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Required reading:  

•  Mitchell draft chapter, sections 1 and 2.     
(available on class website) 



Overview 
Recently: 
•  learn P(Y|X) instead of deterministic  f:XY 
•  Bayes rule 
•  MLE and MAP estimates for parameters of P 
•  Conditional independence 
•  classification with Naïve Bayes  

Today: 
•  Text classification with Naïve bayes 
•  Gaussian distributions for continuous X 
•  Gaussian Naïve Bayes classifier 
•  Image classification with Naïve bayes  



Learning to classify text documents 
•  Classify which emails are spam? 
•  Classify which emails promise an attachment? 
•  Classify which web pages are student home 

pages? 

How shall we represent text documents for Naïve 
Bayes? 





Baseline: Bag of Words Approach 

aardvark  0 

about  2 

all  2 

Africa  1 

apple  0 

anxious  0 

... 

gas  1 

... 

oil  1 

… 

Zaire  0 



Naïve Bayes in a Nutshell 
Bayes rule: 

Assuming conditional independence among Xi’s: 

So, classification rule for Xnew = < X1, …, Xn > is: 







For code and data, see 
www.cs.cmu.edu/~tom/mlbook.html  
click on “Software and Data” 







What if we have continuous Xi ? 
Eg., image classification: Xi is real-valued ith pixel 



What if we have continuous Xi ? 
Eg., image classification: Xi is real-valued ith pixel 

Naïve Bayes requires P(Xi | Yk), but Xi is real (continuous) 

Common approach: assume P(Xi | Yk) follows a normal 
(Gaussian) distribution 



Gaussian 
Distribution 

(also known as 
“Normal” 
distribution) 

p(x) is a probability 
density function, 
whose integral 
(not sum) is 1 



What if we have continuous Xi ? 
Eg., image classification: Xi is ith pixel 

Gaussian Naïve Bayes (GNB): assume 

Sometimes assume variance 
•  is independent of Y (i.e., σi),  
•  or independent of Xi (i.e., σk) 
•  or both (i.e., σ) 



Gaussian Naïve Bayes Algorithm – continuous Xi   
(but still discrete Y) 

•  Train Naïve Bayes (examples)   
 for each value yk

  estimate* 
  for each attribute Xi estimate  
  class conditional mean        , variance        

•  Classify (Xnew)   

 * probabilities must sum to 1, so need estimate only n-1 parameters... 



Estimating Parameters: Y discrete, Xi continuous  

Maximum likelihood estimates: 
 jth training 
example 

δ(z)=1 if z true, 
else 0 

ith feature kth class 



How many parameters must we estimate for Gaussian 
Naïve Bayes if Y has k possible values, X=<X1, … Xn>? 



What is form of decision surface for Gaussian 
Naïve Bayes classifier? 
eg., if distributions are spherical, attributes have same variance 
 (                    )   



What is form of decision surface for Naïve 
Bayes classifier? 



GNB Example: Classify a person’s 
cognitive activity, based on brain image 

•  reading a sentence or viewing a picture? 
•  reading the word “Hammer” or “Apartment” 
•  viewing a vertical or horizontal line? 
•  answering the question, or getting confused? 



Stimuli for our study: 

ant 

or 60 distinct exemplars, presented 6 times each 



fMRI voxel means for “bottle”: means defining P(Xi | Y=“bottle) 

Mean fMRI activation over all stimuli: 

“bottle” minus mean activation: 

fMRI 
activation  

high 

below 
average 

average 



 Training Classifiers over fMRI sequences 
•  Learn the classifier function 

Mean(fMRI(t+4), ...,fMRI(t+7)) → WordCategory 
–  Leave one out cross validation 

•  Preprocessing:  
–  Adjust for head motion 
–  Convert each image x  to standard normal image 

•  Learning algorithms tried: 
–  kNN (spatial correlation) 
–  SVM 
–  SVDM  
–  Gaussian Naïve Bayes 
–  Regularized Logistic regression 

•  Feature selection methods tried: 
–  Logistic regression weights, voxel stability, activity relative to fixation,... 



Classification task: is person viewing a “tool” or “building”? 

statistically 
significant 

p<0.05 
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Where in the brain is activity that 
distinguishes tools vs. buildings? 
Accuracy at each voxel with 
a radius 1 searchlight 
Accuracy of a radius one 
classifier centered at each 
voxel: 



voxel clusters: searchlights 
Accuracies of  

cubical 
27-voxel  
classifiers 

centered at 
each significant 

voxel 
[0.7-0.8] 



Are classifiers detecting neural representations of 
meaning or perceptual features?   

ML: Can we train on word stimuli, then decode picture stimuli? 

YES: We can train classifiers when presenting English words, 
then decode category of picture stimuli, or Portuguese words 

Therefore, the learned neural activation patterns must capture 
how the brain represents the meaning of input stimulus 

Test on words  Test on pictures  



Are representations similar across different people?  

YES: We can train on one group of people, and classify fMRI 
images of new person 

Therefore, seek a theory of neural representations common to all 
of us  (and of how we vary) 

ML: Can we train classifier on data from a collection of people, 
then decode stimuli for a new person? 

classify which of 60 items ra
nk
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What you should know: 

•  Training and using classifiers based on Bayes rule 

•  Conditional independence 
–  What it is 
–  Why it’s important 

•  Naïve Bayes 
–  What it is 
–  Why we use it so much 
–  Training using MLE, MAP estimates 
–  Discrete variables (Bernoulli) and continuous (Gaussian) 



Questions to think about: 
•  Can you use Naïve Bayes for a combination of 

discrete and real-valued Xi?  

•  How can we easily model just 2 of n attributes as 
dependent? 

•  What does the decision surface of a Naïve Bayes 
classifier look like? 

•  How would you select a subset of Xi’s? 


