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Announcements
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• HW 4 is due on Friday, March 26
• Project milestone due on March 31
– Template in Gradescope

• Final exam on Tuesday, April 6
– Review on Thursday, April 1

• Last homework on ethics
– After ethics class (April 8)
– Group assignment



Outline
• Feed Forward Neural Networks
– Forward Propagation
– Hyper-parameters
– Activations

• Multi-class classification 
– The softmax classifier

• Examples
• Keras tutorial
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References

• Deep Learning books
– https://d2l.ai/ (D2L)
– https://www.deeplearningbook.org/ (advanced)

• Stanford notes on deep learning
– http://cs229.stanford.edu/summer2020/cs229-

notes-deep_learning.pdf
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Neural Network Architectures
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Feed-Forward Networks
• Neurons from each layer 

connect to neurons from 
next layer

Convolutional Networks
• Includes convolution layer 

for feature reduction
• Learns hierarchical 

representations

Recurrent Networks
• Keep hidden state
• Have cycles in 

computational graph



Feed-Forward Neural Network
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Vectorization
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𝑧[#] = 𝑊[#]𝑥 + 𝑏[#] 𝑎[#] = 𝑔(𝑧 # )
Linear Non-Linear



Vectorization
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Output layer



Hidden Units
• Layer 1
– First hidden unit:

• Linear: 𝑧#
[#] = W#

# (𝑥 + b#
[#]

• Non-linear: 𝑎#
[#] = g(z#

[#])
– …
– Fourth hidden unit:

• Linear: 𝑧'
[#] = W'

# (𝑥 + b'
[#]

• Non-linear: 𝑎'
[#] = g(z'

[#])
• Terminology
– 𝑎&

['] - Activation of unit i in layer j
– g - Activation function
– 𝑊['] - Weight matrix controlling mapping from layer j-1 to j
– 𝑏['] - Bias vector from layer j-1 to j
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Logistic Unit: A simple NN
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= 𝑔(𝑤(𝑥 + 𝑏)

No hidden layers



Activation Functions
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Binary 
Classification

Intermediary 
layers

Regression



Why Non-Linear Activations?

• Assume g is linear: g 𝑧 = 𝑈𝑧
– At layer 1: 𝑧["] = W " 𝑥 + b["]

– 𝑎["] = g z " = Uz["] = UW " x + Ub["]

• Layer 2:

– 𝑎[$] = g z $ = Uz[$] = UW $ a["] + Ub[$] =

=  UW $ UW " 𝑥 + UW $ Ub["]+ Ub[$]

• Last layer
– Output is linear in input!
– Then NN will only learn linear functions
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How to pick architecture?
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FFNN Architectures
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• Input and Output Layers are completely specified 
by the problem domain

• In the Hidden Layers, number of neurons in Layer 
i+1 is usually smaller or equal to the number of 
neurons in Layer i



Training Neural Networks
• Input training dataset D
– Number of features: d
– Labels from K classes

• First layer has d+1 units (one per feature and bias)
• Output layer has K units
• Training procedure determines parameters that 

optimize loss function
– Backpropagation
– Learn optimal 𝑊[&], 𝑏[&] at layer i

• Evaluation of a point done by forward propagation
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Forward Propagation
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x Prediction
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Multi-Class Classsification
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Sigmoid Softmax



Softmax classifier
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• Predict the class with highest probability
• Generalization of sigmoid/logistic regression to multi-class



Cross-entropy loss
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Softmax Example 
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Softmax Example 
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From: https://cs231n.github.io/linear-classify/

https://cs231n.github.io/linear-classify/


Multi-class classification
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Example
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1. Given 𝑏 = −10,𝑤! = 12,𝑤" = 5
Activation 𝑔 𝑧 = 𝑠𝑖𝑔𝑛 𝑧

Compute the output:

𝒙𝟏 𝒙𝟐 𝒉(𝒙𝟏, 𝒙𝟐)
0 0

0 1

1 0

1 1

2. Find out the weights 𝑏, 𝑤!, 𝑤"
and activation function to get 
the following output:

𝒙𝟏 𝒙𝟐 𝒉(𝒙𝟏, 𝒙𝟐)
0 0 1

0 1 1

1 0 1

1 1 0



MNIST: Handwritten digit recognition
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Predict the digit
Multi-class classifier



Image Representation
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• Image is 3D “tensor”: height, width, color 
channel (RGB)

• Black-and-white images are 2D matrices: 
height, width
– Each value is pixel intensity



Lab – Feed Forward NN
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Import modules

Load MNIST data
Processing

Vector 
representation



Neural Network Architecture
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Feed-Forward Neural Network Architecture
• 1 Hidden Layer (“Dense” or Fully Connected)
• 10 neurons
• Output layer uses softmax activation

Loss function Optimizer

10 hidden units
ReLU activation

Output Layer
Softmax activation



Number of Parameters
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Train and evaluate
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Epoch Output

Training/testing results



Training/testing results
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Monitor Loss
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Review
• Feed-Forward Neural Networks are the common 

neural networks architectures
– Fully connected networks are called Multi-Layer 

Perceptron
• Input, output, and hidden layers
– Linear matrix operations followed by non-linear 

activations at every layer
• Activations:
– ReLU, tanh, etc., for hidden layers
– Sigmoid (binary classification) and softmax (for multi-

class classification) at last layer
• Forward propagation: process of evaluating input 

through the network
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