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Lesson #9

• Link Prediction

• Prediction Heuristics

• Evaluation Methods

• Experimental Results

• (Bonus) More Riddles
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Link Prediction
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Link Prediction

• The task of link prediction is to compute the 
chance of each two non-connected nodes to 
form a connection

• Another point of view – rank all pairs by the 
chance and take the top-k

• Static mode – taking a snapshot of the graph
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Three formulations of the problem

• Link prediction: A network is changing over time. 
Given a snapshot of a network at time t0, predict 
edges added in the next time interval

• Link completion (missing links identification): 
Given a network, infer links that are consistent 
with the structure, but missing

• Link reliability: Estimate the reliability of given 
links in the graph.
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Outcome of the Prediction

While working on Link Prediction problem, 
possible outcomes can be:
–  link existence

–  link weight

–  link type

–  link sign

–  …
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Use cases

• Crime/terrorists networks, who are going to 
interact with whom?
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Use cases

• Facebook’s suggested friends
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Use cases

• Facebook’s suggested friends
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Use cases
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Use cases

• LinkedIn – similar, indicating the distance, not 
just the number of common friends
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Use cases

• Twitter – suggestions whom to follow 
(indicates who also follows it)
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Summary
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Does network structure 
contain enough 
information to predict 
what new links will 
form in the future?

Will nodes 33 and 
28 become friends 
in the future?

What about 
nodes 27 and 4?



Prediction Heuristics
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The Link-Prediction Problem

1. Formalize the problem

2. Propose link prediction heuristics based on 
measures for analyzing the “proximity” of

3. Evaluate different heuristics on different datasets

“The Link-Prediction Problem for Social Networks” by Liben-Nowel and Kleinberg

https://www.cs.cornell.edu/home/kleinber/link-pred.pdf
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https://www.cs.cornell.edu/home/kleinber/link-pred.pdf


Intuition

• In many networks, people who are “close” belong to the same social 
circles and will inevitably encounter one another and become linked 
themselves.

• Link prediction heuristics measure how “close” people are
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Types of heuristics

• Local

• (negated) Shortest path (SP)

• Common neighbors (CN)

• Jaccard (JC)

• Adamic-Adar (AA)

• Preferential attachment (PA) 

• …
• Global

• Katz score

• Hitting time

• PageRank 

• …
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Notation: Neighbors of x:              N(x)   = 
               Degree of x:    d

x
 = |N(x)| = |         |       



(negated) Shortest Path (SP)
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Common Neighbors (CN)

Number of 
common neighbors 
between x and y
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Common Neighbors (CN)
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Jaccard (JC)

The fraction of 
common nodes
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Jaccard (JC)
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Adamic/Adar (AA)

Number of common 
neighbors normalized 
by neighbors degrees
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Adamic/Adar (AA)
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Preferential Attachment (PA)

Better connected 
nodes are most likely 
to connect

(“Rich get richer”)
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Preferential Attachment (PA)
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Katz score

• Sum of number of paths of length l
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Where

Betta – dumping factor



Katz score
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Other scoring functions

• Hitting time – expected number of steps from x to y

• SimRank – state of the art similarity measure

• Clustering coefficient:

CC(x) * CC(y) or      CC(x) + CC(y)
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Summary

• Pick a favorite heuristic method

• Compute over all pairs of nodes

• Sort

• Take the top-k 

• How to chose best heuristics?
– Need to evaluate!
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Evaluation Methods
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Evaluation

Undirected network G = (V, E), universal set |U| = |V|(|V|-1)/2
Task: Find out missing links in U – E.

Evaluation: 
Randomly split E into two sets: training set ET  , validation set  EV      

k-fold cross validation
– Randomly partition into k subsets
– Each time one subset is selected as probe set, the others as 

training set
– Repeat k times, each with a different probe set
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Metrics

• False positive – we predicted, but doesn’t 
exists in the ground truth (full network)

• False negative – we missed the prediction
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Experimental Results
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Datasets

Real-world networks

• PPI: protein-protein interaction

• NS: co-authorship

• Grid: electrical power-grid

• PB: US political blogs

• INT: router-level Internet

• USAir: US air transportation
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Results
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* AUC results



Results
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Results
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Results
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Related reading

http://be.amazd.com/link-prediction/

https://www.cs.cornell.edu/home/kleinber/link-pred.pdf
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http://be.amazd.com/link-prediction/
https://www.cs.cornell.edu/home/kleinber/link-pred.pdf


More Riddles
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Riddle #1

In group of N people, every two know each other and 
communicate in one-way direction.

Prove that there is a node (called “main node”) that 
can reach any other node in 2 steps
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Riddle #1 - hint

In group of N people, every two know each other and 
communicate in one-way direction.

Prove that there is a node (called “main node”) that 
can reach any other node in 2 steps
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Hint: look at the node with highest degree!



Riddle #1 - solution

In group of N people, every two know each other and 
communicate in one-way direction.

Prove that there is a node (called “main node”) that 
can reach any other node in 2 steps
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Solution in class!



Riddle #2

In a group of 20 people, each knows exactly 14 others.

Prove that there is a group of 4 people that know each other
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Riddle #2 - hint

In a group of 20 people, each knows exactly 14 others.

Prove that there is a group of 4 people that know each other
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Hint: go in the negative direction, removing all people that doesn’t know X



Riddle #2 - solution

In a group of 20 people, each knows exactly 14 others.

Prove that there is a group of 4 people that know each other

47
Solution in class!



Riddle #3

In group of 100 people that all know each other, we 
removed 98 connection.

Prove that the graph is still connected!
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Riddle #3 - solution

In group of 100 people that all know each other, we 
removed 98 connection.

Prove that the graph is still connected!
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Solution:
Number of removed edges – n * (100-n)



Thank you!
Questions?
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