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What is Learning?

• Is memorization a form of “learning”?

• One definition: Learning is the process of 
obtaining expertise from experience

• Our goal: learning “Machine Learning” 



What is this course about?

• Machine learning studies algorithms for 
learning to perform certain tasks

• By finding and exploiting patterns in data



Machine Learning 

• Paradigm: “Programming by example”
– Replace ``human writing code'' with ``human 

supplying data''

• Most central issue: generalization
– How to abstract from ``training'' examples to ``test'' 

examples?



What can we do 
with machine learning?

Analyze genomics data

Recognize objects
in images

Analyze text & speech

Teach robots how to 
cook from youtube
videos



Question Answering 
system beats Jeopardy 
champion Ken Jennings at 
Quiz bowl!

Sometimes machines even 
perform better than humans!



Why Machine Learning?

• A growing and fast moving field with 
broad applicability: Finance, robotics, 
vision, machine translation, medicine, etc.

• Close connection between theory and 
practice

• Open field, lots of room for new work!



Course Goals
• By the end of the semester, you should be able to
– Look at a problem
– Identify if ML is an appropriate solution
– If so, identify what types of algorithms might be 

applicable
– Apply those algorithms

• This course is not
– A survey of ML algorithms
– A tutorial on ML toolkits such as Weka, TensorFlow, …



Prerequisites

• MATH461: Linear Algebra for Scientists 
and Engineers

• MATH240: Introduction to Linear Algebra
• CMSC351: Introduction to Algorithms
• CMSC330: Organization of Programming 

Languages
• CMSC320: Introduction to Data Science



What you can expect
from the instructors

We are here to help you learn by
– Introducing concepts from multiple 

perspectives
• Theory and practice
• Readings and class time

– Providing opportunities to practice, 
and feedback to help you stay on 
track
• Homeworks
• Programming assignments
• Office hours

4 Teaching Assistants

• Wenxiao Wang (PhD)

• Kiarash Banihashem (PhD)

• Samyadeep Basu (PhD)



What I expect from you

• Work hard (this is a 3-credit class!)
– Do a lot of math (calculus, linear algebra, probability)
– Do a fair amount of programming

• Come to class prepared
– Do the required readings!



Highlights from course logistics
Grading
• Homework  and 

Programming assignments 
(30%)

• Final project (10%)
• Midterm exam (25%), in class 

on March 3
• Final exam (35%)

• HW01 is due next 
Tuesday 11:59 pm

• No late homeworks

• Read syllabus here

http://www.cs.umd.edu/class/spring2019/cmsc422-0101/info.html


Where to…
• find the schedule and slides: Course webpage
• find the readings: A Course in Machine Learning
• view and submit assignments: Canvas
• check your grades: Canvas
• ask and answer questions, participate in 

discussions and surveys, contact the instructors, 
and everything else:
– Piazza Please use piazza instead of email
– Office hours

http://www.cs.umd.edu/class/spring2019/cmsc422-0101
http://ciml.info/
https://myelms.umd.edu/
https://myelms.umd.edu/


Data
Data comes in different formats:

n
(x(1), y(1)), ..., (x(N), y(N))

o

<latexit sha1_base64="ElDDsEvhB7XvQQHDYS9SbquiCHY=">AAACH3icbVDLSsNAFJ3UV62vqEs3wSK0UEIioi6LblxJBfuAJpbJdNIOnTyYuRFD6J+48VfcuFBE3PVvnLZZaOuB4R7OuZc793gxZxIsa6IVVlbX1jeKm6Wt7Z3dPX3/oCWjRBDaJBGPRMfDknIW0iYw4LQTC4oDj9O2N7qe+u1HKiSLwntIY+oGeBAynxEMSurp5w6nPjhZ5ekhq9jVcS2d12rNNM3aTL3NVVWrjmCDITjjnl62TGsGY5nYOSmjHI2e/u30I5IENATCsZRd24rBzbAARjgdl5xE0hiTER7QrqIhDqh0s9l9Y+NEKX3Dj4R6IRgz9fdEhgMp08BTnQGGoVz0puJ/XjcB/9LNWBgnQEMyX+Qn3IDImIZl9JmgBHiqCCaCqb8aZIgFJqAiLakQ7MWTl0nr1LQVvzsr16/yOIroCB2jCrLRBaqjG9RATUTQM3pF7+hDe9HetE/ta95a0PKZQ/QH2uQHvPigUA==</latexit><latexit sha1_base64="ElDDsEvhB7XvQQHDYS9SbquiCHY=">AAACH3icbVDLSsNAFJ3UV62vqEs3wSK0UEIioi6LblxJBfuAJpbJdNIOnTyYuRFD6J+48VfcuFBE3PVvnLZZaOuB4R7OuZc793gxZxIsa6IVVlbX1jeKm6Wt7Z3dPX3/oCWjRBDaJBGPRMfDknIW0iYw4LQTC4oDj9O2N7qe+u1HKiSLwntIY+oGeBAynxEMSurp5w6nPjhZ5ekhq9jVcS2d12rNNM3aTL3NVVWrjmCDITjjnl62TGsGY5nYOSmjHI2e/u30I5IENATCsZRd24rBzbAARjgdl5xE0hiTER7QrqIhDqh0s9l9Y+NEKX3Dj4R6IRgz9fdEhgMp08BTnQGGoVz0puJ/XjcB/9LNWBgnQEMyX+Qn3IDImIZl9JmgBHiqCCaCqb8aZIgFJqAiLakQ7MWTl0nr1LQVvzsr16/yOIroCB2jCrLRBaqjG9RATUTQM3pF7+hDe9HetE/ta95a0PKZQ/QH2uQHvPigUA==</latexit><latexit sha1_base64="ElDDsEvhB7XvQQHDYS9SbquiCHY=">AAACH3icbVDLSsNAFJ3UV62vqEs3wSK0UEIioi6LblxJBfuAJpbJdNIOnTyYuRFD6J+48VfcuFBE3PVvnLZZaOuB4R7OuZc793gxZxIsa6IVVlbX1jeKm6Wt7Z3dPX3/oCWjRBDaJBGPRMfDknIW0iYw4LQTC4oDj9O2N7qe+u1HKiSLwntIY+oGeBAynxEMSurp5w6nPjhZ5ekhq9jVcS2d12rNNM3aTL3NVVWrjmCDITjjnl62TGsGY5nYOSmjHI2e/u30I5IENATCsZRd24rBzbAARjgdl5xE0hiTER7QrqIhDqh0s9l9Y+NEKX3Dj4R6IRgz9fdEhgMp08BTnQGGoVz0puJ/XjcB/9LNWBgnQEMyX+Qn3IDImIZl9JmgBHiqCCaCqb8aZIgFJqAiLakQ7MWTl0nr1LQVvzsr16/yOIroCB2jCrLRBaqjG9RATUTQM3pF7+hDe9HetE/ta95a0PKZQ/QH2uQHvPigUA==</latexit><latexit sha1_base64="ElDDsEvhB7XvQQHDYS9SbquiCHY=">AAACH3icbVDLSsNAFJ3UV62vqEs3wSK0UEIioi6LblxJBfuAJpbJdNIOnTyYuRFD6J+48VfcuFBE3PVvnLZZaOuB4R7OuZc793gxZxIsa6IVVlbX1jeKm6Wt7Z3dPX3/oCWjRBDaJBGPRMfDknIW0iYw4LQTC4oDj9O2N7qe+u1HKiSLwntIY+oGeBAynxEMSurp5w6nPjhZ5ekhq9jVcS2d12rNNM3aTL3NVVWrjmCDITjjnl62TGsGY5nYOSmjHI2e/u30I5IENATCsZRd24rBzbAARjgdl5xE0hiTER7QrqIhDqh0s9l9Y+NEKX3Dj4R6IRgz9fdEhgMp08BTnQGGoVz0puJ/XjcB/9LNWBgnQEMyX+Qn3IDImIZl9JmgBHiqCCaCqb8aZIgFJqAiLakQ7MWTl0nr1LQVvzsr16/yOIroCB2jCrLRBaqjG9RATUTQM3pF7+hDe9HetE/ta95a0PKZQ/QH2uQHvPigUA==</latexit>

features target/label 
variable

Trainin
g set

Goal: predict the label/target using features 

Supervised Learning



Example
(x(1), y(1))

<latexit sha1_base64="anPq4xiMio6faPp2ByLpSkcWdyA=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSL0IKUGRF0WXTjsoK9QDuWTJq2oZnMkGTUYeyjuHGhiFufxJ1vY9rOQlsPhHz8/znk5PcjzpR2nG8rt7K6tr6R3yxsbe/s7tnF/aYKY0log4Q8lG0fK8qZoA3NNKftSFIc+Jy2/PHV1G/dU6lYKG51ElEvwEPBBoxgbaSeXSw/3qVltzI5SeZ3pWeXnKozK7QMbgYlyKres7+6/ZDEARWacKxUx3Ui7aVYakY4nRS6saIRJmM8pB2DAgdUeels9Qk6NkofDUJpjtBopv6eSHGgVBL4pjPAeqQWvan4n9eJ9eDCS5mIYk0FmT80iDnSIZrmgPpMUqJ5YgATycyuiIywxESbtAomBHfxy8vQPK26hm/OSrXLLI48HMIRlMGFc6jBNdShAQQe4Ble4c16sl6sd+tj3pqzspkD+FPW5w/jvZJz</latexit><latexit sha1_base64="anPq4xiMio6faPp2ByLpSkcWdyA=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSL0IKUGRF0WXTjsoK9QDuWTJq2oZnMkGTUYeyjuHGhiFufxJ1vY9rOQlsPhHz8/znk5PcjzpR2nG8rt7K6tr6R3yxsbe/s7tnF/aYKY0log4Q8lG0fK8qZoA3NNKftSFIc+Jy2/PHV1G/dU6lYKG51ElEvwEPBBoxgbaSeXSw/3qVltzI5SeZ3pWeXnKozK7QMbgYlyKres7+6/ZDEARWacKxUx3Ui7aVYakY4nRS6saIRJmM8pB2DAgdUeels9Qk6NkofDUJpjtBopv6eSHGgVBL4pjPAeqQWvan4n9eJ9eDCS5mIYk0FmT80iDnSIZrmgPpMUqJ5YgATycyuiIywxESbtAomBHfxy8vQPK26hm/OSrXLLI48HMIRlMGFc6jBNdShAQQe4Ble4c16sl6sd+tj3pqzspkD+FPW5w/jvZJz</latexit><latexit sha1_base64="anPq4xiMio6faPp2ByLpSkcWdyA=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSL0IKUGRF0WXTjsoK9QDuWTJq2oZnMkGTUYeyjuHGhiFufxJ1vY9rOQlsPhHz8/znk5PcjzpR2nG8rt7K6tr6R3yxsbe/s7tnF/aYKY0log4Q8lG0fK8qZoA3NNKftSFIc+Jy2/PHV1G/dU6lYKG51ElEvwEPBBoxgbaSeXSw/3qVltzI5SeZ3pWeXnKozK7QMbgYlyKres7+6/ZDEARWacKxUx3Ui7aVYakY4nRS6saIRJmM8pB2DAgdUeels9Qk6NkofDUJpjtBopv6eSHGgVBL4pjPAeqQWvan4n9eJ9eDCS5mIYk0FmT80iDnSIZrmgPpMUqJ5YgATycyuiIywxESbtAomBHfxy8vQPK26hm/OSrXLLI48HMIRlMGFc6jBNdShAQQe4Ble4c16sl6sd+tj3pqzspkD+FPW5w/jvZJz</latexit><latexit sha1_base64="anPq4xiMio6faPp2ByLpSkcWdyA=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSL0IKUGRF0WXTjsoK9QDuWTJq2oZnMkGTUYeyjuHGhiFufxJ1vY9rOQlsPhHz8/znk5PcjzpR2nG8rt7K6tr6R3yxsbe/s7tnF/aYKY0log4Q8lG0fK8qZoA3NNKftSFIc+Jy2/PHV1G/dU6lYKG51ElEvwEPBBoxgbaSeXSw/3qVltzI5SeZ3pWeXnKozK7QMbgYlyKres7+6/ZDEARWacKxUx3Ui7aVYakY4nRS6saIRJmM8pB2DAgdUeels9Qk6NkofDUJpjtBopv6eSHGgVBL4pjPAeqQWvan4n9eJ9eDCS5mIYk0FmT80iDnSIZrmgPpMUqJ5YgATycyuiIywxESbtAomBHfxy8vQPK26hm/OSrXLLI48HMIRlMGFc6jBNdShAQQe4Ble4c16sl6sd+tj3pqzspkD+FPW5w/jvZJz</latexit>

Q1. What is the dimension of the feature var?

Q2. What is the dimension of the target var?

one

one

x(i) 2 R
<latexit sha1_base64="I49sFTrOrHJmGgkfP/K+nMyjG7Q=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZxT6gjWUynbZDJ5MwMxFLzMJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqjCWhdRLyULZ8rChngtY105y2Iklx4HPa9EeXmd+8p1KxUNzqcUS9AA8E6zOCtZG69v7DXVJmxynqMIE6AdZD309u0q5dcirOBGieuDkpQY5a1/7q9EISB1RowrFSbdeJtJdgqRnhNC12YkUjTEZ4QNuGChxQ5SWT/Ck6MkoP9UNpntBoov7eSHCg1DjwzWSWUM16mfif1451/9xLmIhiTQWZHurHHOkQZWWgHpOUaD42BBPJTFZEhlhiok1lRVOCO/vledI4qbiGX5+Wqhd5HQU4gEMogwtnUIUrqEEdCDzCM7zCm/VkvVjv1sd0dMHKd/bgD6zPHzo9lZY=</latexit><latexit sha1_base64="I49sFTrOrHJmGgkfP/K+nMyjG7Q=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZxT6gjWUynbZDJ5MwMxFLzMJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqjCWhdRLyULZ8rChngtY105y2Iklx4HPa9EeXmd+8p1KxUNzqcUS9AA8E6zOCtZG69v7DXVJmxynqMIE6AdZD309u0q5dcirOBGieuDkpQY5a1/7q9EISB1RowrFSbdeJtJdgqRnhNC12YkUjTEZ4QNuGChxQ5SWT/Ck6MkoP9UNpntBoov7eSHCg1DjwzWSWUM16mfif1451/9xLmIhiTQWZHurHHOkQZWWgHpOUaD42BBPJTFZEhlhiok1lRVOCO/vledI4qbiGX5+Wqhd5HQU4gEMogwtnUIUrqEEdCDzCM7zCm/VkvVjv1sd0dMHKd/bgD6zPHzo9lZY=</latexit><latexit sha1_base64="I49sFTrOrHJmGgkfP/K+nMyjG7Q=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZxT6gjWUynbZDJ5MwMxFLzMJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqjCWhdRLyULZ8rChngtY105y2Iklx4HPa9EeXmd+8p1KxUNzqcUS9AA8E6zOCtZG69v7DXVJmxynqMIE6AdZD309u0q5dcirOBGieuDkpQY5a1/7q9EISB1RowrFSbdeJtJdgqRnhNC12YkUjTEZ4QNuGChxQ5SWT/Ck6MkoP9UNpntBoov7eSHCg1DjwzWSWUM16mfif1451/9xLmIhiTQWZHurHHOkQZWWgHpOUaD42BBPJTFZEhlhiok1lRVOCO/vledI4qbiGX5+Wqhd5HQU4gEMogwtnUIUrqEEdCDzCM7zCm/VkvVjv1sd0dMHKd/bgD6zPHzo9lZY=</latexit><latexit sha1_base64="I49sFTrOrHJmGgkfP/K+nMyjG7Q=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZxT6gjWUynbZDJ5MwMxFLzMJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqjCWhdRLyULZ8rChngtY105y2Iklx4HPa9EeXmd+8p1KxUNzqcUS9AA8E6zOCtZG69v7DXVJmxynqMIE6AdZD309u0q5dcirOBGieuDkpQY5a1/7q9EISB1RowrFSbdeJtJdgqRnhNC12YkUjTEZ4QNuGChxQ5SWT/Ck6MkoP9UNpntBoov7eSHCg1DjwzWSWUM16mfif1451/9xLmIhiTQWZHurHHOkQZWWgHpOUaD42BBPJTFZEhlhiok1lRVOCO/vledI4qbiGX5+Wqhd5HQU4gEMogwtnUIUrqEEdCDzCM7zCm/VkvVjv1sd0dMHKd/bgD6zPHzo9lZY=</latexit>

y(i) 2 R
<latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="413biESoyAn/7cBx8Jv8BfIVX6A=">AAAB9HicbZC9TsMwFIVvyl8pBQIDC4tFhVSWKmGBEYmFsSD6IzWhclynteo4ke0gRSEDr8LCAEI8Cxtvg9N2gJYrWfp0jq17fIKEM6Ud59uqrK1vbG5Vt2s79d29ffug3lVxKgntkJjHsh9gRTkTtKOZ5rSfSIqjgNNeML0u/d4jlYrF4l5nCfUjPBYsZARrIw3to+whb7KzAnlMIC/CehIE+V0xtBtOy5kNWgV3AQ1YTHtof3mjmKQRFZpwrNTAdRLt51hqRjgtal6qaILJFI/pwKDAEVV+PstfoFOjjFAYS3OERjP194scR0plUWBulgnVsleK/3mDVIeXfs5EkmoqyHxRmHKkY1SWgUZMUqJ5ZgATyUxWRCZYYqJNZTVTgrv85VXonrdcw7cOVOEYTqAJLlzAFdxAGzpA4Ale4A3erWfr1fqY11WxFr0dwp+xPn8AzJqULQ==</latexit><latexit sha1_base64="413biESoyAn/7cBx8Jv8BfIVX6A=">AAAB9HicbZC9TsMwFIVvyl8pBQIDC4tFhVSWKmGBEYmFsSD6IzWhclynteo4ke0gRSEDr8LCAEI8Cxtvg9N2gJYrWfp0jq17fIKEM6Ud59uqrK1vbG5Vt2s79d29ffug3lVxKgntkJjHsh9gRTkTtKOZ5rSfSIqjgNNeML0u/d4jlYrF4l5nCfUjPBYsZARrIw3to+whb7KzAnlMIC/CehIE+V0xtBtOy5kNWgV3AQ1YTHtof3mjmKQRFZpwrNTAdRLt51hqRjgtal6qaILJFI/pwKDAEVV+PstfoFOjjFAYS3OERjP194scR0plUWBulgnVsleK/3mDVIeXfs5EkmoqyHxRmHKkY1SWgUZMUqJ5ZgATyUxWRCZYYqJNZTVTgrv85VXonrdcw7cOVOEYTqAJLlzAFdxAGzpA4Ale4A3erWfr1fqY11WxFr0dwp+xPn8AzJqULQ==</latexit><latexit sha1_base64="q0tOE1mmR16bmb92SdvFaRW/Zog=">AAAB/3icbVC7TsMwFL3hWcorgMTCYlEhlaVKWGCsYGEsiD6kJlSO67ZWHSeyHaQqZOBXWBhAiJXfYONvcNoM0HIkS0fn3Kt7fIKYM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZaKEklok0Q8kp0AK8qZoE3NNKedWFIcBpy2g/FV7rcfqFQsEnd6ElM/xEPBBoxgbaSefTi5T6vsNEMeE8gLsR4FQXqb9eyKU3OmQIvELUgFCjR69pfXj0gSUqEJx0p1XSfWfoqlZoTTrOwlisaYjPGQdg0VOKTKT6f5M3RilD4aRNI8odFU/b2R4lCpSRiYyTyhmvdy8T+vm+jBhZ8yESeaCjI7NEg40hHKy0B9JinRfGIIJpKZrIiMsMREm8rKpgR3/suLpHVWcw2/cSr1y6KOEhzBMVTBhXOowzU0oAkEHuEZXuHNerJerHfrYza6ZBU7B/AH1ucPOpaVkw==</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="413biESoyAn/7cBx8Jv8BfIVX6A=">AAAB9HicbZC9TsMwFIVvyl8pBQIDC4tFhVSWKmGBEYmFsSD6IzWhclynteo4ke0gRSEDr8LCAEI8Cxtvg9N2gJYrWfp0jq17fIKEM6Ud59uqrK1vbG5Vt2s79d29ffug3lVxKgntkJjHsh9gRTkTtKOZ5rSfSIqjgNNeML0u/d4jlYrF4l5nCfUjPBYsZARrIw3to+whb7KzAnlMIC/CehIE+V0xtBtOy5kNWgV3AQ1YTHtof3mjmKQRFZpwrNTAdRLt51hqRjgtal6qaILJFI/pwKDAEVV+PstfoFOjjFAYS3OERjP194scR0plUWBulgnVsleK/3mDVIeXfs5EkmoqyHxRmHKkY1SWgUZMUqJ5ZgATyUxWRCZYYqJNZTVTgrv85VXonrdcw7cOVOEYTqAJLlzAFdxAGzpA4Ale4A3erWfr1fqY11WxFr0dwp+xPn8AzJqULQ==</latexit><latexit sha1_base64="413biESoyAn/7cBx8Jv8BfIVX6A=">AAAB9HicbZC9TsMwFIVvyl8pBQIDC4tFhVSWKmGBEYmFsSD6IzWhclynteo4ke0gRSEDr8LCAEI8Cxtvg9N2gJYrWfp0jq17fIKEM6Ud59uqrK1vbG5Vt2s79d29ffug3lVxKgntkJjHsh9gRTkTtKOZ5rSfSIqjgNNeML0u/d4jlYrF4l5nCfUjPBYsZARrIw3to+whb7KzAnlMIC/CehIE+V0xtBtOy5kNWgV3AQ1YTHtof3mjmKQRFZpwrNTAdRLt51hqRjgtal6qaILJFI/pwKDAEVV+PstfoFOjjFAYS3OERjP194scR0plUWBulgnVsleK/3mDVIeXfs5EkmoqyHxRmHKkY1SWgUZMUqJ5ZgATyUxWRCZYYqJNZTVTgrv85VXonrdcw7cOVOEYTqAJLlzAFdxAGzpA4Ale4A3erWfr1fqY11WxFr0dwp+xPn8AzJqULQ==</latexit><latexit sha1_base64="q0tOE1mmR16bmb92SdvFaRW/Zog=">AAAB/3icbVC7TsMwFL3hWcorgMTCYlEhlaVKWGCsYGEsiD6kJlSO67ZWHSeyHaQqZOBXWBhAiJXfYONvcNoM0HIkS0fn3Kt7fIKYM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZaKEklok0Q8kp0AK8qZoE3NNKedWFIcBpy2g/FV7rcfqFQsEnd6ElM/xEPBBoxgbaSefTi5T6vsNEMeE8gLsR4FQXqb9eyKU3OmQIvELUgFCjR69pfXj0gSUqEJx0p1XSfWfoqlZoTTrOwlisaYjPGQdg0VOKTKT6f5M3RilD4aRNI8odFU/b2R4lCpSRiYyTyhmvdy8T+vm+jBhZ8yESeaCjI7NEg40hHKy0B9JinRfGIIJpKZrIiMsMREm8rKpgR3/suLpHVWcw2/cSr1y6KOEhzBMVTBhXOowzU0oAkEHuEZXuHNerJerHfrYza6ZBU7B/AH1ucPOpaVkw==</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit><latexit sha1_base64="Bl9akwsdCivxwoy8LJSZYGVTOEE=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JRNBl0Y3LKvYBTS2T6bQdOpmEmYlQYhb+ihsXirj1N9z5N07aLLT1wMDhnHu5Z44fcaa043xbhaXlldW14nppY3Nre8fe3WuqMJaENkjIQ9n2saKcCdrQTHPajiTFgc9pyx9fZX7rgUrFQnGnJxHtBngo2IARrI3Usw8m90mFnaTIYwJ5AdYj309u055ddqrOFGiRuDkpQ456z/7y+iGJAyo04VipjutEuptgqRnhNC15saIRJmM8pB1DBQ6o6ibT/Ck6NkofDUJpntBoqv7eSHCg1CTwzWSWUM17mfif14n14KKbMBHFmgoyOzSIOdIhyspAfSYp0XxiCCaSmayIjLDERJvKSqYEd/7Li6R5WnUNvzkr1y7zOopwCEdQARfOoQbXUIcGEHiEZ3iFN+vJerHerY/ZaMHKd/bhD6zPHzvWlZc=</latexit>

Regression 
Problem



Example

Q1. What is the dimension of the feature var?

Q2. What is the dimension of the target var?

two

one

x(i) 2 R2
<latexit sha1_base64="QlO5xrWzgwqAnyObp2l4rkHizx4=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KUgRdFt24rGIv0KZlMp22QyeTMDMRS6gbX8WNC0Xc+hbufBsnbRba+sPAx3/OYc75/YgzpR3n21paXlldW89t5De3tnd27b39ugpjSWiNhDyUTR8rypmgNc00p81IUhz4nDb80VVab9xTqVgo7vQ4ol6AB4L1GcHaWF378KGTFNnpBLWZQO0A66HvJ7eTTrlrF5ySMxVaBDeDAmSqdu2vdi8kcUCFJhwr1XKdSHsJlpoRTif5dqxohMkID2jLoMABVV4yvWCCTozTQ/1Qmic0mrq/JxIcKDUOfNOZ7qjma6n5X60V6/6FlzARxZoKMvuoH3OkQ5TGgXpMUqL52AAmkpldERliiYk2oeVNCO78yYtQL5dcwzdnhcplFkcOjuAYiuDCOVTgGqpQAwKP8Ayv8GY9WS/Wu/Uxa12yspkD+CPr8wdvZJY6</latexit><latexit sha1_base64="QlO5xrWzgwqAnyObp2l4rkHizx4=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KUgRdFt24rGIv0KZlMp22QyeTMDMRS6gbX8WNC0Xc+hbufBsnbRba+sPAx3/OYc75/YgzpR3n21paXlldW89t5De3tnd27b39ugpjSWiNhDyUTR8rypmgNc00p81IUhz4nDb80VVab9xTqVgo7vQ4ol6AB4L1GcHaWF378KGTFNnpBLWZQO0A66HvJ7eTTrlrF5ySMxVaBDeDAmSqdu2vdi8kcUCFJhwr1XKdSHsJlpoRTif5dqxohMkID2jLoMABVV4yvWCCTozTQ/1Qmic0mrq/JxIcKDUOfNOZ7qjma6n5X60V6/6FlzARxZoKMvuoH3OkQ5TGgXpMUqL52AAmkpldERliiYk2oeVNCO78yYtQL5dcwzdnhcplFkcOjuAYiuDCOVTgGqpQAwKP8Ayv8GY9WS/Wu/Uxa12yspkD+CPr8wdvZJY6</latexit><latexit sha1_base64="QlO5xrWzgwqAnyObp2l4rkHizx4=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KUgRdFt24rGIv0KZlMp22QyeTMDMRS6gbX8WNC0Xc+hbufBsnbRba+sPAx3/OYc75/YgzpR3n21paXlldW89t5De3tnd27b39ugpjSWiNhDyUTR8rypmgNc00p81IUhz4nDb80VVab9xTqVgo7vQ4ol6AB4L1GcHaWF378KGTFNnpBLWZQO0A66HvJ7eTTrlrF5ySMxVaBDeDAmSqdu2vdi8kcUCFJhwr1XKdSHsJlpoRTif5dqxohMkID2jLoMABVV4yvWCCTozTQ/1Qmic0mrq/JxIcKDUOfNOZ7qjma6n5X60V6/6FlzARxZoKMvuoH3OkQ5TGgXpMUqL52AAmkpldERliiYk2oeVNCO78yYtQL5dcwzdnhcplFkcOjuAYiuDCOVTgGqpQAwKP8Ayv8GY9WS/Wu/Uxa12yspkD+CPr8wdvZJY6</latexit><latexit sha1_base64="QlO5xrWzgwqAnyObp2l4rkHizx4=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KUgRdFt24rGIv0KZlMp22QyeTMDMRS6gbX8WNC0Xc+hbufBsnbRba+sPAx3/OYc75/YgzpR3n21paXlldW89t5De3tnd27b39ugpjSWiNhDyUTR8rypmgNc00p81IUhz4nDb80VVab9xTqVgo7vQ4ol6AB4L1GcHaWF378KGTFNnpBLWZQO0A66HvJ7eTTrlrF5ySMxVaBDeDAmSqdu2vdi8kcUCFJhwr1XKdSHsJlpoRTif5dqxohMkID2jLoMABVV4yvWCCTozTQ/1Qmic0mrq/JxIcKDUOfNOZ7qjma6n5X60V6/6FlzARxZoKMvuoH3OkQ5TGgXpMUqL52AAmkpldERliiYk2oeVNCO78yYtQL5dcwzdnhcplFkcOjuAYiuDCOVTgGqpQAwKP8Ayv8GY9WS/Wu/Uxa12yspkD+CPr8wdvZJY6</latexit>

Classification
Problem

y(i) 2 {0, 1}
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Data
Data comes in different formats:

features

Training 
set

Goal: find “interesting” patterns in data

Unsupervised Learning

n
x(1), x(1), ..., x(N)

o
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Clustering 
Problem



Who are these people?



Generative Models (GANs)

Karras et al. 2017

CelebA dataset

Generating realistic but fake samples
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1/24/2222http://www.7wdata.be/big-data/10-companies-using-machine-learning-in-cool-ways/



A Closer Look: 
the classification problem

What does it mean to “learn by example”?

• Classification tasks

• Inductive bias

• Formalizing learning



Classification tasks

• How would you write a program to 
distinguish a picture of a cat from a picture
of a dog?

• Provide examples pictures of cats and 
pictures of dogs and let a classifier learn 
to distinguish the two.



Classification tasks

• How would you write a program to 
distinguish a sentence is grammatical or 
not?

• Provide examples of grammatical and 
ungrammatical sentences and let a 
classifier learn to distinguish the two.



Classification tasks

• How would you write a program to 
distinguish cancerous cells from normal 
cells?

• Provide examples of cancerous and normal 
cells and let a classifier learn to 
distinguish the two.



Let’s try it out…

§ Your task: learn a classifier to distinguish 
class A from class B from examples



• Examples of class A:



• Examples of class B



Let’s try it out…

ü learn a classifier from examples

§ Now: predict class on new examples using 
what you’ve learned











Key ingredients 
needed for learning

• Training vs. test examples
– Memorizing the training examples is not enough!
– Need to generalize to make good predictions on test 

examples

• Inductive bias
– Many classifier hypotheses are plausible
– Need assumptions about the nature of the relation 

between examples and classes



Machine Learning 
as Function Approximation

Problem setting
• Set of possible instances 𝑋
• Unknown target function 𝑓: 𝑋 → 𝑌
• Set of function hypotheses 𝐻 = ℎ ℎ: 𝑋 → 𝑌}

Input
• Training examples { 𝑥 ! , 𝑦 ! , … 𝑥 " , 𝑦 " } of unknown 

target function 𝑓

Output
• Hypothesis ℎ ∈ 𝐻 that best approximates target function 𝑓



Formalizing induction:
Loss Function

𝑙(𝑦, 𝑓(𝑥)) where 𝑦 is the truth and 𝑓 𝑥 is the 
system’s prediction

e.g. 𝑙 𝑦, 𝑓(𝑥) = )0 𝑖𝑓 𝑦 = 𝑓(𝑥)
1 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Captures our notion of what is important to learn



Formalizing induction:
Data generating distribution

• Where does the data come from?

– Data generating distribution
• A probability distribution 𝐷 over (𝑥, 𝑦) pairs

–We don’t know what 𝐷 is!
• We only get a sample from it: our training data



Formalizing induction:
Expected loss

• 𝑓 should make good predictions
– as measured by loss 𝑙
– on future examples that are also drawn from 𝐷

• Formally
– 𝜀 , the expected loss of 𝑓 over 𝐷 should be small

𝜀 ≜ 𝔼 !,# ~% 𝑙(𝑦, 𝑓(𝑥)) = 8
(!,#)

𝐷 𝑥, 𝑦 𝑙(𝑦, 𝑓(𝑥))



Formalizing induction:
Training error

• We can’t compute expected loss because we 
don’t know what 𝐷 is

• We only have a sample of 𝐷
– training examples { 𝑥 ! , 𝑦 ! , … 𝑥 " , 𝑦 " }

• All we can compute is the training error

̂𝜀 ≜ &
!"#

$
1
𝑁 𝑙(𝑦

! , 𝑓(𝑥 ! ))



Formalizing Induction

• Given
– a loss function 𝑙
– a sample from some unknown data distribution 𝐷

• Our task is to compute a function f that has 
low expected error over 𝐷 with respect to 𝑙.

𝔼 !,# ~% 𝑙(𝑦, 𝑓(𝑥)) = +
(!,#)

𝐷 𝑥, 𝑦 𝑙(𝑦, 𝑓(𝑥))



Recap: introducing 
machine learning

What does “learning by example” mean?

• Classification tasks

• Learning requires examples + inductive bias
• Generalization vs. memorization

• Formalizing the learning problem
– Function approximation
– Learning as minimizing expected loss



Your tasks before next class

• Check out course webpage, Canvas, Piazza

• Start reading the reviews on probability 
and linear algebra (posted on course 
webpage)

• Get started on HW01


