
Artificial Intelligence
CS 165A

Nov 3, 2020

Instructor: Prof. Yu-Xiang Wang

® Finish games and minimax search
® Midterm review
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Recap: Games and minimax search

• Perfect information, turn-based, Deterministic, zero-sum
game

• Formulation as a search problem: MIN and MAX
alternatively.

• Alpha/Beta Pruning of the Search Tree

• Early Cut-off search with an heuristic function
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Today

• Finish games and adversarial search:
– Playing against multiple opponents
– Exploiting benign opponent with Expectimax

• Midterm review
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Small Pacman Example

+8-10-5-8

-8 -10

-8

MAX nodes: under Agent’s control

V(s) =      max      V(s’)
s’ Î successors(s)

Terminal States:

V(s) = known

MIN nodes: under Opponent’s control

V(s) =      min      V(s’)
s’ Î successors(s)



HW3:  Programming assignment

• PACMAN with ghosts

• You will generalize minimax search to multiple opponents
• You will exploit the benign opponents
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Expectimax: Playing against a benign 
opponent
• Sometimes your opponents are not clever.

– They behave randomly. 
– You can take advantage of that by modeling your opponent.

• Example of game of chance:
– Slot machines
– Tetris
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Expectimax example

• Your opponent behave 
randomly with a given 
probability distribution, 

• If you move left, your 
opponent will select 
actions with probability 
[0.5,0.5]

• If you move right, your 
opponent will select 
actions with [0.6,0.4]

Opponent’s
random 

move
7 3 -8 50

Your move

5 15.2

15.2

AVERAGE

MAX
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Note:  pruning becomes tricky in expectimax… think about why.



Summary of game playing

• Minimax search

• Game tree

• Alpha-beta pruning

• Early stop with an evaluation function

• Expectimax
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More reading / resources about game playing

• Required reading: AIMA 5.1-5.3

• Stochastic game / Expectiminimax:  AIMA 5.5
– Backgammon.  TD-Gammon
– Blackjack, Poker

• Famous game AI:  Read AIMA Ch. 5.7 (or in the 
“Historical notes” of the  AIMA 4th Edition)
– Deep blue
– TD Gammon

• AlphaGo: https://www.nature.com/articles/nature16961
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About the upcoming midterm
• Topics: Cover up to A*-Search and HW2. (not including

Games / Adversarial search)
• Format: Take-home, open book, but strictly independent

work.
• Types of questions: 

– True/False, MCQ, BayesNet reading, simple calculations / 
derivations.  Similar to quiz questions in the lecture slides.

• What am I testing you on:
– Test of basic concepts.
– Test of simple mechanical calculations.
– Test of your ability to “generalize”

• Tough questions? Don’t panic and try your best. 
– Bonus questions may not be difficult (some are), but you are

expected to finish non-bonus questions first.
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About the upcoming midterm

• You have received an email with instructions.
– Read carefully.

• You have 24 hours from 12:30 pm Thursday to 12:30 pm
Friday, but most people should be able to finish all non-
bonus questions within 1.5 hours.

• You will submit your scanned pages to Gradescope.
– Make sure you write clearly and label the pages to questions.
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To help your preparation

• Discussion class for Homework 2 on Wednesday
– The TA will play his recorded video in the first discussion section
– Then Q&A.
– You can watch the video any time you want.

• TAs moving office hours to before the midterm
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Time to pause and take a look back!
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Week Topic
1 Course Overview & Intelligent Agents

2 Machine Learning
Machine Learning

2 Machine Learning
Probabilistic Graphical Models

3 Probabilistic Graphical Models
Search: Problem solving with search

4
Search: Search algorithms

Search: Minimax search and game playing

5 Midterm Review
Midterm (take-home)

6 RL: Intro / Markov Decision Processes
RL: Solving MDPs

7 RL: Bandits and Exploration
RL: Reinforcement Learning Algorithms

8 RL: Reinforcement Learning Algorithms
Logic: Propositional Logic

9 Logic: First order Logic
Responsible AI

10 Responsible AI
Final Review

11 Final Exam (take-home)

Machine Learning

Probabilistic Reasoning

Search

Reinforcement Learning

Logic

Responsible AI



Lecture 1: AI Overview & Agents

• AI for problem solving
• Rational agents
• Examples of AI in the real world
• Modelling-Inference-Learning Paradigm
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New paradigm:  Modeling-Inference-Learning 
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Modeling

Inference Learning

(Idea and example taken from Percy Liang’s teachings)



Structure of the course
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Low-level intelligence High-level intelligence

(Again this idea is adapted from Percy Liang’s teachings)

Reflex Agents Planning Agents Reasoning agents

Classification / Regression
Bandits

Search
game playing

Logic,  knowledge base
Probabilistic inference 

Machine Learning

Probabilistic Graphical Models / Deep Neural Networks

Markov Decision Processes
Reinforcement Learning



Lecture 3-4: Machine Learning

• Machine learning
– Types of machine learning models
– Focus on Supervised Learning ---- classifier agents.

• What is a feature vector?
– Feature engineering,  feature extraction

• Hypothesis class and free parameters
– How many are there? How to evaluate a classifier? 
– Error? On training data or on new data?
– Overfitting,  underfitting?

• How to learn  (optimize)?
– Surrogate losses, Gradient Descent, SGD
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Example of a feature vector of dimension 4

1 0 0.0375 80
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Whether the contact list

Contains hyperlinks Proportion of misspelled words

Length of the message

Step 1 in Modelling
Feature extractor:

Converting the object of interest
to a vector of numerical values.



Example: Linear classifiers

• Score(x)  =  w0 + w1 * 1(hyperlinks) + w2 * 1(contact list) 
+ w3 * misspelling  +  w4 * length

• A linear classifier:  h(x)  = 1 if Score(x) > 0 and 0 
otherwise.

• Question: What are the “free-parameters” in a linear 
classifier?
– If we redefine

– A compact representation: 
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h(x) = sign(wT [1;x])
<latexit sha1_base64="+GdrPdjRhngivzDvjPZFqKDUtR8=">AAACCnicbZDLSgMxFIYz9VbHW9Wlm2gR2k2ZEUFBhKIblxV6g3YsmTRtQzOZITmjLUPXbnwVNy4UcesTuPNtTC8Lbf0h8PGfczg5vx8JrsFxvq3U0vLK6lp63d7Y3NreyezuVXUYK8oqNBShqvtEM8ElqwAHweqRYiTwBav5/etxvXbPlOahLMMwYl5AupJ3OCVgrFbm0LbtXm6Qx5e4CWwAieZdOco93JUb7sXAy2PcymSdgjMRXgR3Blk0U6mV+Wq2QxoHTAIVROuG60TgJUQBp4KN7GasWURon3RZw6AkAdNeMjllhI+N08adUJknAU/c3xMJCbQeBr7pDAj09HxtbP5Xa8TQOfcSLqMYmKTTRZ1YYAjxOBfc5opREEMDhCpu/oppjyhCwaRnmxDc+ZMXoXpScA3fnmaLV7M40ugAHaEcctEZKqIbVEIVRNEjekav6M16sl6sd+tj2pqyZjP76I+szx/rQ5fh</latexit><latexit sha1_base64="+GdrPdjRhngivzDvjPZFqKDUtR8=">AAACCnicbZDLSgMxFIYz9VbHW9Wlm2gR2k2ZEUFBhKIblxV6g3YsmTRtQzOZITmjLUPXbnwVNy4UcesTuPNtTC8Lbf0h8PGfczg5vx8JrsFxvq3U0vLK6lp63d7Y3NreyezuVXUYK8oqNBShqvtEM8ElqwAHweqRYiTwBav5/etxvXbPlOahLMMwYl5AupJ3OCVgrFbm0LbtXm6Qx5e4CWwAieZdOco93JUb7sXAy2PcymSdgjMRXgR3Blk0U6mV+Wq2QxoHTAIVROuG60TgJUQBp4KN7GasWURon3RZw6AkAdNeMjllhI+N08adUJknAU/c3xMJCbQeBr7pDAj09HxtbP5Xa8TQOfcSLqMYmKTTRZ1YYAjxOBfc5opREEMDhCpu/oppjyhCwaRnmxDc+ZMXoXpScA3fnmaLV7M40ugAHaEcctEZKqIbVEIVRNEjekav6M16sl6sd+tj2pqyZjP76I+szx/rQ5fh</latexit><latexit sha1_base64="+GdrPdjRhngivzDvjPZFqKDUtR8=">AAACCnicbZDLSgMxFIYz9VbHW9Wlm2gR2k2ZEUFBhKIblxV6g3YsmTRtQzOZITmjLUPXbnwVNy4UcesTuPNtTC8Lbf0h8PGfczg5vx8JrsFxvq3U0vLK6lp63d7Y3NreyezuVXUYK8oqNBShqvtEM8ElqwAHweqRYiTwBav5/etxvXbPlOahLMMwYl5AupJ3OCVgrFbm0LbtXm6Qx5e4CWwAieZdOco93JUb7sXAy2PcymSdgjMRXgR3Blk0U6mV+Wq2QxoHTAIVROuG60TgJUQBp4KN7GasWURon3RZw6AkAdNeMjllhI+N08adUJknAU/c3xMJCbQeBr7pDAj09HxtbP5Xa8TQOfcSLqMYmKTTRZ1YYAjxOBfc5opREEMDhCpu/oppjyhCwaRnmxDc+ZMXoXpScA3fnmaLV7M40ugAHaEcctEZKqIbVEIVRNEjekav6M16sl6sd+tj2pqyZjP76I+szx/rQ5fh</latexit><latexit sha1_base64="+GdrPdjRhngivzDvjPZFqKDUtR8=">AAACCnicbZDLSgMxFIYz9VbHW9Wlm2gR2k2ZEUFBhKIblxV6g3YsmTRtQzOZITmjLUPXbnwVNy4UcesTuPNtTC8Lbf0h8PGfczg5vx8JrsFxvq3U0vLK6lp63d7Y3NreyezuVXUYK8oqNBShqvtEM8ElqwAHweqRYiTwBav5/etxvXbPlOahLMMwYl5AupJ3OCVgrFbm0LbtXm6Qx5e4CWwAieZdOco93JUb7sXAy2PcymSdgjMRXgR3Blk0U6mV+Wq2QxoHTAIVROuG60TgJUQBp4KN7GasWURon3RZw6AkAdNeMjllhI+N08adUJknAU/c3xMJCbQeBr7pDAj09HxtbP5Xa8TQOfcSLqMYmKTTRZ1YYAjxOBfc5opREEMDhCpu/oppjyhCwaRnmxDc+ZMXoXpScA3fnmaLV7M40ugAHaEcctEZKqIbVEIVRNEjekav6M16sl6sd+tj2pqyZjP76I+szx/rQ5fh</latexit>

Y = {�1, 1}
<latexit sha1_base64="XFI+ee5omTF4tuXD1mCKvdB4pw0=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuNCSiKAboejGZQX7kCaUyXTSDp08mJkIJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4MWdSWda3UVpYXFpeKa9W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXuj69xvP1AhWRTeqXFM3QAPQuYzgpWWeuaeE2A1JJin9xm6RE56Yh/bTtYzq1bNmgDNE7sgVSjQ6JlfTj8iSUBDRTiWsmtbsXJTLBQjnGYVJ5E0xmSEB7SraYgDKt10kj9Dh1rpIz8S+oUKTdTfGykOpBwHnp7M08pZLxf/87qJ8i/clIVxomhIpof8hCMVobwM1GeCEsXHmmAimM6KyBALTJSurKJLsGe/PE9apzVb89uzav2qqKMM+3AAR2DDOdThBhrQBAKP8Ayv8GY8GS/Gu/ExHS0Zxc4u/IHx+QNK9JT2</latexit><latexit sha1_base64="XFI+ee5omTF4tuXD1mCKvdB4pw0=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuNCSiKAboejGZQX7kCaUyXTSDp08mJkIJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4MWdSWda3UVpYXFpeKa9W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXuj69xvP1AhWRTeqXFM3QAPQuYzgpWWeuaeE2A1JJin9xm6RE56Yh/bTtYzq1bNmgDNE7sgVSjQ6JlfTj8iSUBDRTiWsmtbsXJTLBQjnGYVJ5E0xmSEB7SraYgDKt10kj9Dh1rpIz8S+oUKTdTfGykOpBwHnp7M08pZLxf/87qJ8i/clIVxomhIpof8hCMVobwM1GeCEsXHmmAimM6KyBALTJSurKJLsGe/PE9apzVb89uzav2qqKMM+3AAR2DDOdThBhrQBAKP8Ayv8GY8GS/Gu/ExHS0Zxc4u/IHx+QNK9JT2</latexit><latexit sha1_base64="XFI+ee5omTF4tuXD1mCKvdB4pw0=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuNCSiKAboejGZQX7kCaUyXTSDp08mJkIJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4MWdSWda3UVpYXFpeKa9W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXuj69xvP1AhWRTeqXFM3QAPQuYzgpWWeuaeE2A1JJin9xm6RE56Yh/bTtYzq1bNmgDNE7sgVSjQ6JlfTj8iSUBDRTiWsmtbsXJTLBQjnGYVJ5E0xmSEB7SraYgDKt10kj9Dh1rpIz8S+oUKTdTfGykOpBwHnp7M08pZLxf/87qJ8i/clIVxomhIpof8hCMVobwM1GeCEsXHmmAimM6KyBALTJSurKJLsGe/PE9apzVb89uzav2qqKMM+3AAR2DDOdThBhrQBAKP8Ayv8GY8GS/Gu/ExHS0Zxc4u/IHx+QNK9JT2</latexit><latexit sha1_base64="XFI+ee5omTF4tuXD1mCKvdB4pw0=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuNCSiKAboejGZQX7kCaUyXTSDp08mJkIJWbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4MWdSWda3UVpYXFpeKa9W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXuj69xvP1AhWRTeqXFM3QAPQuYzgpWWeuaeE2A1JJin9xm6RE56Yh/bTtYzq1bNmgDNE7sgVSjQ6JlfTj8iSUBDRTiWsmtbsXJTLBQjnGYVJ5E0xmSEB7SraYgDKt10kj9Dh1rpIz8S+oUKTdTfGykOpBwHnp7M08pZLxf/87qJ8i/clIVxomhIpof8hCMVobwM1GeCEsXHmmAimM6KyBALTJSurKJLsGe/PE9apzVb89uzav2qqKMM+3AAR2DDOdThBhrQBAKP8Ayv8GY8GS/Gu/ExHS0Zxc4u/IHx+QNK9JT2</latexit>



Linear classifier

• Think geometrically

– What is the set of all feature vectors that a particular linear 
classifier will classify as “Spam”? 

– What is the set of all classifiers that will classifier a particular data 
point to be “Spam”?
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Geometric view: Linear classifier are “half-
spaces”!
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spam

Non-spam

Length of the message

Proportion
of 

misspelled
words

{ x | w0 + w1 * x1+ w2 * x2 + w3 * x3  +  w4 * x4 > 0}
The set of all ”emails” that will be classified as “Spams”.



Just “relax”: relaxing a hard problem into an 
easier one
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min
w2Rd

Error(w) =
1

n

nX

i=1

1(sign(wTxi) 6= yi)
<latexit sha1_base64="9+Bx79czl9t9gJ8yb2MgeTua5Q8="></latexit><latexit sha1_base64="9+Bx79czl9t9gJ8yb2MgeTua5Q8="></latexit><latexit sha1_base64="9+Bx79czl9t9gJ8yb2MgeTua5Q8="></latexit><latexit sha1_base64="9+Bx79czl9t9gJ8yb2MgeTua5Q8="></latexit>

min
w2Rd

1

n

nX

i=1

`(wTxi, yi).
<latexit sha1_base64="0YegsZbP+Qe/krQbqfuapddXrAI="></latexit><latexit sha1_base64="0YegsZbP+Qe/krQbqfuapddXrAI="></latexit><latexit sha1_base64="0YegsZbP+Qe/krQbqfuapddXrAI="></latexit><latexit sha1_base64="0YegsZbP+Qe/krQbqfuapddXrAI="></latexit>



Loss functions and surrogate losses

• 0-1 loss:

• Square loss:

• Logistic loss:

• Hinge loss:
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1(hw(x) 6= y)
<latexit sha1_base64="06nP05AsWRiRF+Hd28SBEv8g1FM=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWod2URARdFt24rGAv0IQwmU7aoZNJnJmoIRQ3voobF4q49Snc+TZO2iy09YeBj/+cw5zz+zGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98WVe794RIWnEb1QaEzdEQ04DipHSlmceOCFSIz/I7Elt5N3XHurQ4eQWpnXPrFoNayq4CHYBVVCo5ZlfziDCSUi4wgxJ2betWLkZEopiRiYVJ5EkRniMhqSvkaOQSDebnjCBx9oZwCAS+nEFp+7viQyFUqahrzvzheV8LTf/q/UTFZy7GeVxogjHs4+ChEEVwTwPOKCCYMVSDQgLqneFeIQEwkqnVtEh2PMnL0LnpGFrvj6tNi+KOMrgEByBGrDBGWiCK9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffBHxucPrrmWTQ==</latexit><latexit sha1_base64="06nP05AsWRiRF+Hd28SBEv8g1FM=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWod2URARdFt24rGAv0IQwmU7aoZNJnJmoIRQ3voobF4q49Snc+TZO2iy09YeBj/+cw5zz+zGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98WVe794RIWnEb1QaEzdEQ04DipHSlmceOCFSIz/I7Elt5N3XHurQ4eQWpnXPrFoNayq4CHYBVVCo5ZlfziDCSUi4wgxJ2betWLkZEopiRiYVJ5EkRniMhqSvkaOQSDebnjCBx9oZwCAS+nEFp+7viQyFUqahrzvzheV8LTf/q/UTFZy7GeVxogjHs4+ChEEVwTwPOKCCYMVSDQgLqneFeIQEwkqnVtEh2PMnL0LnpGFrvj6tNi+KOMrgEByBGrDBGWiCK9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffBHxucPrrmWTQ==</latexit><latexit sha1_base64="06nP05AsWRiRF+Hd28SBEv8g1FM=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWod2URARdFt24rGAv0IQwmU7aoZNJnJmoIRQ3voobF4q49Snc+TZO2iy09YeBj/+cw5zz+zGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98WVe794RIWnEb1QaEzdEQ04DipHSlmceOCFSIz/I7Elt5N3XHurQ4eQWpnXPrFoNayq4CHYBVVCo5ZlfziDCSUi4wgxJ2betWLkZEopiRiYVJ5EkRniMhqSvkaOQSDebnjCBx9oZwCAS+nEFp+7viQyFUqahrzvzheV8LTf/q/UTFZy7GeVxogjHs4+ChEEVwTwPOKCCYMVSDQgLqneFeIQEwkqnVtEh2PMnL0LnpGFrvj6tNi+KOMrgEByBGrDBGWiCK9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffBHxucPrrmWTQ==</latexit><latexit sha1_base64="06nP05AsWRiRF+Hd28SBEv8g1FM=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWod2URARdFt24rGAv0IQwmU7aoZNJnJmoIRQ3voobF4q49Snc+TZO2iy09YeBj/+cw5zz+zGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98WVe794RIWnEb1QaEzdEQ04DipHSlmceOCFSIz/I7Elt5N3XHurQ4eQWpnXPrFoNayq4CHYBVVCo5ZlfziDCSUi4wgxJ2betWLkZEopiRiYVJ5EkRniMhqSvkaOQSDebnjCBx9oZwCAS+nEFp+7viQyFUqahrzvzheV8LTf/q/UTFZy7GeVxogjHs4+ChEEVwTwPOKCCYMVSDQgLqneFeIQEwkqnVtEh2PMnL0LnpGFrvj6tNi+KOMrgEByBGrDBGWiCK9ACbYDBI3gGr+DNeDJejHfjY9ZaMoqZffBHxucPrrmWTQ==</latexit>

= 1(sign(Sw(x)) 6= y)
<latexit sha1_base64="+EHjrfxU/ILXQDzqe/UGelL3jPk=">AAACE3icbZC7TsMwFIadcivlVmBksaiQUoYqQUiwIFWwMBZBL1JTVY7rtFYdJ9gOEEV9BxZehYUBhFhZ2HgbnDQDtPySpU//OUc+53dDRqWyrG+jsLC4tLxSXC2trW9sbpW3d1oyiAQmTRywQHRcJAmjnDQVVYx0QkGQ7zLSdscXab19R4SkAb9RcUh6Phpy6lGMlLb65cMz6PhIjVwvsSdmhsJPJB3yiXndvzcfqlXocHIL42q/XLFqViY4D3YOFZCr0S9/OYMARz7hCjMkZde2QtVLkFAUMzIpOZEkIcJjNCRdjRz5RPaS7KYJPNDOAHqB0I8rmLm/JxLkSxn7ru5Ml5aztdT8r9aNlHfaSygPI0U4nn7kRQyqAKYBwQEVBCsWa0BYUL0rxCMkEFY6xpIOwZ49eR5aRzVb89VxpX6ex1EEe2AfmMAGJ6AOLkEDNAEGj+AZvII348l4Md6Nj2lrwchndsEfGZ8/RnWdHg==</latexit><latexit sha1_base64="+EHjrfxU/ILXQDzqe/UGelL3jPk=">AAACE3icbZC7TsMwFIadcivlVmBksaiQUoYqQUiwIFWwMBZBL1JTVY7rtFYdJ9gOEEV9BxZehYUBhFhZ2HgbnDQDtPySpU//OUc+53dDRqWyrG+jsLC4tLxSXC2trW9sbpW3d1oyiAQmTRywQHRcJAmjnDQVVYx0QkGQ7zLSdscXab19R4SkAb9RcUh6Phpy6lGMlLb65cMz6PhIjVwvsSdmhsJPJB3yiXndvzcfqlXocHIL42q/XLFqViY4D3YOFZCr0S9/OYMARz7hCjMkZde2QtVLkFAUMzIpOZEkIcJjNCRdjRz5RPaS7KYJPNDOAHqB0I8rmLm/JxLkSxn7ru5Ml5aztdT8r9aNlHfaSygPI0U4nn7kRQyqAKYBwQEVBCsWa0BYUL0rxCMkEFY6xpIOwZ49eR5aRzVb89VxpX6ex1EEe2AfmMAGJ6AOLkEDNAEGj+AZvII348l4Md6Nj2lrwchndsEfGZ8/RnWdHg==</latexit><latexit sha1_base64="+EHjrfxU/ILXQDzqe/UGelL3jPk=">AAACE3icbZC7TsMwFIadcivlVmBksaiQUoYqQUiwIFWwMBZBL1JTVY7rtFYdJ9gOEEV9BxZehYUBhFhZ2HgbnDQDtPySpU//OUc+53dDRqWyrG+jsLC4tLxSXC2trW9sbpW3d1oyiAQmTRywQHRcJAmjnDQVVYx0QkGQ7zLSdscXab19R4SkAb9RcUh6Phpy6lGMlLb65cMz6PhIjVwvsSdmhsJPJB3yiXndvzcfqlXocHIL42q/XLFqViY4D3YOFZCr0S9/OYMARz7hCjMkZde2QtVLkFAUMzIpOZEkIcJjNCRdjRz5RPaS7KYJPNDOAHqB0I8rmLm/JxLkSxn7ru5Ml5aztdT8r9aNlHfaSygPI0U4nn7kRQyqAKYBwQEVBCsWa0BYUL0rxCMkEFY6xpIOwZ49eR5aRzVb89VxpX6ex1EEe2AfmMAGJ6AOLkEDNAEGj+AZvII348l4Md6Nj2lrwchndsEfGZ8/RnWdHg==</latexit><latexit sha1_base64="+EHjrfxU/ILXQDzqe/UGelL3jPk=">AAACE3icbZC7TsMwFIadcivlVmBksaiQUoYqQUiwIFWwMBZBL1JTVY7rtFYdJ9gOEEV9BxZehYUBhFhZ2HgbnDQDtPySpU//OUc+53dDRqWyrG+jsLC4tLxSXC2trW9sbpW3d1oyiAQmTRywQHRcJAmjnDQVVYx0QkGQ7zLSdscXab19R4SkAb9RcUh6Phpy6lGMlLb65cMz6PhIjVwvsSdmhsJPJB3yiXndvzcfqlXocHIL42q/XLFqViY4D3YOFZCr0S9/OYMARz7hCjMkZde2QtVLkFAUMzIpOZEkIcJjNCRdjRz5RPaS7KYJPNDOAHqB0I8rmLm/JxLkSxn7ru5Ml5aztdT8r9aNlHfaSygPI0U4nn7kRQyqAKYBwQEVBCsWa0BYUL0rxCMkEFY6xpIOwZ49eR5aRzVb89VxpX6ex1EEe2AfmMAGJ6AOLkEDNAEGj+AZvII348l4Md6Nj2lrwchndsEfGZ8/RnWdHg==</latexit>

(y � Sw(x))
2

<latexit sha1_base64="AkVW4ZhAAV90jLRqVdxFQ4gOzlw=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EitAtLUgRdFt24rGgv0MYymU7aoZNJmJmoIfQ13LhQxK0v4863cdpmoa0/DHz85xzOmd+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ipMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfTevtByoVC8WdTiLqBngomM8I1sbqlZPT2/5j+alSua/1iyW7as+ElsHJoASZGv3iV28QkjigQhOOleo6dqTdFEvNCKeTQi9WNMJkjIe0a1DggCo3nd08QSfGGSA/lOYJjWbu74kUB0olgWc6A6xHarE2Nf+rdWPtX7gpE1GsqSDzRX7MkQ7RNAA0YJISzRMDmEhmbkVkhCUm2sRUMCE4i19ehlat6hi+OSvVL7M48nAEx1AGB86hDtfQgCYQiOAZXuHNiq0X6936mLfmrGzmEP7I+vwBHjeQaw==</latexit><latexit sha1_base64="AkVW4ZhAAV90jLRqVdxFQ4gOzlw=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EitAtLUgRdFt24rGgv0MYymU7aoZNJmJmoIfQ13LhQxK0v4863cdpmoa0/DHz85xzOmd+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ipMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfTevtByoVC8WdTiLqBngomM8I1sbqlZPT2/5j+alSua/1iyW7as+ElsHJoASZGv3iV28QkjigQhOOleo6dqTdFEvNCKeTQi9WNMJkjIe0a1DggCo3nd08QSfGGSA/lOYJjWbu74kUB0olgWc6A6xHarE2Nf+rdWPtX7gpE1GsqSDzRX7MkQ7RNAA0YJISzRMDmEhmbkVkhCUm2sRUMCE4i19ehlat6hi+OSvVL7M48nAEx1AGB86hDtfQgCYQiOAZXuHNiq0X6936mLfmrGzmEP7I+vwBHjeQaw==</latexit><latexit sha1_base64="AkVW4ZhAAV90jLRqVdxFQ4gOzlw=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EitAtLUgRdFt24rGgv0MYymU7aoZNJmJmoIfQ13LhQxK0v4863cdpmoa0/DHz85xzOmd+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ipMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfTevtByoVC8WdTiLqBngomM8I1sbqlZPT2/5j+alSua/1iyW7as+ElsHJoASZGv3iV28QkjigQhOOleo6dqTdFEvNCKeTQi9WNMJkjIe0a1DggCo3nd08QSfGGSA/lOYJjWbu74kUB0olgWc6A6xHarE2Nf+rdWPtX7gpE1GsqSDzRX7MkQ7RNAA0YJISzRMDmEhmbkVkhCUm2sRUMCE4i19ehlat6hi+OSvVL7M48nAEx1AGB86hDtfQgCYQiOAZXuHNiq0X6936mLfmrGzmEP7I+vwBHjeQaw==</latexit><latexit sha1_base64="AkVW4ZhAAV90jLRqVdxFQ4gOzlw=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EitAtLUgRdFt24rGgv0MYymU7aoZNJmJmoIfQ13LhQxK0v4863cdpmoa0/DHz85xzOmd+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ipMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfTevtByoVC8WdTiLqBngomM8I1sbqlZPT2/5j+alSua/1iyW7as+ElsHJoASZGv3iV28QkjigQhOOleo6dqTdFEvNCKeTQi9WNMJkjIe0a1DggCo3nd08QSfGGSA/lOYJjWbu74kUB0olgWc6A6xHarE2Nf+rdWPtX7gpE1GsqSDzRX7MkQ7RNAA0YJISzRMDmEhmbkVkhCUm2sRUMCE4i19ehlat6hi+OSvVL7M48nAEx1AGB86hDtfQgCYQiOAZXuHNiq0X6936mLfmrGzmEP7I+vwBHjeQaw==</latexit>

max(0, 1� y · Sw(x))
<latexit sha1_base64="QEyAlH/rZ+9AGz9K+sjveMM+unE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrSgJRFBl0U3LivaCzQhTCaTduhMEmYm2hC68VXcuFDErY/hzrdxello6w8DH/85hzPn9xNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRmnApMmjlksOj6ShNGINBVVjHQSQRD3GWn7g+txvf1AhKRxdK+yhLgc9SIaUoyUtjzzwOFoWLFO7NPMwUGs4J33WBlWq55ZtmrWRHAR7BmUwUwNz/xyghinnEQKMyRl17YS5eZIKIoZGZWcVJIE4QHqka7GCHEi3XxywAgeayeAYSz0ixScuL8ncsSlzLivOzlSfTlfG5v/1bqpCi/dnEZJqkiEp4vClEEVw3EaMKCCYMUyDQgLqv8KcR8JhJXOrKRDsOdPXoTWWc3WfHterl/N4iiCQ3AEKsAGF6AObkADNAEGI/AMXsGb8WS8GO/Gx7S1YMxm9sEfGZ8/IvCUzw==</latexit><latexit sha1_base64="QEyAlH/rZ+9AGz9K+sjveMM+unE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrSgJRFBl0U3LivaCzQhTCaTduhMEmYm2hC68VXcuFDErY/hzrdxello6w8DH/85hzPn9xNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRmnApMmjlksOj6ShNGINBVVjHQSQRD3GWn7g+txvf1AhKRxdK+yhLgc9SIaUoyUtjzzwOFoWLFO7NPMwUGs4J33WBlWq55ZtmrWRHAR7BmUwUwNz/xyghinnEQKMyRl17YS5eZIKIoZGZWcVJIE4QHqka7GCHEi3XxywAgeayeAYSz0ixScuL8ncsSlzLivOzlSfTlfG5v/1bqpCi/dnEZJqkiEp4vClEEVw3EaMKCCYMUyDQgLqv8KcR8JhJXOrKRDsOdPXoTWWc3WfHterl/N4iiCQ3AEKsAGF6AObkADNAEGI/AMXsGb8WS8GO/Gx7S1YMxm9sEfGZ8/IvCUzw==</latexit><latexit sha1_base64="QEyAlH/rZ+9AGz9K+sjveMM+unE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrSgJRFBl0U3LivaCzQhTCaTduhMEmYm2hC68VXcuFDErY/hzrdxello6w8DH/85hzPn9xNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRmnApMmjlksOj6ShNGINBVVjHQSQRD3GWn7g+txvf1AhKRxdK+yhLgc9SIaUoyUtjzzwOFoWLFO7NPMwUGs4J33WBlWq55ZtmrWRHAR7BmUwUwNz/xyghinnEQKMyRl17YS5eZIKIoZGZWcVJIE4QHqka7GCHEi3XxywAgeayeAYSz0ixScuL8ncsSlzLivOzlSfTlfG5v/1bqpCi/dnEZJqkiEp4vClEEVw3EaMKCCYMUyDQgLqv8KcR8JhJXOrKRDsOdPXoTWWc3WfHterl/N4iiCQ3AEKsAGF6AObkADNAEGI/AMXsGb8WS8GO/Gx7S1YMxm9sEfGZ8/IvCUzw==</latexit><latexit sha1_base64="QEyAlH/rZ+9AGz9K+sjveMM+unE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrSgJRFBl0U3LivaCzQhTCaTduhMEmYm2hC68VXcuFDErY/hzrdxello6w8DH/85hzPn9xNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRmnApMmjlksOj6ShNGINBVVjHQSQRD3GWn7g+txvf1AhKRxdK+yhLgc9SIaUoyUtjzzwOFoWLFO7NPMwUGs4J33WBlWq55ZtmrWRHAR7BmUwUwNz/xyghinnEQKMyRl17YS5eZIKIoZGZWcVJIE4QHqka7GCHEi3XxywAgeayeAYSz0ixScuL8ncsSlzLivOzlSfTlfG5v/1bqpCi/dnEZJqkiEp4vClEEVw3EaMKCCYMUyDQgLqv8KcR8JhJXOrKRDsOdPXoTWWc3WfHterl/N4iiCQ3AEKsAGF6AObkADNAEGI/AMXsGb8WS8GO/Gx7S1YMxm9sEfGZ8/IvCUzw==</latexit>

log2(1 + exp(�y · Sw(x)))
<latexit sha1_base64="97DB3EPHgnlMFPkCEbi9zEr6L8s=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFSBFLUgRdFt24rGgv0IQwmUzboZNMmJloS+nSja/ixoUibn0Ed76N0zYLbf1h4OM/53Dm/EHCqFS2/W3klpZXVtfy64WNza3tHXN3ryF5KjCpY864aAVIEkZjUldUMdJKBEFRwEgz6F9N6s17IiTl8Z0aJsSLUDemHYqR0pZvHrqMd/2K5ZxAlwwS63To4pAreOs/WINSqeSbRbtsTwUXwcmgCDLVfPPLDTlOIxIrzJCUbcdOlDdCQlHMyLjgppIkCPdRl7Q1xigi0htNDxnDY+2EsMOFfrGCU/f3xAhFUg6jQHdGSPXkfG1i/ldrp6pz4Y1onKSKxHi2qJMyqDicpAJDKghWbKgBYUH1XyHuIYGw0tkVdAjO/MmL0KiUHc03Z8XqZRZHHhyAI2ABB5yDKrgGNVAHGDyCZ/AK3own48V4Nz5mrTkjm9kHf2R8/gBLy5eV</latexit><latexit sha1_base64="97DB3EPHgnlMFPkCEbi9zEr6L8s=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFSBFLUgRdFt24rGgv0IQwmUzboZNMmJloS+nSja/ixoUibn0Ed76N0zYLbf1h4OM/53Dm/EHCqFS2/W3klpZXVtfy64WNza3tHXN3ryF5KjCpY864aAVIEkZjUldUMdJKBEFRwEgz6F9N6s17IiTl8Z0aJsSLUDemHYqR0pZvHrqMd/2K5ZxAlwwS63To4pAreOs/WINSqeSbRbtsTwUXwcmgCDLVfPPLDTlOIxIrzJCUbcdOlDdCQlHMyLjgppIkCPdRl7Q1xigi0htNDxnDY+2EsMOFfrGCU/f3xAhFUg6jQHdGSPXkfG1i/ldrp6pz4Y1onKSKxHi2qJMyqDicpAJDKghWbKgBYUH1XyHuIYGw0tkVdAjO/MmL0KiUHc03Z8XqZRZHHhyAI2ABB5yDKrgGNVAHGDyCZ/AK3own48V4Nz5mrTkjm9kHf2R8/gBLy5eV</latexit><latexit sha1_base64="97DB3EPHgnlMFPkCEbi9zEr6L8s=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFSBFLUgRdFt24rGgv0IQwmUzboZNMmJloS+nSja/ixoUibn0Ed76N0zYLbf1h4OM/53Dm/EHCqFS2/W3klpZXVtfy64WNza3tHXN3ryF5KjCpY864aAVIEkZjUldUMdJKBEFRwEgz6F9N6s17IiTl8Z0aJsSLUDemHYqR0pZvHrqMd/2K5ZxAlwwS63To4pAreOs/WINSqeSbRbtsTwUXwcmgCDLVfPPLDTlOIxIrzJCUbcdOlDdCQlHMyLjgppIkCPdRl7Q1xigi0htNDxnDY+2EsMOFfrGCU/f3xAhFUg6jQHdGSPXkfG1i/ldrp6pz4Y1onKSKxHi2qJMyqDicpAJDKghWbKgBYUH1XyHuIYGw0tkVdAjO/MmL0KiUHc03Z8XqZRZHHhyAI2ABB5yDKrgGNVAHGDyCZ/AK3own48V4Nz5mrTkjm9kHf2R8/gBLy5eV</latexit><latexit sha1_base64="97DB3EPHgnlMFPkCEbi9zEr6L8s=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFSBFLUgRdFt24rGgv0IQwmUzboZNMmJloS+nSja/ixoUibn0Ed76N0zYLbf1h4OM/53Dm/EHCqFS2/W3klpZXVtfy64WNza3tHXN3ryF5KjCpY864aAVIEkZjUldUMdJKBEFRwEgz6F9N6s17IiTl8Z0aJsSLUDemHYqR0pZvHrqMd/2K5ZxAlwwS63To4pAreOs/WINSqeSbRbtsTwUXwcmgCDLVfPPLDTlOIxIrzJCUbcdOlDdCQlHMyLjgppIkCPdRl7Q1xigi0htNDxnDY+2EsMOFfrGCU/f3xAhFUg6jQHdGSPXkfG1i/ldrp6pz4Y1onKSKxHi2qJMyqDicpAJDKghWbKgBYUH1XyHuIYGw0tkVdAjO/MmL0KiUHc03Z8XqZRZHHhyAI2ABB5yDKrgGNVAHGDyCZ/AK3own48V4Nz5mrTkjm9kHf2R8/gBLy5eV</latexit>



Illustration of GD vs SGD
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Observation: With the time gradient descent taking one step.
SGD would have already moved many steps.



One natural stochastic gradient to consider in 
machine learning
• Recall that 

• Pick a single data point i uniformly at random

– Use 

– Show that this is an unbiased estimator! 

25

min
✓2Rd

1

n

nX

i=1

`(✓, (xi, yi))
<latexit sha1_base64="dYONJ75domTb+MtjyO7oC1GVd7A="></latexit><latexit sha1_base64="dYONJ75domTb+MtjyO7oC1GVd7A="></latexit><latexit sha1_base64="dYONJ75domTb+MtjyO7oC1GVd7A="></latexit><latexit sha1_base64="dYONJ75domTb+MtjyO7oC1GVd7A="></latexit>

r✓`(✓, (xi, yi))
<latexit sha1_base64="IqPh4bCUALjS3cEkcwCCXOpsYmI=">AAACDXicbZA9SwNBEIb3/DZ+RS1tFqMQQeROBC1FG0sFYwK5cMxtJmZxb+/YnRNDyB+w8a/YWChia2/nv3HzUWjiCwsP78wwO2+cKWnJ97+9qemZ2bn5hcXC0vLK6lpxfePGprkRWBGpSk0tBotKaqyQJIW1zCAkscJqfHfer1fv0ViZ6mvqZNhI4FbLlhRAzoqKO6GGWEEUUhsJQlSqPMR9Xn6I5H4nknt7UbHkH/gD8UkIRlBiI11Gxa+wmYo8QU1CgbX1wM+o0QVDUijsFcLcYgbiDm6x7lBDgrbRHVzT47vOafJWatzTxAfu74kuJNZ2kth1JkBtO17rm//V6jm1ThpdqbOcUIvholauOKW8Hw1vSoOCVMcBCCPdX7logwFBLsCCCyEYP3kSbg4PAsdXR6XTs1EcC2yLbbMyC9gxO2UX7JJVmGCP7Jm9sjfvyXvx3r2PYeuUN5rZZH/kff4AFz+a5A==</latexit><latexit sha1_base64="IqPh4bCUALjS3cEkcwCCXOpsYmI=">AAACDXicbZA9SwNBEIb3/DZ+RS1tFqMQQeROBC1FG0sFYwK5cMxtJmZxb+/YnRNDyB+w8a/YWChia2/nv3HzUWjiCwsP78wwO2+cKWnJ97+9qemZ2bn5hcXC0vLK6lpxfePGprkRWBGpSk0tBotKaqyQJIW1zCAkscJqfHfer1fv0ViZ6mvqZNhI4FbLlhRAzoqKO6GGWEEUUhsJQlSqPMR9Xn6I5H4nknt7UbHkH/gD8UkIRlBiI11Gxa+wmYo8QU1CgbX1wM+o0QVDUijsFcLcYgbiDm6x7lBDgrbRHVzT47vOafJWatzTxAfu74kuJNZ2kth1JkBtO17rm//V6jm1ThpdqbOcUIvholauOKW8Hw1vSoOCVMcBCCPdX7logwFBLsCCCyEYP3kSbg4PAsdXR6XTs1EcC2yLbbMyC9gxO2UX7JJVmGCP7Jm9sjfvyXvx3r2PYeuUN5rZZH/kff4AFz+a5A==</latexit><latexit sha1_base64="IqPh4bCUALjS3cEkcwCCXOpsYmI=">AAACDXicbZA9SwNBEIb3/DZ+RS1tFqMQQeROBC1FG0sFYwK5cMxtJmZxb+/YnRNDyB+w8a/YWChia2/nv3HzUWjiCwsP78wwO2+cKWnJ97+9qemZ2bn5hcXC0vLK6lpxfePGprkRWBGpSk0tBotKaqyQJIW1zCAkscJqfHfer1fv0ViZ6mvqZNhI4FbLlhRAzoqKO6GGWEEUUhsJQlSqPMR9Xn6I5H4nknt7UbHkH/gD8UkIRlBiI11Gxa+wmYo8QU1CgbX1wM+o0QVDUijsFcLcYgbiDm6x7lBDgrbRHVzT47vOafJWatzTxAfu74kuJNZ2kth1JkBtO17rm//V6jm1ThpdqbOcUIvholauOKW8Hw1vSoOCVMcBCCPdX7logwFBLsCCCyEYP3kSbg4PAsdXR6XTs1EcC2yLbbMyC9gxO2UX7JJVmGCP7Jm9sjfvyXvx3r2PYeuUN5rZZH/kff4AFz+a5A==</latexit><latexit sha1_base64="IqPh4bCUALjS3cEkcwCCXOpsYmI=">AAACDXicbZA9SwNBEIb3/DZ+RS1tFqMQQeROBC1FG0sFYwK5cMxtJmZxb+/YnRNDyB+w8a/YWChia2/nv3HzUWjiCwsP78wwO2+cKWnJ97+9qemZ2bn5hcXC0vLK6lpxfePGprkRWBGpSk0tBotKaqyQJIW1zCAkscJqfHfer1fv0ViZ6mvqZNhI4FbLlhRAzoqKO6GGWEEUUhsJQlSqPMR9Xn6I5H4nknt7UbHkH/gD8UkIRlBiI11Gxa+wmYo8QU1CgbX1wM+o0QVDUijsFcLcYgbiDm6x7lBDgrbRHVzT47vOafJWatzTxAfu74kuJNZ2kth1JkBtO17rm//V6jm1ThpdqbOcUIvholauOKW8Hw1vSoOCVMcBCCPdX7logwFBLsCCCyEYP3kSbg4PAsdXR6XTs1EcC2yLbbMyC9gxO2UX7JJVmGCP7Jm9sjfvyXvx3r2PYeuUN5rZZH/kff4AFz+a5A==</latexit>



Intuition of the SGD algorithm on the “Spam 
Filter” example
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Scalar > 0:
≈ 0 if the prediction 

is correct
≈ 1 otherwise

r`(w, (xi, yi)) =
exp(�yi · xT

i w)

1 + exp(�yi · xT
i w)

(�yixi)
<latexit sha1_base64="mVTybGCL4qnFn3AO9gDMnSTPMe8="></latexit><latexit sha1_base64="mVTybGCL4qnFn3AO9gDMnSTPMe8="></latexit><latexit sha1_base64="mVTybGCL4qnFn3AO9gDMnSTPMe8="></latexit><latexit sha1_base64="mVTybGCL4qnFn3AO9gDMnSTPMe8="></latexit>

Vector of dimension d:
provides the direction 

of the gradient

If we receive an example [1, 0 , 0.0375, 80] like the one before.
And a label y = 1 saying that this is a spam.

How will the SGD update change the weight vector?

Then by moving w towards the negative gradient direction, we are changing the 
weight vector by increasing the weights. i.e., increasing the amount they contribute 
to the score function (if currently the classifier is making a mistake on this example)



Calculating the gradients of surrogate loss
functions
• Example: Binary logistic loss

• Example: Cross-entropy loss

27



Quiz on Piazza: Learning a decision tree 

• Free parameters:
– Which feature(s) to use when branching branch?
– How to branch? Thresholding? Free threshold?
– Which label to assign at leaf nodes?

• Hyperparameters:
– Max height of a decision tree?
– Number of parameters the tree can use in each 

28

• Question: Consider a problem with 4 binary features.
– How many decision trees of 3 layers are there? If each decision

uses only one feature? (you may repeat features)
– How many possible feature vectors are there?
– How many classifiers are there (without restrictions)?



Lecture 5-7: Probabilities and BayesNet

• Modelling the world with a joint probability distribution
– Number of parameters? 

• CPTs
– Count number of independent numbers to represent a CPT

• Conditional, Marginal, Probabilistic Inference with Bayes
Rule

• Read off conditional independences from the graph
– d-separation 
– Bayes ball algorithm
– Markov Blanket

29
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Tradeoffs in our model choices

Expressiveness

Space / computation efficiency

Fully Independent
P(X1, X2, …, XN) 

= P(X1) P(X2) …P(XN) 

O(N)
<latexit sha1_base64="BH2x9RNnrmjKUPQvCy8QUM7xb10=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZkYIui25caQV7gXYomTTThiaZIckIZegruHGhiFtfyJ1vY6adhbb+EPj4zznknD+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0xusnrniSrNIvlopjH1BR5JFjKCTWbdV+/OB+WKW3PnQqvg5VCBXM1B+as/jEgiqDSEY617nhsbP8 XKMMLprNRPNI0xmeAR7VmUWFDtp/NdZ+jMOkMURso+adDc/T2RYqH1VAS2U2Az1su1zPyv1ktMeOWnTMaJoZIsPgoTjkyEssPRkClKDJ9awEQxuysiY6wwMTaekg3BWz55FdoXNc/yQ73SuM7jKMIJnEIVPLiEBtxCE1pAYAzP8ApvjnBenHfnY9FacPKZY/gj5/MHCW6NkA==</latexit><latexit sha1_base64="BH2x9RNnrmjKUPQvCy8QUM7xb10=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZkYIui25caQV7gXYomTTThiaZIckIZegruHGhiFtfyJ1vY6adhbb+EPj4zznknD+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0xusnrniSrNIvlopjH1BR5JFjKCTWbdV+/OB+WKW3PnQqvg5VCBXM1B+as/jEgiqDSEY617nhsbP8 XKMMLprNRPNI0xmeAR7VmUWFDtp/NdZ+jMOkMURso+adDc/T2RYqH1VAS2U2Az1su1zPyv1ktMeOWnTMaJoZIsPgoTjkyEssPRkClKDJ9awEQxuysiY6wwMTaekg3BWz55FdoXNc/yQ73SuM7jKMIJnEIVPLiEBtxCE1pAYAzP8ApvjnBenHfnY9FacPKZY/gj5/MHCW6NkA==</latexit><latexit sha1_base64="BH2x9RNnrmjKUPQvCy8QUM7xb10=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZkYIui25caQV7gXYomTTThiaZIckIZegruHGhiFtfyJ1vY6adhbb+EPj4zznknD+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0xusnrniSrNIvlopjH1BR5JFjKCTWbdV+/OB+WKW3PnQqvg5VCBXM1B+as/jEgiqDSEY617nhsbP8 XKMMLprNRPNI0xmeAR7VmUWFDtp/NdZ+jMOkMURso+adDc/T2RYqH1VAS2U2Az1su1zPyv1ktMeOWnTMaJoZIsPgoTjkyEssPRkClKDJ9awEQxuysiY6wwMTaekg3BWz55FdoXNc/yQ73SuM7jKMIJnEIVPLiEBtxCE1pAYAzP8ApvjnBenHfnY9FacPKZY/gj5/MHCW6NkA==</latexit><latexit sha1_base64="BH2x9RNnrmjKUPQvCy8QUM7xb10=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZkYIui25caQV7gXYomTTThiaZIckIZegruHGhiFtfyJ1vY6adhbb+EPj4zznknD+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0xusnrniSrNIvlopjH1BR5JFjKCTWbdV+/OB+WKW3PnQqvg5VCBXM1B+as/jEgiqDSEY617nhsbP8 XKMMLprNRPNI0xmeAR7VmUWFDtp/NdZ+jMOkMURso+adDc/T2RYqH1VAS2U2Az1su1zPyv1ktMeOWnTMaJoZIsPgoTjkyEssPRkClKDJ9awEQxuysiY6wwMTaekg3BWz55FdoXNc/yQ73SuM7jKMIJnEIVPLiEBtxCE1pAYAzP8ApvjnBenHfnY9FacPKZY/gj5/MHCW6NkA==</latexit>

O(eN )
<latexit sha1_base64="/aIPhdmFR4TX04BMt/kMvmjmkj4=">AAAB7XicbZDLSgMxFIbP1Futt6pLN4NFqJsyI4Iui25caQV7gXYsmfRMG5tJhiQjlKHv4MaFIm59H3e+jellodUfAh//OYec84cJZ9p43peTW1peWV3Lrxc2Nre2d4q7ew0tU0WxTiWXqhUSjZwJrBtmOLYShSQOOTbD4eWk3nxEpZkUd2aUYBCTvmARo8RYq3FTxvvr426x5FW8qdy/4M+hBHPVusXPTk/SNEZhKCdat30vMUFGlGGU47jQSTUmhA5JH9sWBYlRB9l027F7ZJ2eG0llnzDu1P05kZFY61Ec2s6YmIFerE3M/2rt1ETnQcZEkhoUdPZRlHLXSHdyuttjCqnhIwuEKmZ3demAKEKNDahgQ/AXT/4LjZOKb/n2tFS9mMeRhwM4hDL4cAZVuIIa1IHCAzzBC7w60nl23pz3WWvOmc/swy85H999uI5n</latexit><latexit sha1_base64="/aIPhdmFR4TX04BMt/kMvmjmkj4=">AAAB7XicbZDLSgMxFIbP1Futt6pLN4NFqJsyI4Iui25caQV7gXYsmfRMG5tJhiQjlKHv4MaFIm59H3e+jellodUfAh//OYec84cJZ9p43peTW1peWV3Lrxc2Nre2d4q7ew0tU0WxTiWXqhUSjZwJrBtmOLYShSQOOTbD4eWk3nxEpZkUd2aUYBCTvmARo8RYq3FTxvvr426x5FW8qdy/4M+hBHPVusXPTk/SNEZhKCdat30vMUFGlGGU47jQSTUmhA5JH9sWBYlRB9l027F7ZJ2eG0llnzDu1P05kZFY61Ec2s6YmIFerE3M/2rt1ETnQcZEkhoUdPZRlHLXSHdyuttjCqnhIwuEKmZ3demAKEKNDahgQ/AXT/4LjZOKb/n2tFS9mMeRhwM4hDL4cAZVuIIa1IHCAzzBC7w60nl23pz3WWvOmc/swy85H999uI5n</latexit><latexit sha1_base64="/aIPhdmFR4TX04BMt/kMvmjmkj4=">AAAB7XicbZDLSgMxFIbP1Futt6pLN4NFqJsyI4Iui25caQV7gXYsmfRMG5tJhiQjlKHv4MaFIm59H3e+jellodUfAh//OYec84cJZ9p43peTW1peWV3Lrxc2Nre2d4q7ew0tU0WxTiWXqhUSjZwJrBtmOLYShSQOOTbD4eWk3nxEpZkUd2aUYBCTvmARo8RYq3FTxvvr426x5FW8qdy/4M+hBHPVusXPTk/SNEZhKCdat30vMUFGlGGU47jQSTUmhA5JH9sWBYlRB9l027F7ZJ2eG0llnzDu1P05kZFY61Ec2s6YmIFerE3M/2rt1ETnQcZEkhoUdPZRlHLXSHdyuttjCqnhIwuEKmZ3demAKEKNDahgQ/AXT/4LjZOKb/n2tFS9mMeRhwM4hDL4cAZVuIIa1IHCAzzBC7w60nl23pz3WWvOmc/swy85H999uI5n</latexit><latexit sha1_base64="/aIPhdmFR4TX04BMt/kMvmjmkj4=">AAAB7XicbZDLSgMxFIbP1Futt6pLN4NFqJsyI4Iui25caQV7gXYsmfRMG5tJhiQjlKHv4MaFIm59H3e+jellodUfAh//OYec84cJZ9p43peTW1peWV3Lrxc2Nre2d4q7ew0tU0WxTiWXqhUSjZwJrBtmOLYShSQOOTbD4eWk3nxEpZkUd2aUYBCTvmARo8RYq3FTxvvr426x5FW8qdy/4M+hBHPVusXPTk/SNEZhKCdat30vMUFGlGGU47jQSTUmhA5JH9sWBYlRB9l027F7ZJ2eG0llnzDu1P05kZFY61Ec2s6YmIFerE3M/2rt1ETnQcZEkhoUdPZRlHLXSHdyuttjCqnhIwuEKmZ3demAKEKNDahgQ/AXT/4LjZOKb/n2tFS9mMeRhwM4hDL4cAZVuIIa1IHCAzzBC7w60nl23pz3WWvOmc/swy85H999uI5n</latexit>

Fully general
P(X1, X2, …, XN)

Idea:
1.Independent groups of variables?

2.Conditional independences?
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How should we connect the nodes?
(3 min discussion)

Links and CPTs?
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What are the CPTs? What are their dimensions?
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Question: How to fill values into these CPTs?
Ans: Specify by hands. Learn from data (e.g., MLE).



Big question: Is there a general way that we 
can answer questions about conditional 
independences by just inspecting the graphs?

• Turns out the answer is “Yes!”
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Direct Acyclic 
Graph

The set of Conditional 
Independences that 
holds for all CPTs

Factorization of Joint 
Distribution

By definition

By traversing 

the DAG
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d-separation in three canonical graphs 
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X Y Z X Y Z

(a) (b)

(a)

X

Y

Z X

Y

Z

(b)

(a) (b)

X

Y

Z

X Z

aliens

late

watch

X ⟂ Z | Y
“X and Z are d-separated 
by the observation of Y.”

X ⟂ Z | Y
“X and Z are d-separated 
by the observation of Y.”

X ⟂ Z | Y
“X and Z are d-separated 
by NOT observing Y nor 
any descendants of Y.”



The Ten Rules of Bayes Ball Algorithm
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Lecture 7-9:  Search

• Problem solving by search
– Abstraction, problem formulation
– State-space diagram
– Count the number of states, number of actions.

• Search algorithms
– General search strategy,  data-structure used
– Space / time complexity
– Four evaluation criteria

• Heuristic search
– When  does it work? 

36
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Problem Formulation and Search

• Problem formulation
– State-space description < {S}, S0, {SG}, {O}, {g} >

• S: Possible states
• S0: Initial state of the agent
• SG: Goal state(s)

– Or equivalently, a goal test G(S)
• O: Operators  O: {S} => {S}

– Describes the possible actions of the agent
• g: Path cost function, assigns a cost to a path/action

• At any given time, which possible action Oi is best?
– Depends on the goal, the path cost function, the future sequence of actions….

• Agent’s strategy:  Formulate, Search, and Execute
– This is offline problem solving



More quizzes: PACMAN with static ghosts

• The goal is to eat all pellets as quickly as possible while
staying alive. Eating the “Power pellet” will allow the
pacman to eat the ghost.

• Think about how to formulate this problem.

38
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State-Space Diagrams

• State-space description can be represented by a state-
space diagram, which shows
– States (incl. initial and goal)
– Operators/actions (state transitions)
– Path costs
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State Space vs. Search Tree (cont.)

B C CB F

D H G

A D GA D E

B C

A

Search tree (partially expanded)
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General Search Algorithm

function GENERAL-SEARCH(problem, QUEUING-FN) returns a solution or failure

nodes ¬ MAKE-QUEUE(MAKE-NODE(INITIAL-STATE[problem]))
loop do

if nodes is empty then return failure
node ¬ REMOVE-FRONT(nodes)
if GOAL-TEST[problem] applied to STATE(node) succeeds then return node
nodes ¬ QUEUING-FN(nodes, EXPAND(node, OPERATORS[problem]))

end

• Uses a queue (a list) and a queuing function to 
implement a search strategy

– Queuing-Fn(queue, elements) inserts a set of elements into the 
queue and determines the order of node expansion



Summary table of uninformed search

42

(Section 3.4.7 in the AIMA book.)
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Example

B

A

C

D E

F

State space graph Search tree

D

Queue

(A)
(B C)
(C D)
(D B D E)
(B D E)
(D E D)
(E D)
(D F)
(F)
( )

D F

D EB

B C

A
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A* Example

f(n) = g(n) + h(n)
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Oradea Arad Fagaras Rimnicu Vilcea291+380=671 280+366=506 239+178=417 220+193=413

Zerind Sibiu Timisoaraf = 75 + 374 = 449 140 + 253 = 393 118+329=447

f = 0 + 366 = 366 Arad

A* Example

1. Know how to track the nodes in the frontier
2. Select which one to expand first.



What are some general principles behind AI?
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Week Topic
1 Course Overview & Intelligent Agents

2 Machine Learning
Machine Learning

2 Machine Learning
Probabilistic Graphical Models

3 Probabilistic Graphical Models
Search: Problem solving with search

4
Search: Search algorithms

Search: Minimax search and game playing

5 Midterm Review
Midterm (take-home)

6 RL: Intro / Markov Decision Processes
RL: Solving MDPs

7 RL: Bandits and Exploration
RL: Reinforcement Learning Algorithms

8 RL: Reinforcement Learning Algorithms
Logic: Propositional Logic

9 Logic: First order Logic
Responsible AI

10 Responsible AI
Final Review

11 Final Exam (take-home)

Machine Learning

Probabilistic Reasoning

Search

Reinforcement Learning

Logic

Responsible AI



Optimization perspective of AI

• A rational agent

– Modelling tools:  Features / Hypothesis, PGM,  State-space 
abstraction, agent categorization

– Constraints:  Computation,  Data,  Storage

• Discrete optimization

– Algorithmic tool:  Search / Dynamic programming

• Continuous optimization

– Algorithmic tool: Gradient descent / Stochastic gradient descent
47

max
a1,...,aT

Utility(a1, ..., aT )
<latexit sha1_base64="AJLLQRVY8yiCEhW0KM3a5fQ37sA=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahQhlmRNBl0Y3LCr1BW4YzadqGZi4kZ6Rl6Fu48VXcuFDEre58G9PLorYeCHz8/zlJzu/HUmh0nB9rbX1jc2s7s5Pd3ds/OMwdHdd0lCjGqyySkWr4oLkUIa+iQMkbseIQ+JLX/cHdxK8/cqVFFFZwFPN2AL1QdAUDNJKXs1sBDL0UPLdo23YRvMqYtpAPMTW3SYGjcWHBu/Byecd2pkVXwZ1Dnsyr7OW+W52IJQEPkUnQuuk6MbZTUCiY5ONsK9E8BjaAHm8aDCHgup1O9xrTc6N0aDdS5oRIp+riRAqB1qPAN50BYF8vexPxP6+ZYPemnYowTpCHbPZQN5EUIzoJiXaE4gzlyAAwJcxfKeuDAoYmyqwJwV1eeRVql7Zr+OEqX7qdx5Ehp+SMFIhLrkmJ3JMyqRJGnsgLeSPv1rP1an1Yn7PWNWs+c0L+lPX1C7ranbw=</latexit><latexit sha1_base64="AJLLQRVY8yiCEhW0KM3a5fQ37sA=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahQhlmRNBl0Y3LCr1BW4YzadqGZi4kZ6Rl6Fu48VXcuFDEre58G9PLorYeCHz8/zlJzu/HUmh0nB9rbX1jc2s7s5Pd3ds/OMwdHdd0lCjGqyySkWr4oLkUIa+iQMkbseIQ+JLX/cHdxK8/cqVFFFZwFPN2AL1QdAUDNJKXs1sBDL0UPLdo23YRvMqYtpAPMTW3SYGjcWHBu/Byecd2pkVXwZ1Dnsyr7OW+W52IJQEPkUnQuuk6MbZTUCiY5ONsK9E8BjaAHm8aDCHgup1O9xrTc6N0aDdS5oRIp+riRAqB1qPAN50BYF8vexPxP6+ZYPemnYowTpCHbPZQN5EUIzoJiXaE4gzlyAAwJcxfKeuDAoYmyqwJwV1eeRVql7Zr+OEqX7qdx5Ehp+SMFIhLrkmJ3JMyqRJGnsgLeSPv1rP1an1Yn7PWNWs+c0L+lPX1C7ranbw=</latexit><latexit sha1_base64="AJLLQRVY8yiCEhW0KM3a5fQ37sA=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahQhlmRNBl0Y3LCr1BW4YzadqGZi4kZ6Rl6Fu48VXcuFDEre58G9PLorYeCHz8/zlJzu/HUmh0nB9rbX1jc2s7s5Pd3ds/OMwdHdd0lCjGqyySkWr4oLkUIa+iQMkbseIQ+JLX/cHdxK8/cqVFFFZwFPN2AL1QdAUDNJKXs1sBDL0UPLdo23YRvMqYtpAPMTW3SYGjcWHBu/Byecd2pkVXwZ1Dnsyr7OW+W52IJQEPkUnQuuk6MbZTUCiY5ONsK9E8BjaAHm8aDCHgup1O9xrTc6N0aDdS5oRIp+riRAqB1qPAN50BYF8vexPxP6+ZYPemnYowTpCHbPZQN5EUIzoJiXaE4gzlyAAwJcxfKeuDAoYmyqwJwV1eeRVql7Zr+OEqX7qdx5Ehp+SMFIhLrkmJ3JMyqRJGnsgLeSPv1rP1an1Yn7PWNWs+c0L+lPX1C7ranbw=</latexit><latexit sha1_base64="AJLLQRVY8yiCEhW0KM3a5fQ37sA=">AAACF3icbZDLSgMxFIYzXmu9VV26CRahQhlmRNBl0Y3LCr1BW4YzadqGZi4kZ6Rl6Fu48VXcuFDEre58G9PLorYeCHz8/zlJzu/HUmh0nB9rbX1jc2s7s5Pd3ds/OMwdHdd0lCjGqyySkWr4oLkUIa+iQMkbseIQ+JLX/cHdxK8/cqVFFFZwFPN2AL1QdAUDNJKXs1sBDL0UPLdo23YRvMqYtpAPMTW3SYGjcWHBu/Byecd2pkVXwZ1Dnsyr7OW+W52IJQEPkUnQuuk6MbZTUCiY5ONsK9E8BjaAHm8aDCHgup1O9xrTc6N0aDdS5oRIp+riRAqB1qPAN50BYF8vexPxP6+ZYPemnYowTpCHbPZQN5EUIzoJiXaE4gzlyAAwJcxfKeuDAoYmyqwJwV1eeRVql7Zr+OEqX7qdx5Ehp+SMFIhLrkmJ3JMyqRJGnsgLeSPv1rP1an1Yn7PWNWs+c0L+lPX1C7ranbw=</latexit>

min
p2Paths

Distance(p)
<latexit sha1_base64="kNGlgXYPhNFNB2UuzJM5GtEvyS0=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZF0DKohWUE84BsCLOTm2RwdnaZuSuGZf/Bxl+xsVDE1sbOv3HyKDTxwMCZc+/lnnuCWAqDrvvtLCwuLa+s5tby6xubW9uFnd26iRLNocYjGelmwAxIoaCGAiU0Yw0sDCQ0grvLUb1xD9qISN3iMIZ2yPpK9ARnaKVO4dgPheqksS+Uj/CAaZXhwGQZnfyurAOmOGSl+KhTKLpldww6T7wpKZIpqp3Cl9+NeBKCQi6ZMS3PjbGdMo2CS8jyfmIgZvyO9aFlqWIhmHY6vimjh1bp0l6k7VNIx+rviZSFxgzDwHaGI8uztZH4X62VYO+8nQoVJwiKTxb1EkkxoqOAaFdo4CiHljCuhfVK+YBpxtHGmLcheLMnz5P6Sdmz/Oa0WLmYxpEj++SAlIhHzkiFXJMqqRFOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AYWpnyc=</latexit><latexit sha1_base64="kNGlgXYPhNFNB2UuzJM5GtEvyS0=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZF0DKohWUE84BsCLOTm2RwdnaZuSuGZf/Bxl+xsVDE1sbOv3HyKDTxwMCZc+/lnnuCWAqDrvvtLCwuLa+s5tby6xubW9uFnd26iRLNocYjGelmwAxIoaCGAiU0Yw0sDCQ0grvLUb1xD9qISN3iMIZ2yPpK9ARnaKVO4dgPheqksS+Uj/CAaZXhwGQZnfyurAOmOGSl+KhTKLpldww6T7wpKZIpqp3Cl9+NeBKCQi6ZMS3PjbGdMo2CS8jyfmIgZvyO9aFlqWIhmHY6vimjh1bp0l6k7VNIx+rviZSFxgzDwHaGI8uztZH4X62VYO+8nQoVJwiKTxb1EkkxoqOAaFdo4CiHljCuhfVK+YBpxtHGmLcheLMnz5P6Sdmz/Oa0WLmYxpEj++SAlIhHzkiFXJMqqRFOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AYWpnyc=</latexit><latexit sha1_base64="kNGlgXYPhNFNB2UuzJM5GtEvyS0=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZF0DKohWUE84BsCLOTm2RwdnaZuSuGZf/Bxl+xsVDE1sbOv3HyKDTxwMCZc+/lnnuCWAqDrvvtLCwuLa+s5tby6xubW9uFnd26iRLNocYjGelmwAxIoaCGAiU0Yw0sDCQ0grvLUb1xD9qISN3iMIZ2yPpK9ARnaKVO4dgPheqksS+Uj/CAaZXhwGQZnfyurAOmOGSl+KhTKLpldww6T7wpKZIpqp3Cl9+NeBKCQi6ZMS3PjbGdMo2CS8jyfmIgZvyO9aFlqWIhmHY6vimjh1bp0l6k7VNIx+rviZSFxgzDwHaGI8uztZH4X62VYO+8nQoVJwiKTxb1EkkxoqOAaFdo4CiHljCuhfVK+YBpxtHGmLcheLMnz5P6Sdmz/Oa0WLmYxpEj++SAlIhHzkiFXJMqqRFOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AYWpnyc=</latexit><latexit sha1_base64="kNGlgXYPhNFNB2UuzJM5GtEvyS0=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZF0DKohWUE84BsCLOTm2RwdnaZuSuGZf/Bxl+xsVDE1sbOv3HyKDTxwMCZc+/lnnuCWAqDrvvtLCwuLa+s5tby6xubW9uFnd26iRLNocYjGelmwAxIoaCGAiU0Yw0sDCQ0grvLUb1xD9qISN3iMIZ2yPpK9ARnaKVO4dgPheqksS+Uj/CAaZXhwGQZnfyurAOmOGSl+KhTKLpldww6T7wpKZIpqp3Cl9+NeBKCQi6ZMS3PjbGdMo2CS8jyfmIgZvyO9aFlqWIhmHY6vimjh1bp0l6k7VNIx+rviZSFxgzDwHaGI8uztZH4X62VYO+8nQoVJwiKTxb1EkkxoqOAaFdo4CiHljCuhfVK+YBpxtHGmLcheLMnz5P6Sdmz/Oa0WLmYxpEj++SAlIhHzkiFXJMqqRFOHskzeSVvzpPz4rw7H5PWBWc6s0f+wPn8AYWpnyc=</latexit>

min
✓2Rd

TrainingError(✓)
<latexit sha1_base64="UroSTHrAvNoyqt7pQLaEaUs/ejk=">AAACI3icbVDLSsNAFJ34tr6qLt0MFkE3koiguCqK4FKlD6GJZTK9bQcnkzBzI5aQf3Hjr7hxoRQ3LvwXp20Wvg4MHM45lzv3hIkUBl33w5manpmdm19YLC0tr6yuldc3GiZONYc6j2Wsb0JmQAoFdRQo4SbRwKJQQjO8Oxv5zXvQRsSqhoMEgoj1lOgKztBK7fKJHwnVznzsAzJfKOpHDPthmF3nt52c+ggPmNU0E0qo3rnWsc53J+G9drni7rtj0L/EK0iFFLhsl4d+J+ZpBAq5ZMa0PDfBIGMaBZeQl/zUQML4HetBy1LFIjBBNr4xpztW6dBurO1TSMfq94mMRcYMotAmRxeY395I/M9rpdg9DjKhkhRB8cmibiopxnRUGO0IDRzlwBLGtbB/pbzPNONoay3ZErzfJ/8ljYN9z/Krw0r1tKhjgWyRbbJLPHJEquSCXJI64eSRPJNX8uY8OS/O0HmfRKecYmaT/IDz+QUciqXD</latexit><latexit sha1_base64="UroSTHrAvNoyqt7pQLaEaUs/ejk=">AAACI3icbVDLSsNAFJ34tr6qLt0MFkE3koiguCqK4FKlD6GJZTK9bQcnkzBzI5aQf3Hjr7hxoRQ3LvwXp20Wvg4MHM45lzv3hIkUBl33w5manpmdm19YLC0tr6yuldc3GiZONYc6j2Wsb0JmQAoFdRQo4SbRwKJQQjO8Oxv5zXvQRsSqhoMEgoj1lOgKztBK7fKJHwnVznzsAzJfKOpHDPthmF3nt52c+ggPmNU0E0qo3rnWsc53J+G9drni7rtj0L/EK0iFFLhsl4d+J+ZpBAq5ZMa0PDfBIGMaBZeQl/zUQML4HetBy1LFIjBBNr4xpztW6dBurO1TSMfq94mMRcYMotAmRxeY395I/M9rpdg9DjKhkhRB8cmibiopxnRUGO0IDRzlwBLGtbB/pbzPNONoay3ZErzfJ/8ljYN9z/Krw0r1tKhjgWyRbbJLPHJEquSCXJI64eSRPJNX8uY8OS/O0HmfRKecYmaT/IDz+QUciqXD</latexit><latexit sha1_base64="UroSTHrAvNoyqt7pQLaEaUs/ejk=">AAACI3icbVDLSsNAFJ34tr6qLt0MFkE3koiguCqK4FKlD6GJZTK9bQcnkzBzI5aQf3Hjr7hxoRQ3LvwXp20Wvg4MHM45lzv3hIkUBl33w5manpmdm19YLC0tr6yuldc3GiZONYc6j2Wsb0JmQAoFdRQo4SbRwKJQQjO8Oxv5zXvQRsSqhoMEgoj1lOgKztBK7fKJHwnVznzsAzJfKOpHDPthmF3nt52c+ggPmNU0E0qo3rnWsc53J+G9drni7rtj0L/EK0iFFLhsl4d+J+ZpBAq5ZMa0PDfBIGMaBZeQl/zUQML4HetBy1LFIjBBNr4xpztW6dBurO1TSMfq94mMRcYMotAmRxeY395I/M9rpdg9DjKhkhRB8cmibiopxnRUGO0IDRzlwBLGtbB/pbzPNONoay3ZErzfJ/8ljYN9z/Krw0r1tKhjgWyRbbJLPHJEquSCXJI64eSRPJNX8uY8OS/O0HmfRKecYmaT/IDz+QUciqXD</latexit><latexit sha1_base64="UroSTHrAvNoyqt7pQLaEaUs/ejk=">AAACI3icbVDLSsNAFJ34tr6qLt0MFkE3koiguCqK4FKlD6GJZTK9bQcnkzBzI5aQf3Hjr7hxoRQ3LvwXp20Wvg4MHM45lzv3hIkUBl33w5manpmdm19YLC0tr6yuldc3GiZONYc6j2Wsb0JmQAoFdRQo4SbRwKJQQjO8Oxv5zXvQRsSqhoMEgoj1lOgKztBK7fKJHwnVznzsAzJfKOpHDPthmF3nt52c+ggPmNU0E0qo3rnWsc53J+G9drni7rtj0L/EK0iFFLhsl4d+J+ZpBAq5ZMa0PDfBIGMaBZeQl/zUQML4HetBy1LFIjBBNr4xpztW6dBurO1TSMfq94mMRcYMotAmRxeY395I/M9rpdg9DjKhkhRB8cmibiopxnRUGO0IDRzlwBLGtbB/pbzPNONoay3ZErzfJ/8ljYN9z/Krw0r1tKhjgWyRbbJLPHJEquSCXJI64eSRPJNX8uY8OS/O0HmfRKecYmaT/IDz+QUciqXD</latexit>



Different objectives to optimize in AI

• PGM:
– MLE: Maximize the log-likelihood function
– Classifier / decision:  max the posterior distribution

• Search and planning:
– Find valid solutions with smallest path cost.

• Machine Learning
– (Regularized) Empirical Risk Minimization (ERM):
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A lot of these problems are computationally / 
statistically hard, but so what?
• Get help from human:

– Use model
– Use abstractions at the right level
– Use features
– Use heuristic functions

• Get help from mathematics and computer science theory:
– Solve an approx. solution
– Approximate inference of a PGM
– More iterations with less accuracy per SGD
– A* Search
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Good luck with your midterm!
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