
Artificial Neural Networks: Structure of 
Neural Networks

CSE 40171:  
Artificial Intelligence
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Homework #1 has been released 
It is due at 11:59PM on 9/16



Course Roadmap

Introduction

Search Problems

Neural Networks
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(week 1)

(week 2) (weeks 4 - 9) (weeks 14 - 15)

(week 3)

Bio. Intelligence

Brain Structure
(weeks 12 - 13)

Brain Function

Decisions 
(week 16)
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Numerical Approximation



�5Slide Credit: http://danielhomola.com/2016/02/09/newtons-method-with-10-lines-of-python/



A function exists. We don’t know it. We have data to learn it.

Slide credit: Abu-Mostafa, Magdon-Ismail, Lin, Learning from Data



Components of Learning

Slide credit: Abu-Mostafa, Magdon-Ismail, Lin, Learning from Data

Input: x 2 Rd = X
<latexit sha1_base64="+5krUEf3RJRwGE9WwlHJFoM/6V4=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVQlCggWpgoWxIPqQmlA5jtNadZzIdhBVlD9g4VdYGECIlZWNv8FJM0DLkSwdn3Ov7r3HixmVyrK+jcrC4tLySnW1tra+sbllbu90ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNL3O/e0+EpBG/VZOYuCEachpQjJSWBuahEyI1EmH6kEGHclh8PS+9ye58eA5TByMGe9nArFsNqwCcJ3ZJ6qBEa2B+OX6Ek5BwhRmSsm9bsXJTJBTFjGQ1J5EkRniMhqSvKUchkW5a3JPBA634MIiEflzBQv3dkaJQykno6cp8XTnr5eJ/Xj9RwZmbUh4ninA8HRQkDKoI5uFAnwqCFZtogrCgeleIR0ggrHSENR2CPXvyPOkcN2zNr0/qzYsyjirYA/vgCNjgFDTBFWiBNsDgETyDV/BmPBkvxrvxMS2tGGXPLvgD4/MHcHCcPg==</latexit><latexit sha1_base64="+5krUEf3RJRwGE9WwlHJFoM/6V4=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVQlCggWpgoWxIPqQmlA5jtNadZzIdhBVlD9g4VdYGECIlZWNv8FJM0DLkSwdn3Ov7r3HixmVyrK+jcrC4tLySnW1tra+sbllbu90ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNL3O/e0+EpBG/VZOYuCEachpQjJSWBuahEyI1EmH6kEGHclh8PS+9ye58eA5TByMGe9nArFsNqwCcJ3ZJ6qBEa2B+OX6Ek5BwhRmSsm9bsXJTJBTFjGQ1J5EkRniMhqSvKUchkW5a3JPBA634MIiEflzBQv3dkaJQykno6cp8XTnr5eJ/Xj9RwZmbUh4ninA8HRQkDKoI5uFAnwqCFZtogrCgeleIR0ggrHSENR2CPXvyPOkcN2zNr0/qzYsyjirYA/vgCNjgFDTBFWiBNsDgETyDV/BmPBkvxrvxMS2tGGXPLvgD4/MHcHCcPg==</latexit><latexit sha1_base64="+5krUEf3RJRwGE9WwlHJFoM/6V4=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVQlCggWpgoWxIPqQmlA5jtNadZzIdhBVlD9g4VdYGECIlZWNv8FJM0DLkSwdn3Ov7r3HixmVyrK+jcrC4tLySnW1tra+sbllbu90ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNL3O/e0+EpBG/VZOYuCEachpQjJSWBuahEyI1EmH6kEGHclh8PS+9ye58eA5TByMGe9nArFsNqwCcJ3ZJ6qBEa2B+OX6Ek5BwhRmSsm9bsXJTJBTFjGQ1J5EkRniMhqSvKUchkW5a3JPBA634MIiEflzBQv3dkaJQykno6cp8XTnr5eJ/Xj9RwZmbUh4ninA8HRQkDKoI5uFAnwqCFZtogrCgeleIR0ggrHSENR2CPXvyPOkcN2zNr0/qzYsyjirYA/vgCNjgFDTBFWiBNsDgETyDV/BmPBkvxrvxMS2tGGXPLvgD4/MHcHCcPg==</latexit><latexit sha1_base64="+5krUEf3RJRwGE9WwlHJFoM/6V4=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVQlCggWpgoWxIPqQmlA5jtNadZzIdhBVlD9g4VdYGECIlZWNv8FJM0DLkSwdn3Ov7r3HixmVyrK+jcrC4tLySnW1tra+sbllbu90ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNL3O/e0+EpBG/VZOYuCEachpQjJSWBuahEyI1EmH6kEGHclh8PS+9ye58eA5TByMGe9nArFsNqwCcJ3ZJ6qBEa2B+OX6Ek5BwhRmSsm9bsXJTJBTFjGQ1J5EkRniMhqSvKUchkW5a3JPBA634MIiEflzBQv3dkaJQykno6cp8XTnr5eJ/Xj9RwZmbUh4ninA8HRQkDKoI5uFAnwqCFZtogrCgeleIR0ggrHSENR2CPXvyPOkcN2zNr0/qzYsyjirYA/vgCNjgFDTBFWiBNsDgETyDV/BmPBkvxrvxMS2tGGXPLvgD4/MHcHCcPg==</latexit> Output: y 2 �1,+1 = Y

<latexit sha1_base64="8BQ9mlF5vFCmr1OI+e4ILSwdwsM=">AAACAnicbZDLSsNAFIZP6q3WW9WVuBksguCFRATdCEU3LivYizShTKbTduhkEmYmQgjBja/ixoUibn0Kd76N0zYLbf1h4OM/53Dm/H7EmdK2/W0V5uYXFpeKy6WV1bX1jfLmVkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/vB6VG8+UKlYKO50ElEvwH3BeoxgbaxOeSdBLhMoPXaO0KGToUuUugRzdJ91yhX7xB4LzYKTQwVy1TrlL7cbkjigQhOOlWo7dqS9FEvNCKdZyY0VjTAZ4j5tGxQ4oMpLxydkaN84XdQLpXlCo7H7eyLFgVJJ4JvOAOuBmq6NzP9q7Vj3LryUiSjWVJDJol7MkQ7RKA/UZZISzRMDmEhm/orIAEtMtEmtZEJwpk+ehcbpiWP49qxSvcrjKMIu7MEBOHAOVbiBGtSBwCM8wyu8WU/Wi/VufUxaC1Y+sw1/ZH3+AKsPlQk=</latexit><latexit sha1_base64="8BQ9mlF5vFCmr1OI+e4ILSwdwsM=">AAACAnicbZDLSsNAFIZP6q3WW9WVuBksguCFRATdCEU3LivYizShTKbTduhkEmYmQgjBja/ixoUibn0Kd76N0zYLbf1h4OM/53Dm/H7EmdK2/W0V5uYXFpeKy6WV1bX1jfLmVkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/vB6VG8+UKlYKO50ElEvwH3BeoxgbaxOeSdBLhMoPXaO0KGToUuUugRzdJ91yhX7xB4LzYKTQwVy1TrlL7cbkjigQhOOlWo7dqS9FEvNCKdZyY0VjTAZ4j5tGxQ4oMpLxydkaN84XdQLpXlCo7H7eyLFgVJJ4JvOAOuBmq6NzP9q7Vj3LryUiSjWVJDJol7MkQ7RKA/UZZISzRMDmEhm/orIAEtMtEmtZEJwpk+ehcbpiWP49qxSvcrjKMIu7MEBOHAOVbiBGtSBwCM8wyu8WU/Wi/VufUxaC1Y+sw1/ZH3+AKsPlQk=</latexit><latexit sha1_base64="8BQ9mlF5vFCmr1OI+e4ILSwdwsM=">AAACAnicbZDLSsNAFIZP6q3WW9WVuBksguCFRATdCEU3LivYizShTKbTduhkEmYmQgjBja/ixoUibn0Kd76N0zYLbf1h4OM/53Dm/H7EmdK2/W0V5uYXFpeKy6WV1bX1jfLmVkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/vB6VG8+UKlYKO50ElEvwH3BeoxgbaxOeSdBLhMoPXaO0KGToUuUugRzdJ91yhX7xB4LzYKTQwVy1TrlL7cbkjigQhOOlWo7dqS9FEvNCKdZyY0VjTAZ4j5tGxQ4oMpLxydkaN84XdQLpXlCo7H7eyLFgVJJ4JvOAOuBmq6NzP9q7Vj3LryUiSjWVJDJol7MkQ7RKA/UZZISzRMDmEhm/orIAEtMtEmtZEJwpk+ehcbpiWP49qxSvcrjKMIu7MEBOHAOVbiBGtSBwCM8wyu8WU/Wi/VufUxaC1Y+sw1/ZH3+AKsPlQk=</latexit><latexit sha1_base64="8BQ9mlF5vFCmr1OI+e4ILSwdwsM=">AAACAnicbZDLSsNAFIZP6q3WW9WVuBksguCFRATdCEU3LivYizShTKbTduhkEmYmQgjBja/ixoUibn0Kd76N0zYLbf1h4OM/53Dm/H7EmdK2/W0V5uYXFpeKy6WV1bX1jfLmVkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/vB6VG8+UKlYKO50ElEvwH3BeoxgbaxOeSdBLhMoPXaO0KGToUuUugRzdJ91yhX7xB4LzYKTQwVy1TrlL7cbkjigQhOOlWo7dqS9FEvNCKdZyY0VjTAZ4j5tGxQ4oMpLxydkaN84XdQLpXlCo7H7eyLFgVJJ4JvOAOuBmq6NzP9q7Vj3LryUiSjWVJDJol7MkQ7RKA/UZZISzRMDmEhm/orIAEtMtEmtZEJwpk+ehcbpiWP49qxSvcrjKMIu7MEBOHAOVbiBGtSBwCM8wyu8WU/Wi/VufUxaC1Y+sw1/ZH3+AKsPlQk=</latexit>

f : X 7! Y
<latexit sha1_base64="leKbRe0FsEYZlHelcNTsWDo+cho=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlEUFwV3bisYB/ShDKZTtqhk0mYmQglZOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7S0vLK6Vl6vbGxube/Yu3stFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQej64nffqBSsVjc6XFC/QgPBAsZwdpIPfswRJco8wjmqJMjL8KJ0nEh3Oc9u+rUnCnQInELUoUCjZ795fVjkkZUaMKxUl3XSbSfYakZ4TSveKmiCSYjPKBdQwWOqPKzaYwcHRulj8JYmic0mqq/NzIcKTWOAjMZYT1U895E/M/rpjq88DMmklRTQWaHwpQjk3TSCeozSYnmY0Mwkcz8FZEhlpho01zFlODOR14krdOaa/jtWbV+VdRRhgM4ghNw4RzqcAMNaAKBR3iGV3iznqwX6936mI2WrGJnH/7A+vwBck6X1g==</latexit><latexit sha1_base64="leKbRe0FsEYZlHelcNTsWDo+cho=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlEUFwV3bisYB/ShDKZTtqhk0mYmQglZOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7S0vLK6Vl6vbGxube/Yu3stFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQej64nffqBSsVjc6XFC/QgPBAsZwdpIPfswRJco8wjmqJMjL8KJ0nEh3Oc9u+rUnCnQInELUoUCjZ795fVjkkZUaMKxUl3XSbSfYakZ4TSveKmiCSYjPKBdQwWOqPKzaYwcHRulj8JYmic0mqq/NzIcKTWOAjMZYT1U895E/M/rpjq88DMmklRTQWaHwpQjk3TSCeozSYnmY0Mwkcz8FZEhlpho01zFlODOR14krdOaa/jtWbV+VdRRhgM4ghNw4RzqcAMNaAKBR3iGV3iznqwX6936mI2WrGJnH/7A+vwBck6X1g==</latexit><latexit sha1_base64="leKbRe0FsEYZlHelcNTsWDo+cho=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlEUFwV3bisYB/ShDKZTtqhk0mYmQglZOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7S0vLK6Vl6vbGxube/Yu3stFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQej64nffqBSsVjc6XFC/QgPBAsZwdpIPfswRJco8wjmqJMjL8KJ0nEh3Oc9u+rUnCnQInELUoUCjZ795fVjkkZUaMKxUl3XSbSfYakZ4TSveKmiCSYjPKBdQwWOqPKzaYwcHRulj8JYmic0mqq/NzIcKTWOAjMZYT1U895E/M/rpjq88DMmklRTQWaHwpQjk3TSCeozSYnmY0Mwkcz8FZEhlpho01zFlODOR14krdOaa/jtWbV+VdRRhgM4ghNw4RzqcAMNaAKBR3iGV3iznqwX6936mI2WrGJnH/7A+vwBck6X1g==</latexit><latexit sha1_base64="leKbRe0FsEYZlHelcNTsWDo+cho=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlEUFwV3bisYB/ShDKZTtqhk0mYmQglZOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7S0vLK6Vl6vbGxube/Yu3stFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQej64nffqBSsVjc6XFC/QgPBAsZwdpIPfswRJco8wjmqJMjL8KJ0nEh3Oc9u+rUnCnQInELUoUCjZ795fVjkkZUaMKxUl3XSbSfYakZ4TSveKmiCSYjPKBdQwWOqPKzaYwcHRulj8JYmic0mqq/NzIcKTWOAjMZYT1U895E/M/rpjq88DMmklRTQWaHwpQjk3TSCeozSYnmY0Mwkcz8FZEhlpho01zFlODOR14krdOaa/jtWbV+VdRRhgM4ghNw4RzqcAMNaAKBR3iGV3iznqwX6936mI2WrGJnH/7A+vwBck6X1g==</latexit>

Target Function: 
(the target  f  is unknown)

Data set: D = (x1, y1), . . . , (xN , yN )
<latexit sha1_base64="W454GSK7xkrvr9Ct8RAQfKsPUVc=">AAACJHicbZDLSsNAFIYn9VbrrerSzWARWiglEUFBhKIuXJUKthWaEiaTSTt0MgkzE7GEPowbX8WNCy+4cOOzOGmzsK0HBj7+/xzmnN+NGJXKNL+N3NLyyupafr2wsbm1vVPc3WvLMBaYtHDIQnHvIkkY5aSlqGLkPhIEBS4jHXd4lfqdByIkDfmdGkWkF6A+pz7FSGnJKZ4nNkYMXo/hBSzbAVIDESSPY8eqwpFjVarQZl6oZHXGbKRmo+IUS2bNnBRcBCuDEsiq6RQ/bC/EcUC4wgxJ2bXMSPUSJBTFjIwLdixJhPAQ9UlXI0cBkb1kcuQYHmnFg34o9OMKTtS/EwkKpBwFru5MN5XzXir+53Vj5Z/1EsqjWBGOpx/5MYMqhGli0KOCYMVGGhAWVO8K8QAJhJXOtaBDsOZPXoT2cc3SfHtSql9mceTBATgEZWCBU1AHN6AJWgCDJ/AC3sC78Wy8Gp/G17Q1Z2Qz+2CmjJ9fWxaiyA==</latexit><latexit sha1_base64="W454GSK7xkrvr9Ct8RAQfKsPUVc=">AAACJHicbZDLSsNAFIYn9VbrrerSzWARWiglEUFBhKIuXJUKthWaEiaTSTt0MgkzE7GEPowbX8WNCy+4cOOzOGmzsK0HBj7+/xzmnN+NGJXKNL+N3NLyyupafr2wsbm1vVPc3WvLMBaYtHDIQnHvIkkY5aSlqGLkPhIEBS4jHXd4lfqdByIkDfmdGkWkF6A+pz7FSGnJKZ4nNkYMXo/hBSzbAVIDESSPY8eqwpFjVarQZl6oZHXGbKRmo+IUS2bNnBRcBCuDEsiq6RQ/bC/EcUC4wgxJ2bXMSPUSJBTFjIwLdixJhPAQ9UlXI0cBkb1kcuQYHmnFg34o9OMKTtS/EwkKpBwFru5MN5XzXir+53Vj5Z/1EsqjWBGOpx/5MYMqhGli0KOCYMVGGhAWVO8K8QAJhJXOtaBDsOZPXoT2cc3SfHtSql9mceTBATgEZWCBU1AHN6AJWgCDJ/AC3sC78Wy8Gp/G17Q1Z2Qz+2CmjJ9fWxaiyA==</latexit><latexit sha1_base64="W454GSK7xkrvr9Ct8RAQfKsPUVc=">AAACJHicbZDLSsNAFIYn9VbrrerSzWARWiglEUFBhKIuXJUKthWaEiaTSTt0MgkzE7GEPowbX8WNCy+4cOOzOGmzsK0HBj7+/xzmnN+NGJXKNL+N3NLyyupafr2wsbm1vVPc3WvLMBaYtHDIQnHvIkkY5aSlqGLkPhIEBS4jHXd4lfqdByIkDfmdGkWkF6A+pz7FSGnJKZ4nNkYMXo/hBSzbAVIDESSPY8eqwpFjVarQZl6oZHXGbKRmo+IUS2bNnBRcBCuDEsiq6RQ/bC/EcUC4wgxJ2bXMSPUSJBTFjIwLdixJhPAQ9UlXI0cBkb1kcuQYHmnFg34o9OMKTtS/EwkKpBwFru5MN5XzXir+53Vj5Z/1EsqjWBGOpx/5MYMqhGli0KOCYMVGGhAWVO8K8QAJhJXOtaBDsOZPXoT2cc3SfHtSql9mceTBATgEZWCBU1AHN6AJWgCDJ/AC3sC78Wy8Gp/G17Q1Z2Qz+2CmjJ9fWxaiyA==</latexit><latexit sha1_base64="W454GSK7xkrvr9Ct8RAQfKsPUVc=">AAACJHicbZDLSsNAFIYn9VbrrerSzWARWiglEUFBhKIuXJUKthWaEiaTSTt0MgkzE7GEPowbX8WNCy+4cOOzOGmzsK0HBj7+/xzmnN+NGJXKNL+N3NLyyupafr2wsbm1vVPc3WvLMBaYtHDIQnHvIkkY5aSlqGLkPhIEBS4jHXd4lfqdByIkDfmdGkWkF6A+pz7FSGnJKZ4nNkYMXo/hBSzbAVIDESSPY8eqwpFjVarQZl6oZHXGbKRmo+IUS2bNnBRcBCuDEsiq6RQ/bC/EcUC4wgxJ2bXMSPUSJBTFjIwLdixJhPAQ9UlXI0cBkb1kcuQYHmnFg34o9OMKTtS/EwkKpBwFru5MN5XzXir+53Vj5Z/1EsqjWBGOpx/5MYMqhGli0KOCYMVGGhAWVO8K8QAJhJXOtaBDsOZPXoT2cc3SfHtSql9mceTBATgEZWCBU1AHN6AJWgCDJ/AC3sC78Wy8Gp/G17Q1Z2Qz+2CmjJ9fWxaiyA==</latexit>

(yn = f (xn) is unknown)

D
<latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit>

X
<latexit sha1_base64="11xRA5dKcYMiWyoGWIWInEvMj2o=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgm0DbSiT7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TTFHWoolIlB+iZoJL1jLcCOanimEcCtYJx7ezeueJKc0T+WAmKQtiHEoecYrGWn7eoyiIP+1Xa27dnYusgldADQo1+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtSoyZDvL5vlNyZp0BiRJlnzRk7v6eyDHWehKHtjNGM9LLtZn5X62bmeg6yLlMM8MkXXwUZYKYhMyOJwOuGDViYgGp4nZXQkeokBobUcWG4C2fvArti7pn+f6y1rgp4ijDCZzCOXhwBQ24gya0gIKAZ3iFN+fReXHenY9Fa8kpZo7hj5zPH8PQj8Y=</latexit><latexit sha1_base64="11xRA5dKcYMiWyoGWIWInEvMj2o=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgm0DbSiT7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TTFHWoolIlB+iZoJL1jLcCOanimEcCtYJx7ezeueJKc0T+WAmKQtiHEoecYrGWn7eoyiIP+1Xa27dnYusgldADQo1+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtSoyZDvL5vlNyZp0BiRJlnzRk7v6eyDHWehKHtjNGM9LLtZn5X62bmeg6yLlMM8MkXXwUZYKYhMyOJwOuGDViYgGp4nZXQkeokBobUcWG4C2fvArti7pn+f6y1rgp4ijDCZzCOXhwBQ24gya0gIKAZ3iFN+fReXHenY9Fa8kpZo7hj5zPH8PQj8Y=</latexit><latexit sha1_base64="11xRA5dKcYMiWyoGWIWInEvMj2o=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgm0DbSiT7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TTFHWoolIlB+iZoJL1jLcCOanimEcCtYJx7ezeueJKc0T+WAmKQtiHEoecYrGWn7eoyiIP+1Xa27dnYusgldADQo1+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtSoyZDvL5vlNyZp0BiRJlnzRk7v6eyDHWehKHtjNGM9LLtZn5X62bmeg6yLlMM8MkXXwUZYKYhMyOJwOuGDViYgGp4nZXQkeokBobUcWG4C2fvArti7pn+f6y1rgp4ijDCZzCOXhwBQ24gya0gIKAZ3iFN+fReXHenY9Fa8kpZo7hj5zPH8PQj8Y=</latexit><latexit sha1_base64="11xRA5dKcYMiWyoGWIWInEvMj2o=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgm0DbSiT7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TTFHWoolIlB+iZoJL1jLcCOanimEcCtYJx7ezeueJKc0T+WAmKQtiHEoecYrGWn7eoyiIP+1Xa27dnYusgldADQo1+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtSoyZDvL5vlNyZp0BiRJlnzRk7v6eyDHWehKHtjNGM9LLtZn5X62bmeg6yLlMM8MkXXwUZYKYhMyOJwOuGDViYgGp4nZXQkeokBobUcWG4C2fvArti7pn+f6y1rgp4ijDCZzCOXhwBQ24gya0gIKAZ3iFN+fReXHenY9Fa8kpZo7hj5zPH8PQj8Y=</latexit>

Y
<latexit sha1_base64="rX/DRdbaNkjmPydKVHAGkPlo9YY=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2QNpTNdtIu3WzS3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e2s3npCpXksH8wkQT+iA8lDzqixVjvrMirI47RXrrhVdy6yCl4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAqelbqoxoWxEB9ixKGmE2s/m+07JmXX6JIyVfdKQuft7IqOR1pMosJ0RNUO9XJuZ/9U6qQmv/YzLJDUo2eKjMBXExGR2POlzhcyIiQXKFLe7EjakijJjIyrZELzlk1eheVH1LN9fVmo3eRxFOIFTOAcPrqAGd1CHBjAQ8Ayv8OaMnRfn3flYtBacfOYY/sj5/AHFVY/H</latexit><latexit sha1_base64="rX/DRdbaNkjmPydKVHAGkPlo9YY=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2QNpTNdtIu3WzS3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e2s3npCpXksH8wkQT+iA8lDzqixVjvrMirI47RXrrhVdy6yCl4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAqelbqoxoWxEB9ixKGmE2s/m+07JmXX6JIyVfdKQuft7IqOR1pMosJ0RNUO9XJuZ/9U6qQmv/YzLJDUo2eKjMBXExGR2POlzhcyIiQXKFLe7EjakijJjIyrZELzlk1eheVH1LN9fVmo3eRxFOIFTOAcPrqAGd1CHBjAQ8Ayv8OaMnRfn3flYtBacfOYY/sj5/AHFVY/H</latexit><latexit sha1_base64="rX/DRdbaNkjmPydKVHAGkPlo9YY=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2QNpTNdtIu3WzS3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e2s3npCpXksH8wkQT+iA8lDzqixVjvrMirI47RXrrhVdy6yCl4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAqelbqoxoWxEB9ixKGmE2s/m+07JmXX6JIyVfdKQuft7IqOR1pMosJ0RNUO9XJuZ/9U6qQmv/YzLJDUo2eKjMBXExGR2POlzhcyIiQXKFLe7EjakijJjIyrZELzlk1eheVH1LN9fVmo3eRxFOIFTOAcPrqAGd1CHBjAQ8Ayv8OaMnRfn3flYtBacfOYY/sj5/AHFVY/H</latexit><latexit sha1_base64="rX/DRdbaNkjmPydKVHAGkPlo9YY=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2QNpTNdtIu3WzS3Y1QQv+EFw+KePXvePPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e2s3npCpXksH8wkQT+iA8lDzqixVjvrMirI47RXrrhVdy6yCl4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAqelbqoxoWxEB9ixKGmE2s/m+07JmXX6JIyVfdKQuft7IqOR1pMosJ0RNUO9XJuZ/9U6qQmv/YzLJDUo2eKjMBXExGR2POlzhcyIiQXKFLe7EjakijJjIyrZELzlk1eheVH1LN9fVmo3eRxFOIFTOAcPrqAGd1CHBjAQ8Ayv8OaMnRfn3flYtBacfOYY/sj5/AHFVY/H</latexit>

and      are given by the learning problem;

The target  f  is fixed but unknown

We learn the function  f  from the data D
<latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit><latexit sha1_base64="7uv5Yq1WnNWf8ptGjNc8psYBknE=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY1IPHCvYD2lA220m7dLNJdzdCCf0TXjwo4tW/481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrezeusJleaxfDSTBP2IDiQPOaPGWu2sy6ggd9NeueJW3bnIKng5VCBXvVf+6vZjlkYoDRNU647nJsbPqDKcCZyWuqnGhLIRHWDHoqQRaj+b7zslZ9bpkzBW9klD5u7viYxGWk+iwHZG1Az1cm1m/lfrpCa89jMuk9SgZIuPwlQQE5PZ8aTPFTIjJhYoU9zuStiQKsqMjahkQ/CWT16F5kXVs/xwWand5HEU4QRO4Rw8uIIa3EMdGsBAwDO8wpszdl6cd+dj0Vpw8plj+CPn8welbI+y</latexit>



Components of Learning

Slide credit: Abu-Mostafa, Magdon-Ismail, Lin, Learning from Data

H
<latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit>

Start with a set of candidate hypotheses      that you think are likely to 
represent f.    

H = {h1, h2, . . . , }
<latexit sha1_base64="zWIDT56eLdjRtDzNU3xzw0u6cu8=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEE3QtFNlxXsBZoQJpNJM3QyCTMToYRs3fgqblwo4tY3cOfbOG2z0NYfBj7+cw5nzu+njEplWd9GZW19Y3Orul3b2d3bPzAPj/oyyQQmPZywRAx9JAmjnPQUVYwMU0FQ7DMy8Ce3s/rggQhJE36vpilxYzTmNKQYKW15JswdjBjsFPAaOnnk2Q0Yea0GdFiQKNlwCs+sW01rLrgKdgl1UKrrmV9OkOAsJlxhhqQc2Vaq3BwJRTEjRc3JJEkRnqAxGWnkKCbSzeeXFPBMOwEME6EfV3Du/p7IUSzlNPZ1Z4xUJJdrM/O/2ihT4ZWbU55minC8WBRmDKoEzmKBARUEKzbVgLCg+q8QR0ggrHR4NR2CvXzyKvRbTVvz3UW9fVPGUQUn4BScAxtcgjbogC7oAQwewTN4BW/Gk/FivBsfi9aKUc4cgz8yPn8AZbyYOw==</latexit><latexit sha1_base64="zWIDT56eLdjRtDzNU3xzw0u6cu8=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEE3QtFNlxXsBZoQJpNJM3QyCTMToYRs3fgqblwo4tY3cOfbOG2z0NYfBj7+cw5nzu+njEplWd9GZW19Y3Orul3b2d3bPzAPj/oyyQQmPZywRAx9JAmjnPQUVYwMU0FQ7DMy8Ce3s/rggQhJE36vpilxYzTmNKQYKW15JswdjBjsFPAaOnnk2Q0Yea0GdFiQKNlwCs+sW01rLrgKdgl1UKrrmV9OkOAsJlxhhqQc2Vaq3BwJRTEjRc3JJEkRnqAxGWnkKCbSzeeXFPBMOwEME6EfV3Du/p7IUSzlNPZ1Z4xUJJdrM/O/2ihT4ZWbU55minC8WBRmDKoEzmKBARUEKzbVgLCg+q8QR0ggrHR4NR2CvXzyKvRbTVvz3UW9fVPGUQUn4BScAxtcgjbogC7oAQwewTN4BW/Gk/FivBsfi9aKUc4cgz8yPn8AZbyYOw==</latexit><latexit sha1_base64="zWIDT56eLdjRtDzNU3xzw0u6cu8=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEE3QtFNlxXsBZoQJpNJM3QyCTMToYRs3fgqblwo4tY3cOfbOG2z0NYfBj7+cw5nzu+njEplWd9GZW19Y3Orul3b2d3bPzAPj/oyyQQmPZywRAx9JAmjnPQUVYwMU0FQ7DMy8Ce3s/rggQhJE36vpilxYzTmNKQYKW15JswdjBjsFPAaOnnk2Q0Yea0GdFiQKNlwCs+sW01rLrgKdgl1UKrrmV9OkOAsJlxhhqQc2Vaq3BwJRTEjRc3JJEkRnqAxGWnkKCbSzeeXFPBMOwEME6EfV3Du/p7IUSzlNPZ1Z4xUJJdrM/O/2ihT4ZWbU55minC8WBRmDKoEzmKBARUEKzbVgLCg+q8QR0ggrHR4NR2CvXzyKvRbTVvz3UW9fVPGUQUn4BScAxtcgjbogC7oAQwewTN4BW/Gk/FivBsfi9aKUc4cgz8yPn8AZbyYOw==</latexit><latexit sha1_base64="zWIDT56eLdjRtDzNU3xzw0u6cu8=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEE3QtFNlxXsBZoQJpNJM3QyCTMToYRs3fgqblwo4tY3cOfbOG2z0NYfBj7+cw5nzu+njEplWd9GZW19Y3Orul3b2d3bPzAPj/oyyQQmPZywRAx9JAmjnPQUVYwMU0FQ7DMy8Ce3s/rggQhJE36vpilxYzTmNKQYKW15JswdjBjsFPAaOnnk2Q0Yea0GdFiQKNlwCs+sW01rLrgKdgl1UKrrmV9OkOAsJlxhhqQc2Vaq3BwJRTEjRc3JJEkRnqAxGWnkKCbSzeeXFPBMOwEME6EfV3Du/p7IUSzlNPZ1Z4xUJJdrM/O/2ihT4ZWbU55minC8WBRmDKoEzmKBARUEKzbVgLCg+q8QR0ggrHR4NR2CvXzyKvRbTVvz3UW9fVPGUQUn4BScAxtcgjbogC7oAQwewTN4BW/Gk/FivBsfi9aKUc4cgz8yPn8AZbyYOw==</latexit>

is called the hypothesis set or model.

Select a hypothesis g from     . The way we do this is called a learning 
algorithm.

H
<latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit><latexit sha1_base64="qHMWKeG3ISGpCMrDpdst4q6/7oU=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9NJjBfsBbSiT7aZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqaKsSWMRq06AmgkuWdNwI1gnUQyjQLB2ML6f19tPTGkey0czTZgf4VDykFM01upkPYqC1Gf9csWtuguRdfByqECuRr/81RvENI2YNFSg1l3PTYyfoTKcCjYr9VLNEqRjHLKuRYkR03622HdGLqwzIGGs7JOGLNzfExlGWk+jwHZGaEZ6tTY3/6t1UxPe+hmXSWqYpMuPwlQQE5P58WTAFaNGTC0gVdzuSugIFVJjIyrZELzVk9ehdVX1LD9cV2p3eRxFOINzuAQPbqAGdWhAEygIeIZXeHMmzovz7nwsWwtOPnMKf+R8/gCrgI+2</latexit>

We hope g ≈ f

We choose      and the learning algorithm H
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Basic Artificial Neural Networks
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 Artificial Neural Networks

Artificial “neurons” are connected together to form a 
network 
‣  Contains sets of adaptive weights 

-  These are learned during training 
‣  Capable of approximating non-linear functions of 

their input

A Neural network with two layers       BY-SA 3.0 Chrislb



Neural Network Structures

Neural networks are composed of:

Units (vertices in a graph)

Links (connecting unit i to unit j)

Activations (propagating signals from i to j)

Weights (determining the strength and sign of the 
connection)
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Units

Slide credit: Russell and Norvig

j

i, j
i

j

j
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Units

Each unit j first computes a weighted sum of its inputs:

inj =
nX

i=0

wi,jai
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Activation Functions

A unit then applies an activation function g to the sum to 
derive the output:

aj = g(inj) = g

 
nX

i=0

wi,jai

!
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Activation Function: Hard Threshold

Image Credit: http://www.pirobot.org/blog/0005/

Unit: Perceptron



Activation Function: Logistic Function

Unit: Sigmoid Perceptron



Activation Function: tanh

Popular in the early days of neural networks

A plot of the tanh activation function.       BY-SA 4.0 Laughsinthestocks



Activation Function: Rectified Linear (ReLU)

This is the activation function you should use by default

A plot of the rectified linear activation function.       BY-SA 4.0 Laughsinthestocks



Feed-Forward Networks

A Neural network with two layers       BY-SA 3.0 Chrislb



Recurrent Networks

Recurrent Layer Neural Network       BY-SA 3.0 Chrislb



Layers
One Layer

A Neural network with two layers       BY-SA 3.0 Chrislb

Multiple Layers



Hidden Units

A Neural network with two layers       BY-SA 3.0 Chrislb

What role do these units play?



Single-Layer Feed Forward Networks 
(Perceptrons)

Consider this network: And this training data:

x1 x2 y3 (carry) y4 (sum)

0 0 0 0

0 1 0 1

1 0 0 1

1 1 1 0

Objective: Learn a two-bit adder function 

1

2

3

4

w1,3

w1,4

w2,3

w2,4



Network structure

1

2

3

4

w1,3

w1,4

w2,3

w2,4

A perceptron network with m 
outputs is really m separate 
networks 
‣ Each weight affects only one of the 

outputs 
‣ m separate training processes



Some trouble with the math…

1

2

3

4

w1,3

w1,4

w2,3

w2,4

Easily learns the 
carry function

Fails to learn the 
sum function

Why does this happen?



Linear Separability in Threshold 
Perceptrons

Slide credit: Russell and Norvig



Multilayer Feed-Forward Neural 
Networks

Problem: The brain can solve XOR

Image credit: http://infonintelli.blogspot.com/2017/11/psychon-and-mcculloch-pitts-neurons.html

McCulloch and Pitts 
argued that any desired 
functionality might be 
achieved  by connecting 
large numbers of units

How does the training work?



Solution: add hidden units 

1

2

3
w1,3

w1,4

w2,3

w2,4

5

6

w3,5

w3,6

w4,5

w4,64

As a function hw(x) parameterized by weights w



Output expressed as a function of the 
inputs and the weights

Given an input vector x = (x1, x2), the activations of the inputs are set 
to (a1, a2) = (x1, x2)

The output at unit 5 is given by:

a5 = g(w0,5 + w3,5a3 + w4,5a4)
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= g(w0,5 + w3,5g(w0,3 + w1,3a1 + w2,3a2) + w4,5g(w0,4 + w1,4a1 + w2,4a2))
<latexit sha1_base64="eYl5TaXeTJT/IucLUAxRQtiC2WQ=">AAACV3icbZFPS8MwGMbTqnPOf1WPXoJD2FBGu1X0Igy9eFRwOthKSbN0C0vTkqTKKPuS4mVfxYumaxGdvhD4vc+bhyRPgoRRqWx7YZhr6xuVzepWbXtnd2/fOjh8knEqMOnhmMWiHyBJGOWkp6hipJ8IgqKAkedgepvPn1+IkDTmj2qWEC9CY05DipHSkm/xazhuvPqZfX4xh2dQUyenUuuUmpMT8p2iaxddu1m07g+D+21wfxncwtD0rbrdspcF/4JTQh2Ude9bb8NRjNOIcIUZknLg2InyMiQUxYzMa8NUkgThKRqTgUaOIiK9bJnLHJ5qZQTDWOjFFVyqPx0ZiqScRYHeGSE1kauzXPxvNkhVeOVllCepIhwXB4UpgyqGechwRAXBis00ICyovivEEyQQVvorajoEZ/XJf+Gp3XI0P7j17k0ZRxUcgxPQAA64BF1wB+5BD2DwDj6MNWPdWBifZsWsFltNo/QcgV9lHnwBgP+q5A==</latexit><latexit sha1_base64="eYl5TaXeTJT/IucLUAxRQtiC2WQ=">AAACV3icbZFPS8MwGMbTqnPOf1WPXoJD2FBGu1X0Igy9eFRwOthKSbN0C0vTkqTKKPuS4mVfxYumaxGdvhD4vc+bhyRPgoRRqWx7YZhr6xuVzepWbXtnd2/fOjh8knEqMOnhmMWiHyBJGOWkp6hipJ8IgqKAkedgepvPn1+IkDTmj2qWEC9CY05DipHSkm/xazhuvPqZfX4xh2dQUyenUuuUmpMT8p2iaxddu1m07g+D+21wfxncwtD0rbrdspcF/4JTQh2Ude9bb8NRjNOIcIUZknLg2InyMiQUxYzMa8NUkgThKRqTgUaOIiK9bJnLHJ5qZQTDWOjFFVyqPx0ZiqScRYHeGSE1kauzXPxvNkhVeOVllCepIhwXB4UpgyqGechwRAXBis00ICyovivEEyQQVvorajoEZ/XJf+Gp3XI0P7j17k0ZRxUcgxPQAA64BF1wB+5BD2DwDj6MNWPdWBifZsWsFltNo/QcgV9lHnwBgP+q5A==</latexit><latexit sha1_base64="eYl5TaXeTJT/IucLUAxRQtiC2WQ=">AAACV3icbZFPS8MwGMbTqnPOf1WPXoJD2FBGu1X0Igy9eFRwOthKSbN0C0vTkqTKKPuS4mVfxYumaxGdvhD4vc+bhyRPgoRRqWx7YZhr6xuVzepWbXtnd2/fOjh8knEqMOnhmMWiHyBJGOWkp6hipJ8IgqKAkedgepvPn1+IkDTmj2qWEC9CY05DipHSkm/xazhuvPqZfX4xh2dQUyenUuuUmpMT8p2iaxddu1m07g+D+21wfxncwtD0rbrdspcF/4JTQh2Ude9bb8NRjNOIcIUZknLg2InyMiQUxYzMa8NUkgThKRqTgUaOIiK9bJnLHJ5qZQTDWOjFFVyqPx0ZiqScRYHeGSE1kauzXPxvNkhVeOVllCepIhwXB4UpgyqGechwRAXBis00ICyovivEEyQQVvorajoEZ/XJf+Gp3XI0P7j17k0ZRxUcgxPQAA64BF1wB+5BD2DwDj6MNWPdWBifZsWsFltNo/QcgV9lHnwBgP+q5A==</latexit><latexit sha1_base64="eYl5TaXeTJT/IucLUAxRQtiC2WQ=">AAACV3icbZFPS8MwGMbTqnPOf1WPXoJD2FBGu1X0Igy9eFRwOthKSbN0C0vTkqTKKPuS4mVfxYumaxGdvhD4vc+bhyRPgoRRqWx7YZhr6xuVzepWbXtnd2/fOjh8knEqMOnhmMWiHyBJGOWkp6hipJ8IgqKAkedgepvPn1+IkDTmj2qWEC9CY05DipHSkm/xazhuvPqZfX4xh2dQUyenUuuUmpMT8p2iaxddu1m07g+D+21wfxncwtD0rbrdspcF/4JTQh2Ude9bb8NRjNOIcIUZknLg2InyMiQUxYzMa8NUkgThKRqTgUaOIiK9bJnLHJ5qZQTDWOjFFVyqPx0ZiqScRYHeGSE1kauzXPxvNkhVeOVllCepIhwXB4UpgyqGechwRAXBis00ICyovivEEyQQVvorajoEZ/XJf+Gp3XI0P7j17k0ZRxUcgxPQAA64BF1wB+5BD2DwDj6MNWPdWBifZsWsFltNo/QcgV9lHnwBgP+q5A==</latexit>

= g(w0,5 + w3,5g(w0,3 + w1,3x1 + w2,3x2) + w4,5g(w0,4 + w1,4x1 + w2,4x2))
<latexit sha1_base64="HD9bE+QqAOHCdHMf4wUHlQDU4g0=">AAACV3icbZFPS8MwGMbTTuec/6oevQSHsKGMdlb0Igy9eJzgdLCVkmbZFpamJUnVUfYlxcu+ihdN1yI6fSHwe583D0meBDGjUtn2wjBLa+vljcpmdWt7Z3fP2j94lFEiMOniiEWiFyBJGOWkq6hipBcLgsKAkadgepvNn56JkDTiD2oWEy9EY05HFCOlJd/i13Bcf/FT++xiDk+hpvOMCu280JyMXn0n71p512rkrfvD4H4b3F8GNzc0fKtmN+1lwb/gFFADRXV8620wjHASEq4wQ1L2HTtWXoqEopiReXWQSBIjPEVj0tfIUUikly5zmcMTrQzhKBJ6cQWX6k9HikIpZ2Ggd4ZITeTqLBP/m/UTNbryUsrjRBGO84NGCYMqglnIcEgFwYrNNCAsqL4rxBMkEFb6K6o6BGf1yX/hsdV0NN+7tfZNEUcFHIFjUAcOuARtcAc6oAsweAcfRslYMxbGp1k2K/lW0yg8h+BXmftfGUCrQA==</latexit><latexit sha1_base64="HD9bE+QqAOHCdHMf4wUHlQDU4g0=">AAACV3icbZFPS8MwGMbTTuec/6oevQSHsKGMdlb0Igy9eJzgdLCVkmbZFpamJUnVUfYlxcu+ihdN1yI6fSHwe583D0meBDGjUtn2wjBLa+vljcpmdWt7Z3fP2j94lFEiMOniiEWiFyBJGOWkq6hipBcLgsKAkadgepvNn56JkDTiD2oWEy9EY05HFCOlJd/i13Bcf/FT++xiDk+hpvOMCu280JyMXn0n71p512rkrfvD4H4b3F8GNzc0fKtmN+1lwb/gFFADRXV8620wjHASEq4wQ1L2HTtWXoqEopiReXWQSBIjPEVj0tfIUUikly5zmcMTrQzhKBJ6cQWX6k9HikIpZ2Ggd4ZITeTqLBP/m/UTNbryUsrjRBGO84NGCYMqglnIcEgFwYrNNCAsqL4rxBMkEFb6K6o6BGf1yX/hsdV0NN+7tfZNEUcFHIFjUAcOuARtcAc6oAsweAcfRslYMxbGp1k2K/lW0yg8h+BXmftfGUCrQA==</latexit><latexit sha1_base64="HD9bE+QqAOHCdHMf4wUHlQDU4g0=">AAACV3icbZFPS8MwGMbTTuec/6oevQSHsKGMdlb0Igy9eJzgdLCVkmbZFpamJUnVUfYlxcu+ihdN1yI6fSHwe583D0meBDGjUtn2wjBLa+vljcpmdWt7Z3fP2j94lFEiMOniiEWiFyBJGOWkq6hipBcLgsKAkadgepvNn56JkDTiD2oWEy9EY05HFCOlJd/i13Bcf/FT++xiDk+hpvOMCu280JyMXn0n71p512rkrfvD4H4b3F8GNzc0fKtmN+1lwb/gFFADRXV8620wjHASEq4wQ1L2HTtWXoqEopiReXWQSBIjPEVj0tfIUUikly5zmcMTrQzhKBJ6cQWX6k9HikIpZ2Ggd4ZITeTqLBP/m/UTNbryUsrjRBGO84NGCYMqglnIcEgFwYrNNCAsqL4rxBMkEFb6K6o6BGf1yX/hsdV0NN+7tfZNEUcFHIFjUAcOuARtcAc6oAsweAcfRslYMxbGp1k2K/lW0yg8h+BXmftfGUCrQA==</latexit><latexit sha1_base64="HD9bE+QqAOHCdHMf4wUHlQDU4g0=">AAACV3icbZFPS8MwGMbTTuec/6oevQSHsKGMdlb0Igy9eJzgdLCVkmbZFpamJUnVUfYlxcu+ihdN1yI6fSHwe583D0meBDGjUtn2wjBLa+vljcpmdWt7Z3fP2j94lFEiMOniiEWiFyBJGOWkq6hipBcLgsKAkadgepvNn56JkDTiD2oWEy9EY05HFCOlJd/i13Bcf/FT++xiDk+hpvOMCu280JyMXn0n71p512rkrfvD4H4b3F8GNzc0fKtmN+1lwb/gFFADRXV8620wjHASEq4wQ1L2HTtWXoqEopiReXWQSBIjPEVj0tfIUUikly5zmcMTrQzhKBJ6cQWX6k9HikIpZ2Ggd4ZITeTqLBP/m/UTNbryUsrjRBGO84NGCYMqglnIcEgFwYrNNCAsqL4rxBMkEFb6K6o6BGf1yX/hsdV0NN+7tfZNEUcFHIFjUAcOuARtcAc6oAsweAcfRslYMxbGp1k2K/lW0yg8h+BXmftfGUCrQA==</latexit>



Result of combining two opposite-facing 
soft threshold functions to produce a ridge

Slide credit: Russell and Norvig



Result of combining two ridges to 
produce a bump

Slide credit: Russell and Norvig



Utility of hidden layers

• With a single, sufficiently large hidden layer, it is possible 
to represent any continuous function of the inputs with 
arbitrary accuracy 

• Two layers: even discontinuous functions can be 
represented 

• Problem: for any particular network, it is harder to 
characterize which functions can be represented and 
which cannot 



PyTorch Example

Let’s predict grades achieved on a test (y) based on hours 
spent studying and sleeping (X) using the following network:

Example adapted from: http://bit.ly/2Er1Cy0



Consider the brain: what is missing 
from this model?


