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Section 8
Based on the work of many CS109 instructors and course staff members.

Warmup

1 Naive Bayes
Recall the classification setting: we have data vectors of the form 𝑋 = (𝑋1, . . . , 𝑋𝑚) and we want to
predict a label 𝑌 ∈ {0, 1}.

1. Recall in Naive Bayes, given a data point 𝑥, we compute 𝑃(𝑌 = 1|𝑋 = 𝑥) and predict 𝑌 = 1
provided this quantity is ≥ 0.5, and otherwise we predict 𝑌 = 0. Decompose 𝑃(𝑌 = 1|𝑋 = 𝑥)
into smaller terms, and state where the Naive Bayes assumption is used.

2. Suppose we are given example vectors with labels provided. Give a formula to estimate (using
maximum likelihood) each quantity 𝑃(𝑋𝑖 = 𝑥𝑖 |𝑌 = 𝑦) above, for 𝑖 ∈ {1, . . . , 𝑚} and 𝑦 ∈ {0, 1}.
You can assume there is a function count which takes in any number of boolean conditions and
returns a count over the data of the number of examples in which they are true. For example,
count(𝑋3 = 2, 𝑋5 = 7) returns the number of examples where 𝑋3 = 2 and 𝑋5 = 7.

Problems

1 Naive Bayes
Suppose we observe two discrete input variables 𝑋1 and 𝑋2
and want to predict a single binary output variable𝑌 (which
can have values 0 or 1). We know that the functional forms
for the input variables are 𝑋1 ∼ Poi(𝜆) and 𝑋2 ∼ Ber(𝑝),
but we are not given the values of the parameters 𝜆 or 𝑝. We
are, however, given a dataset of 9 training instances (shown
at right.)

𝑋1 𝑋2 𝑌 𝑋1 𝑋2 𝑌

1 1 0 3 1 1
3 0 0 5 0 1
7 1 0 5 1 1
9 0 0 5 1 1

7 1 1

a. Use Maximum Likelihood Estimation to estimate the parameters 𝜆 and 𝑝 in the case where
𝑌 = 0 as well as the case 𝑌 = 1. You should have four parameter estimates: 𝜆0 and 𝑝0 for when
𝑌 = 0, and 𝜆1 and 𝑝1 for when 𝑌 = 1.

b. Use Maximum Likelihood Estimation to estimate the probability 𝑃(𝑌 = 1).

c. You observe the following testing instance: (𝑋1, 𝑋2) = (2, 0). Using the Naïve Bayes assumption,
predict the output 𝑌 for the testing instance. For this problem, showing how you computed your
prediction is worth more points than the final answer.
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2 Multiclass Bayes
In this problem we are going to explore how to write Naive Bayes for multiple output classes. We want
to predict a single output variable Y which represents how a user feels about a book. Unlike in your
homework, the output variable Y can take on one of the four values in the set {Like,Love,Haha, Sad}.
We will base our predictions off of three binary feature variables 𝑋1, 𝑋2, and 𝑋3 which are indicators
of the user’s taste. All values 𝑋𝑖 ∈ {0, 1}.

We have access to a dataset with 10,000 users. Each user in the dataset has a value for 𝑋1, 𝑋2, 𝑋3 and
𝑌 . You can use a special query method count that returns the number of users in the dataset with the
given equality constraints (and only equality constraints). Here are some example usages of count:

count(𝑋1 = 1, 𝑌 = Haha) returns the number of users where 𝑋1 = 1 and 𝑌 = Haha.
count(𝑌 = Love) returns the number of users where 𝑌 = Love.
count(𝑋1 = 0, 𝑋3 = 0) returns the number of users where 𝑋1 = 0, and 𝑋3 = 0.

You are given a new user with 𝑋1 = 1, 𝑋2 = 1, 𝑋3 = 0. What is the best prediction for how the user
will feel about the book (𝑌 )? You may leave your answer in terms of an argmax function. You should
explain how you would calculate all probabilities used in your expression. Use Laplace estimation
when calculating probabilities.
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