZ1SE4syfPQ+2o6Gi+Ps6Vr9I4MmgfHSALOegEldElqqAqougRPaNX9GY8GS/Gu/GRtC4Y6cwe+lPG1w/l2Z5L</latexit><latexit sha1_base64="Vl5TwK8/7dysY8ZfcRiBkLbUc7I=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyzCFEqZEUEXVgpudFfBXqStJZOmbWjmQnJGKGOfw42v4saFIu7EjW9j2pmFth4IfPz/OZyc3w0FV2Db38bC4tLyympmLbu+sbm1be7s1lQQScqqNBCBbLhEMcF9VgUOgjVCyYjnClZ3hxcTv37PpOKBfwOjkLU90vd5j1MCWuqYTsW6vYstnh+XnIdGQoUWDBiQfAn3rbOECzj1zvMdM2cX7WnheXBSyKG0Kh3zs9UNaOQxH6ggSjUdO4R2TCRwKtg424oUCwkdkj5ravSJx1Q7np42xoda6eJeIPXzAU/V3xMx8ZQaea7u9AgM1Kw3Ef/zmhH0Ttsx98MImE+TRb1IYAjwJCfc5ZJRECMNhEqu/4rpgEhCQaeZ1SE4syfPQ+2o6Gi+Ps6Vr9I4MmgfHSALOegEldElqqAqougRPaNX9GY8GS/Gu/GRtC4Y6cwe+lPG1w/l2Z5L</latexit><latexit sha1_base64="Vl5TwK8/7dysY8ZfcRiBkLbUc7I=">AAACGnicbZDLSgMxFIYzXmu9jbp0EyzCFEqZEUEXVgpudFfBXqStJZOmbWjmQnJGKGOfw42v4saFIu7EjW9j2pmFth4IfPz/OZyc3w0FV2Db38bC4tLyympmLbu+sbm1be7s1lQQScqqNBCBbLhEMcF9VgUOgjVCyYjnClZ3hxcTv37PpOKBfwOjkLU90vd5j1MCWuqYTsW6vYstnh+XnIdGQoUWDBiQfAn3rbOECzj1zvMdM2cX7WnheXBSyKG0Kh3zs9UNaOQxH6ggSjUdO4R2TCRwKtg424oUCwkdkj5ravSJx1Q7np42xoda6eJeIPXzAU/V3xMx8ZQaea7u9AgM1Kw3Ef/zmhH0Ttsx98MImE+TRb1IYAjwJCfc5ZJRECMNhEqu/4rpgEhCQaeZ1SE4syfPQ+2o6Gi+Ps6Vr9I4MmgfHSALOegEldElqqAqougRPaNX9GY8GS/Gu/GRtC4Y6cwe+lPG1w/l2Z5L</latexit>

P (Y (i) = 0|X(i), ✓) = 1� g(< ✓, X(i) >)
<latexit sha1_base64="Yj7a/TVEwEOKeqwjjQu02rUFGZY=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIU6hlRgVdWCm40V0Fe5F2LJk0bUMzF5IzQhn7IG58FTcuFHHjQvBtTNtZaPVA4Mv/n0NyfjcUXIFlfRmpufmFxaX0cmZldW19I7u5VVNBJCmr0kAEsuESxQT3WRU4CNYIJSOeK1jdHZyP/fodk4oH/jUMQ+Z4pOfzLqcEtNTOHlbMm9vY5PlRybpvTKnQgj4Dki9he79nnk5vBZy4Z/l2NmcVrUnhv2AnkENJVdrZj1YnoJHHfKCCKNW0rRCcmEjgVLBRphUpFhI6ID3W1OgTjyknniw3wnta6eBuIPXxAU/UnxMx8ZQaeq7u9Aj01aw3Fv/zmhF0T5yY+2EEzKfTh7qRwBDgcVK4wyWjIIYaCJVc/xXTPpGEgs4zo0OwZ1f+C7WDoq356ihXvkziSKMdtItMZKNjVEYXqIKqiKIH9IRe0KvxaDwbb8b7tDVlJDPb6FcZn9/Xs568</latexit><latexit sha1_base64="Yj7a/TVEwEOKeqwjjQu02rUFGZY=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIU6hlRgVdWCm40V0Fe5F2LJk0bUMzF5IzQhn7IG58FTcuFHHjQvBtTNtZaPVA4Mv/n0NyfjcUXIFlfRmpufmFxaX0cmZldW19I7u5VVNBJCmr0kAEsuESxQT3WRU4CNYIJSOeK1jdHZyP/fodk4oH/jUMQ+Z4pOfzLqcEtNTOHlbMm9vY5PlRybpvTKnQgj4Dki9he79nnk5vBZy4Z/l2NmcVrUnhv2AnkENJVdrZj1YnoJHHfKCCKNW0rRCcmEjgVLBRphUpFhI6ID3W1OgTjyknniw3wnta6eBuIPXxAU/UnxMx8ZQaeq7u9Aj01aw3Fv/zmhF0T5yY+2EEzKfTh7qRwBDgcVK4wyWjIIYaCJVc/xXTPpGEgs4zo0OwZ1f+C7WDoq356ihXvkziSKMdtItMZKNjVEYXqIKqiKIH9IRe0KvxaDwbb8b7tDVlJDPb6FcZn9/Xs568</latexit><latexit sha1_base64="Yj7a/TVEwEOKeqwjjQu02rUFGZY=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIU6hlRgVdWCm40V0Fe5F2LJk0bUMzF5IzQhn7IG58FTcuFHHjQvBtTNtZaPVA4Mv/n0NyfjcUXIFlfRmpufmFxaX0cmZldW19I7u5VVNBJCmr0kAEsuESxQT3WRU4CNYIJSOeK1jdHZyP/fodk4oH/jUMQ+Z4pOfzLqcEtNTOHlbMm9vY5PlRybpvTKnQgj4Dki9he79nnk5vBZy4Z/l2NmcVrUnhv2AnkENJVdrZj1YnoJHHfKCCKNW0rRCcmEjgVLBRphUpFhI6ID3W1OgTjyknniw3wnta6eBuIPXxAU/UnxMx8ZQaeq7u9Aj01aw3Fv/zmhF0T5yY+2EEzKfTh7qRwBDgcVK4wyWjIIYaCJVc/xXTPpGEgs4zo0OwZ1f+C7WDoq356ihXvkziSKMdtItMZKNjVEYXqIKqiKIH9IRe0KvxaDwbb8b7tDVlJDPb6FcZn9/Xs568</latexit><latexit sha1_base64="Yj7a/TVEwEOKeqwjjQu02rUFGZY=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAIU6hlRgVdWCm40V0Fe5F2LJk0bUMzF5IzQhn7IG58FTcuFHHjQvBtTNtZaPVA4Mv/n0NyfjcUXIFlfRmpufmFxaX0cmZldW19I7u5VVNBJCmr0kAEsuESxQT3WRU4CNYIJSOeK1jdHZyP/fodk4oH/jUMQ+Z4pOfzLqcEtNTOHlbMm9vY5PlRybpvTKnQgj4Dki9he79nnk5vBZy4Z/l2NmcVrUnhv2AnkENJVdrZj1YnoJHHfKCCKNW0rRCcmEjgVLBRphUpFhI6ID3W1OgTjyknniw3wnta6eBuIPXxAU/UnxMx8ZQaeq7u9Aj01aw3Fv/zmhF0T5yY+2EEzKfTh7qRwBDgcVK4wyWjIIYaCJVc/xXTPpGEgs4zo0OwZ1f+C7WDoq356ihXvkziSKMdtItMZKNjVEYXqIKqiKIH9IRe0KvxaDwbb8b7tDVlJDPb6FcZn9/Xs568</latexit>

g(z) =
1

1 + exp(�z)
<latexit sha1_base64="2H50U8od/a4HMMSRtd3XReXqI8M=">AAACAnicbZDLSsNAFIZP6q3WW9SVuAkWoUUsiQi6EQpudFfBXqAJZTKdtEMnkzAzEdsQ3Pgqblwo4tancOfbOL0stPrDwMd/zuHM+f2YUals+8vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/uByXG/eESFpxG/VMCZeiHqcBhQjpa2OudcrjcoXbiAQTp0sdY5cch+XjkflrGMW7Yo9kfUXnBkUYaZax/x0uxFOQsIVZkjKtmPHykuRUBQzkhXcRJIY4QHqkbZGjkIivXRyQmYdaqdrBZHQjytr4v6cSFEo5TD0dWeIVF/O18bmf7V2ooJzL6U8ThTheLooSJilImuch9WlgmDFhhoQFlT/1cJ9pONQOrWCDsGZP/kvNE4qjuab02L1ehZHHvbhAErgwBlU4QpqUAcMD/AEL/BqPBrPxpvxPm3NGbOZXfgl4+Mbc3iWMQ==</latexit><latexit sha1_base64="2H50U8od/a4HMMSRtd3XReXqI8M=">AAACAnicbZDLSsNAFIZP6q3WW9SVuAkWoUUsiQi6EQpudFfBXqAJZTKdtEMnkzAzEdsQ3Pgqblwo4tancOfbOL0stPrDwMd/zuHM+f2YUals+8vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/uByXG/eESFpxG/VMCZeiHqcBhQjpa2OudcrjcoXbiAQTp0sdY5cch+XjkflrGMW7Yo9kfUXnBkUYaZax/x0uxFOQsIVZkjKtmPHykuRUBQzkhXcRJIY4QHqkbZGjkIivXRyQmYdaqdrBZHQjytr4v6cSFEo5TD0dWeIVF/O18bmf7V2ooJzL6U8ThTheLooSJilImuch9WlgmDFhhoQFlT/1cJ9pONQOrWCDsGZP/kvNE4qjuab02L1ehZHHvbhAErgwBlU4QpqUAcMD/AEL/BqPBrPxpvxPm3NGbOZXfgl4+Mbc3iWMQ==</latexit><latexit sha1_base64="2H50U8od/a4HMMSRtd3XReXqI8M=">AAACAnicbZDLSsNAFIZP6q3WW9SVuAkWoUUsiQi6EQpudFfBXqAJZTKdtEMnkzAzEdsQ3Pgqblwo4tancOfbOL0stPrDwMd/zuHM+f2YUals+8vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/uByXG/eESFpxG/VMCZeiHqcBhQjpa2OudcrjcoXbiAQTp0sdY5cch+XjkflrGMW7Yo9kfUXnBkUYaZax/x0uxFOQsIVZkjKtmPHykuRUBQzkhXcRJIY4QHqkbZGjkIivXRyQmYdaqdrBZHQjytr4v6cSFEo5TD0dWeIVF/O18bmf7V2ooJzL6U8ThTheLooSJilImuch9WlgmDFhhoQFlT/1cJ9pONQOrWCDsGZP/kvNE4qjuab02L1ehZHHvbhAErgwBlU4QpqUAcMD/AEL/BqPBrPxpvxPm3NGbOZXfgl4+Mbc3iWMQ==</latexit><latexit sha1_base64="2H50U8od/a4HMMSRtd3XReXqI8M=">AAACAnicbZDLSsNAFIZP6q3WW9SVuAkWoUUsiQi6EQpudFfBXqAJZTKdtEMnkzAzEdsQ3Pgqblwo4tancOfbOL0stPrDwMd/zuHM+f2YUals+8vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/uByXG/eESFpxG/VMCZeiHqcBhQjpa2OudcrjcoXbiAQTp0sdY5cch+XjkflrGMW7Yo9kfUXnBkUYaZax/x0uxFOQsIVZkjKtmPHykuRUBQzkhXcRJIY4QHqkbZGjkIivXRyQmYdaqdrBZHQjytr4v6cSFEo5TD0dWeIVF/O18bmf7V2ooJzL6U8ThTheLooSJilImuch9WlgmDFhhoQFlT/1cJ9pONQOrWCDsGZP/kvNE4qjuab02L1ehZHHvbhAErgwBlU4QpqUAcMD/AEL/BqPBrPxpvxPm3NGbOZXfgl4+Mbc3iWMQ==</latexit>

Sigmoid function



Logistic Regression

• Maximum Likelihood 

max
✓

NY

i=1

P (Y (i)|X(i), ✓)
<latexit sha1_base64="kcJJPsvQHq8Tm52BYDqdtiUoznM="></latexit><latexit sha1_base64="kcJJPsvQHq8Tm52BYDqdtiUoznM="></latexit><latexit sha1_base64="kcJJPsvQHq8Tm52BYDqdtiUoznM="></latexit><latexit sha1_base64="kcJJPsvQHq8Tm52BYDqdtiUoznM="></latexit>

max
✓

NY

i=1

g(< ✓, X(i) >)Y
(i)

(1� g(< ✓, X(i) >))1�Y (i)

<latexit sha1_base64="DamO97xamPA3dFfBwknaqPLn3hE="></latexit><latexit sha1_base64="DamO97xamPA3dFfBwknaqPLn3hE="></latexit><latexit sha1_base64="DamO97xamPA3dFfBwknaqPLn3hE="></latexit><latexit sha1_base64="DamO97xamPA3dFfBwknaqPLn3hE="></latexit>

max
✓

NX

i=1

Y (i) log g(< ✓, X(i) >) + (1� Y (i)) log(1� g(< ✓, X(i) >))
<latexit sha1_base64="SAnHH4q1pVMfF8MTsnUrEgyn1pE="></latexit><latexit sha1_base64="SAnHH4q1pVMfF8MTsnUrEgyn1pE="></latexit><latexit sha1_base64="SAnHH4q1pVMfF8MTsnUrEgyn1pE="></latexit><latexit sha1_base64="SAnHH4q1pVMfF8MTsnUrEgyn1pE="></latexit>

Cross-entropy loss function



How to solve it?
• Gradient Descent

• A good property of sigmoid:

• SGD:

• Why? Intuition behind the updates

rzg(z) = g(z)(1� g(z))
<latexit sha1_base64="sseVKf3dzFmFd3b9wmVy2vvaiJ0=">AAACBnicbVDLSgMxFM34rPU16lKEYBHahWVGBN0IBTe6q2Af0JZyJ820oZnMkGSEtnTlxl9x40IRt36DO//GzHQW2noguYdz7iW5x4s4U9pxvq2l5ZXVtfXcRn5za3tn197br6swloTWSMhD2fRAUc4ErWmmOW1GkkLgcdrwhteJ33igUrFQ3OtRRDsB9AXzGQFtpK591BbgceiOcb84LuGr9C66p0kt4a5dcMpOCrxI3IwUUIZq1/5q90ISB1RowkGplutEujMBqRnhdJpvx4pGQIbQpy1DBQRUdSbpGlN8YpQe9kNpjtA4VX9PTCBQahR4pjMAPVDzXiL+57Vi7V92JkxEsaaCzB7yY451iJNMcI9JSjQfGQJEMvNXTAYggWiTXN6E4M6vvEjqZ2XX8LvzQuU2iyOHDtExKiIXXaAKukFVVEMEPaJn9IrerCfrxXq3PmatS1Y2c4D+wPr8AatGlgk=</latexit><latexit sha1_base64="sseVKf3dzFmFd3b9wmVy2vvaiJ0=">AAACBnicbVDLSgMxFM34rPU16lKEYBHahWVGBN0IBTe6q2Af0JZyJ820oZnMkGSEtnTlxl9x40IRt36DO//GzHQW2noguYdz7iW5x4s4U9pxvq2l5ZXVtfXcRn5za3tn197br6swloTWSMhD2fRAUc4ErWmmOW1GkkLgcdrwhteJ33igUrFQ3OtRRDsB9AXzGQFtpK591BbgceiOcb84LuGr9C66p0kt4a5dcMpOCrxI3IwUUIZq1/5q90ISB1RowkGplutEujMBqRnhdJpvx4pGQIbQpy1DBQRUdSbpGlN8YpQe9kNpjtA4VX9PTCBQahR4pjMAPVDzXiL+57Vi7V92JkxEsaaCzB7yY451iJNMcI9JSjQfGQJEMvNXTAYggWiTXN6E4M6vvEjqZ2XX8LvzQuU2iyOHDtExKiIXXaAKukFVVEMEPaJn9IrerCfrxXq3PmatS1Y2c4D+wPr8AatGlgk=</latexit><latexit sha1_base64="sseVKf3dzFmFd3b9wmVy2vvaiJ0=">AAACBnicbVDLSgMxFM34rPU16lKEYBHahWVGBN0IBTe6q2Af0JZyJ820oZnMkGSEtnTlxl9x40IRt36DO//GzHQW2noguYdz7iW5x4s4U9pxvq2l5ZXVtfXcRn5za3tn197br6swloTWSMhD2fRAUc4ErWmmOW1GkkLgcdrwhteJ33igUrFQ3OtRRDsB9AXzGQFtpK591BbgceiOcb84LuGr9C66p0kt4a5dcMpOCrxI3IwUUIZq1/5q90ISB1RowkGplutEujMBqRnhdJpvx4pGQIbQpy1DBQRUdSbpGlN8YpQe9kNpjtA4VX9PTCBQahR4pjMAPVDzXiL+57Vi7V92JkxEsaaCzB7yY451iJNMcI9JSjQfGQJEMvNXTAYggWiTXN6E4M6vvEjqZ2XX8LvzQuU2iyOHDtExKiIXXaAKukFVVEMEPaJn9IrerCfrxXq3PmatS1Y2c4D+wPr8AatGlgk=</latexit><latexit sha1_base64="sseVKf3dzFmFd3b9wmVy2vvaiJ0=">AAACBnicbVDLSgMxFM34rPU16lKEYBHahWVGBN0IBTe6q2Af0JZyJ820oZnMkGSEtnTlxl9x40IRt36DO//GzHQW2noguYdz7iW5x4s4U9pxvq2l5ZXVtfXcRn5za3tn197br6swloTWSMhD2fRAUc4ErWmmOW1GkkLgcdrwhteJ33igUrFQ3OtRRDsB9AXzGQFtpK591BbgceiOcb84LuGr9C66p0kt4a5dcMpOCrxI3IwUUIZq1/5q90ISB1RowkGplutEujMBqRnhdJpvx4pGQIbQpy1DBQRUdSbpGlN8YpQe9kNpjtA4VX9PTCBQahR4pjMAPVDzXiL+57Vi7V92JkxEsaaCzB7yY451iJNMcI9JSjQfGQJEMvNXTAYggWiTXN6E4M6vvEjqZ2XX8LvzQuU2iyOHDtExKiIXXaAKukFVVEMEPaJn9IrerCfrxXq3PmatS1Y2c4D+wPr8AatGlgk=</latexit>

✓k+1 = ✓k + ⌘(Y i � g(< ✓, Xi >))X(i)
<latexit sha1_base64="CYe/noj/mtLZmDElinYOxSZoimE=">AAACKHicbVDLSgMxFM3UVx1fVZdugkVoqcqMCLrwUXCjuwr2IW0tmTTThmYeJHeEMsznuPFX3Igo0q1fYvpAtPVAyLnn3EtyjxMKrsCyBkZqbn5hcSm9bK6srq1vZDa3KiqIJGVlGohA1hyimOA+KwMHwWqhZMRzBKs6vauhX31kUvHAv4N+yJoe6fjc5ZSAllqZywZ0GZBW3CvYyflPkRQamuDc/UPMk4NO7mzs7NeG9UU+r+8czycmbmWy1qE1Ap4l9oRk0QSlVuat0Q5o5DEfqCBK1W0rhGZMJHAqWGI2IsVCQnukw+qa+sRjqhmPFk3wnlba2A2kPj7gkfp7IiaeUn3P0Z0ega6a9obif149Ave0GXM/jID5dPyQGwkMAR6mhttcMgqirwmhkuu/YtolklDQ2Zo6BHt65VlSOTq0Nb89zhZvJnGk0Q7aRTlkoxNURNeohMqIoif0gt7Rh/FsvBqfxmDcmjImM9voD4yvb8AFpRk=</latexit><latexit sha1_base64="CYe/noj/mtLZmDElinYOxSZoimE=">AAACKHicbVDLSgMxFM3UVx1fVZdugkVoqcqMCLrwUXCjuwr2IW0tmTTThmYeJHeEMsznuPFX3Igo0q1fYvpAtPVAyLnn3EtyjxMKrsCyBkZqbn5hcSm9bK6srq1vZDa3KiqIJGVlGohA1hyimOA+KwMHwWqhZMRzBKs6vauhX31kUvHAv4N+yJoe6fjc5ZSAllqZywZ0GZBW3CvYyflPkRQamuDc/UPMk4NO7mzs7NeG9UU+r+8czycmbmWy1qE1Ap4l9oRk0QSlVuat0Q5o5DEfqCBK1W0rhGZMJHAqWGI2IsVCQnukw+qa+sRjqhmPFk3wnlba2A2kPj7gkfp7IiaeUn3P0Z0ega6a9obif149Ave0GXM/jID5dPyQGwkMAR6mhttcMgqirwmhkuu/YtolklDQ2Zo6BHt65VlSOTq0Nb89zhZvJnGk0Q7aRTlkoxNURNeohMqIoif0gt7Rh/FsvBqfxmDcmjImM9voD4yvb8AFpRk=</latexit><latexit sha1_base64="CYe/noj/mtLZmDElinYOxSZoimE=">AAACKHicbVDLSgMxFM3UVx1fVZdugkVoqcqMCLrwUXCjuwr2IW0tmTTThmYeJHeEMsznuPFX3Igo0q1fYvpAtPVAyLnn3EtyjxMKrsCyBkZqbn5hcSm9bK6srq1vZDa3KiqIJGVlGohA1hyimOA+KwMHwWqhZMRzBKs6vauhX31kUvHAv4N+yJoe6fjc5ZSAllqZywZ0GZBW3CvYyflPkRQamuDc/UPMk4NO7mzs7NeG9UU+r+8czycmbmWy1qE1Ap4l9oRk0QSlVuat0Q5o5DEfqCBK1W0rhGZMJHAqWGI2IsVCQnukw+qa+sRjqhmPFk3wnlba2A2kPj7gkfp7IiaeUn3P0Z0ega6a9obif149Ave0GXM/jID5dPyQGwkMAR6mhttcMgqirwmhkuu/YtolklDQ2Zo6BHt65VlSOTq0Nb89zhZvJnGk0Q7aRTlkoxNURNeohMqIoif0gt7Rh/FsvBqfxmDcmjImM9voD4yvb8AFpRk=</latexit><latexit sha1_base64="CYe/noj/mtLZmDElinYOxSZoimE=">AAACKHicbVDLSgMxFM3UVx1fVZdugkVoqcqMCLrwUXCjuwr2IW0tmTTThmYeJHeEMsznuPFX3Igo0q1fYvpAtPVAyLnn3EtyjxMKrsCyBkZqbn5hcSm9bK6srq1vZDa3KiqIJGVlGohA1hyimOA+KwMHwWqhZMRzBKs6vauhX31kUvHAv4N+yJoe6fjc5ZSAllqZywZ0GZBW3CvYyflPkRQamuDc/UPMk4NO7mzs7NeG9UU+r+8czycmbmWy1qE1Ap4l9oRk0QSlVuat0Q5o5DEfqCBK1W0rhGZMJHAqWGI2IsVCQnukw+qa+sRjqhmPFk3wnlba2A2kPj7gkfp7IiaeUn3P0Z0ega6a9obif149Ave0GXM/jID5dPyQGwkMAR6mhttcMgqirwmhkuu/YtolklDQ2Zo6BHt65VlSOTq0Nb89zhZvJnGk0Q7aRTlkoxNURNeohMqIoif0gt7Rh/FsvBqfxmDcmjImM9voD4yvb8AFpRk=</latexit>



Multiclass classification

• Real world problems often have multiple 
classes (text, speech, image, biological 
sequences…)

• How can we perform multiclass classification?
– Straightforward with decision trees or KNN
– Can we use the perceptron algorithm?



Reductions for Multiclass 
Classification





How many classes 
can we handle in practice?

• In most tasks, number of classes K < 100

• For much larger K
– we need to frame the problem differently
– e.g, machine translation or automatic speech 

recognition



Reduction 1: OVA

• “One versus all” (aka “one versus rest”)
– Train K-many binary classifiers
– classifier k predicts whether an example belong to 

class k or not

– At test time, 
• If only one classifier predicts positive, predict that class
• Break ties randomly





Time complexity

• Suppose you have N training examples, in K 
classes. How long does it take to train an OVA 
classifier
– if the base binary classifier takes O(N) time to 

learn?
– if the base binary classifier takes O(N^2) time to 

learn?



Reduction 2:  AVA

• All versus all (aka all pairs)

• How many binary classifiers does this require?





Time complexity

• Suppose you have N training examples, in K 
classes. How long does it take to train an AVA 
classifier
– if the base binary classifier takes O(N) time to 

learn?
– if the base binary classifier takes O(N^2) time to 

learn?


