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Outline
• Classification
– K Nearest Neighbors (kNN)
– Cross-validation

• Linear classifiers
• Perceptron 
– Online and batch perceptron

• Logistic regression
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Binary or 
discrete
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𝑥!, … , 𝑥" and 𝑦!, … , 𝑦" , 𝑥# ∈ 𝑅$, 𝑦# ∈ {0, 1}

𝑓 𝑥# = 𝑦#



kNN
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• Algorithm (to classify point 𝑥)
– Find 𝑘 nearest points to 𝑥 (according to distance metric)
– Perform majority voting to predict class of 𝑥

• Properties
– Does not learn any model in training!
– Instance learner (needs all data at testing time)
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How to choose k (hyper-parameter)?
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How to choose k (hyper-parameter)?
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How to choose k (hyper-parameter)?



Bias-Variance Tradeoff for kNN
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K decreases



How Overfitting Affects Prediction

How can we avoid over-fitting without having 
access to testing data?
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Cross Validation
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Cross Validation

1. k-fold CV
– Split training data into k partitions (folds) of equal size
– Pick the optimal value of hyper-parameter according 

to error metric averaged over all folds
11

Compute error metrics in each fold
Average error across folds



Cross Validation

2. Leave-one-out CV (LOOCV)
– k=n (validation set only one point)

• Pros: Less bias
• Cons: More expensive to implement, higher variance 
• Recommendation: perform k-fold CV with k=5 or k=10
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Cross-Validation Takeaways
• General method to estimate performance of ML 

model at testing and select hyper-parameters
– Improves model generalization
– Avoids overfitting to training data

• Techniques for CV: k-fold CV and LOOCV
• Compare to regularization
– Regularization works when training with GD
– Cross-validation can be used for hyper-parameter 

selection
– The two methods can be combined
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Outline
• Classification
– K Nearest Neighbors (kNN)
– Cross-validation

• Linear classifiers
• Perceptron 
– Online and batch perceptron

• Logistic regression
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History of Perceptrons

They are the basic building blocks for 
Deep Neural Networks
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Linear classifiers
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d+1
space into 2



Linear classifiers
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All the points x on the hyperplane satisfy: 𝜃%𝑥 = 0



Example: Spam
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The Perceptron
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The Perceptron
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1
2

(𝑥#, 𝑦#)

𝜃& ← 𝜃& −
1
2
(ℎ' 𝑥# − 𝑦#)𝑥#&

𝜃& ← 𝜃& + 𝑦#𝑥#&

Perceptron Rule: If 𝑥! is misclassified, do 
𝜃 ← 𝜃 + 𝑦! 𝑥!



Geometric interpretation

𝜽"
𝜽"#$
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Online Perceptron
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T

Let 𝜃 ←[0,0,…,0]
Repeat:
Receive training example 𝑥#, 𝑦#
If 𝑦#𝜃%𝑥# ≤ 0 // prediction is incorrect

𝜃 ← 𝜃 + 𝑦# 𝑥#



Batch Perceptron

Guaranteed to find separating hyperplane if 
data is linearly separable
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𝑦!𝜃"𝑥!
𝑦! 𝑥!

𝑥! , 𝑦!



• For linearly separable data, can prove bounds on perceptron 
error (depends on how well separated the data is)
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The perceptron

• Linear classifier
• f is the sign function
• Pros

– Very compact model (size d)
• Cons of the perceptron
– Perceptron depends on the order of training data 

and it could take many steps for convergence
– Only classifies well data that is linearly separable

ℎ! 𝑥 = 𝑓(𝜃"𝑥)

25



Review
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• Cross-validation should be performed to
– Improve generalization and avoid over-fitting
– Choose hyper parameters (k in kNN)

• Linear classifiers learn a hyperplane decision 
boundary 
– Compact representation (d+1 parameters) 

• Perceptron is the first example of linear 
classifier
– At the basis of neural networks
– Has several limitations


