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Today: 

•  Ensemble learning 
•  Mistake bounds on learning 
•  Weighted majority algorithm 
•  Boosting 
•  AdaBoost and Logistic Regr. 

Recommended reading: 

•  Schapire’s tutorial on Boosting 
•  Wikipedia Ensemble Learning page 

some slides courtesy of Ziv Bar-Joseph 
some slides courtesy of Rob Shapire 
some slides courtesy of Maria Balcan 



Ensemble Methods 

•  Key idea:  k hypotheses might be better than one 

•  Examples: 
–  Candidate elimination algorithm  (aka Halving Algorithm) 
–  Bayes optimal classifier 
–  Weighted Majority algorithm 
–  AdaBoost 
–  Decision forests 



Candidate Elimination Algorithm 

Candidate Elimination Algorithm (aka Halving Algorithm) 
•  Initialize Version Space VS ß H 
•  For each training example <x,y> 

–  remove from VS every hypothesis that misclassifies <x,y> 
 

Note remaining candidate hypotheses have zero training error 
 
Classify new example x: 
•  every hypothesis remaining in VS votes equally 
•  y ß majority vote 

 













Boosting 

•  Weighted Majority algorithm learns weight for 
each given predictor/hypothesis 
–  It’s an example of an ensemble method: combines 

predictions of multiple hypotheses 

•  Boosting learns weight, and also the hypotheses 

•  Leads to one of the most popular learning 
methods in practice:  Decision Forests 



Boosting: Key Idea 

•  Use a learner that produces better-than-chance h(x)’s 
•  Train it multiple times, on reweighted training examples 

–  Each time, upweight the incorrectly classified examples, 
downweight the correctly classified examples 

•  Final prediction: weighted vote of the multiple hi(x)’s 

•  Practically useful 
•  Theoretically interesting 

[Rob Schapire] 



AdaBoost [Rob Shapire] 
AdaBoost 
Algorithm 



AdaBoost: A toy example 

Weak classifiers:  vertical or horizontal half-planes (a.k.a. decision stumps) 

[Rob Schapire] 



AdaBoost: A toy example 



AdaBoost: A toy example 

[Rob Schapire] 



AdaBoost [Rob Shapire] 
AdaBoost 
Algorithm 



Training Error 

note this is > 1 if 
classification error 



Theoretical Result 1: Training Error 





Theoretical Result 1: Training Error 



AdaBoost [Rob Shapire] 
AdaBoost 
Algorithm 



Bound on True Error 
[Freund & Shapire, 1999] 

With high probability: 



[Rob Shapire] 







[Rob Schapire] 



[Rob Schapire] 



Bounds on Generalization Error in Boosting 

Margin based:  Independent of T !! 

[Freund & Shapire, 1999] 

[Shapire, et al., 1999] 









Slack variables – Hinge loss 

45 

   min  wTw + C Σ ξj 
 w,b  

s.t. (wTxj+b) yj ≥ 1-ξj   ∀j 

   ξj ≥ 0      ∀j 

j 

Complexity penalization 

Hinge loss 

0-1 loss 

0 -1 1 



SVM vs. Logistic Regression 

SVM : Hinge loss 

0-1 loss 

0 -1 1 

Logistic Regression : Log loss  ( negative log conditional likelihood) 

Hinge loss Log loss 



SVM : Hinge loss 

0-1 loss 

0 -1 1 

Logistic Regression : Log loss  ( negative log conditional likelihood) 

Hinge loss Log loss 

Boosting : 



What You Should Know 

•  Ensemble methods 

•  Weighted Majority 
–  Learns weights for a given pool of hypotheses  
–  Mistake bound relative to best hypothesis in the pool 
–  … 
 

•  Boosting 
–  Learns weigths and hypotheses 
–  Theory: training error, true error, correspondence to Log. Regression 
–  Practice: Boosted decision trees (and stumps) very popular!  

•  Many variants of ensemble methods 
–  Resample training data to generate variety 
–  Randomize learning algorithm to generate variety 
–  Active learning – choose examples where vote is closest to tie 


