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What is a graph?

Vertices: P, Q, R, S, T
Edges: all the lines
Degree of a vertex: number of edges with that vertex as an end-point 
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Two different graphs? No!

In the right graph we have removed the 'crossing' of the lines PS and QT by drawing the line PS outside the 
rectangle PQST.
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The first scientific article using the term graph
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Directed Graphs (Digraphs)

The study of directed graphs (or digraphs, as we abbreviate them) arises when making the roads into one-way 
streets. An example of a digraph is given above, the directions of the one-way streets being indicated by arrows. 
(In this example, there would be chaos at T, but that does not stop us from studying such situations!) 
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Walks, Paths, and Cycles

Much of graph theory involves 'walks' of various kinds. A walk is a 'way of getting from one vertex to another', 
and consists of a sequence of edges, one following after another. For example, in the above figure P —> Q—>R is 
a walk of length 2, and P —> S —> Q —> T —> S —> R is a walk of length 5. A walk in which no vertex appears 
more than once is called a path; for example and P —> Q —> R —> S is a path. A walk in which you end where 
you started, for example  Q —> S —> T —> Q , is called a cycle. 7



Connectedness

Some graphs are in two or more parts. A graph that is in one piece, so that any two vertices are connected by a path, is a 
connected graph; a graph in more than one piece is a disconnected graph. 

8



Weighted Graphs

Consider the above graph: it is a connected graph in which a non-negative number is assigned to each edge. Such a graph is 
called a weighted graph, and the number assigned to each edge e is the weight of e, denoted by w(e). 
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Shortest Path (between one pair of vertices)

What is the length of the shortest path (=distance) from A to L? 

The problem is to find a path from A to L with minimum total weight. This problem is called the Shortest Path Problem. Note 
that, if we have a weighted graph in which each edge has weight 1, then the problem reduces to that of finding the number of 
edges in the shortest path from A to L. 
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All-Pairs Shortest Path

What is the length of the shortest path (=distances) from any vertex to any vertex? 

This problem is called the All-Pairs Shortest Path Problem
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All-Pairs Shortest Path : A Solution for Some Cities in Australia
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Real World vs Model vs Representation vs Implementation
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The Real World 

That messy thing we are trying to study (with computers). 

Model 

Mathematical object in some class M. 

Representation

An object of an abstract data type R used to store the model. 

Implementation

An object of a concrete type used to store the model.
A =

0

BBBBBB@

1 2 3 4 5 6

1 0 1 0 0 1 0
2 1 0 1 0 1 0
3 0 1 0 0 0 0
4 0 0 0 0 1 1
5 1 1 0 1 0 0
6 0 0 0 1 0 0

1

CCCCCCA

Any object from the real world might have different models. 
Any model might have several representations (exact).
And representation might have different implementations (exact).



Matrix Representations for Graphs

If G is a graph with vertices labelled {1, 2, ...}, its adjacency matrix A is the n x n matrix whose ij-th entry is the number of 
edges joining vertex i and vertex j. Two nodes i and j are adjacent if the  ij-th entry in the adjcacency matrix is larger than 0. 

If, in addition to the vertices, the edges are labelled {1, 2,..., m}, its incidence matrix M is the n x m matrix whose ij-th entry 
is 1 if vertex i is incident to edge j and 0 otherwise. The figure above shows a labelled graph G with its adjacency and 
incidence matrices. 15



Adjacency Matrix for Weighted Graphs

Given a weighted graph G, the adjacency matrix A is the matrix whose ij-th entry is the weight of the 
edge between vertex i and vertex j. 
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Graph Isomorphism

Graph Isomorphism
Two graphs G and H are isomorphic if there is a one-one correspondence between the vertices of G and those of H such that 
structure (i.e., adjacency) is preserved (i.e., the number of edges joining any two vertices of G is equal to the number of edges 
joining the corresponding vertices of H.) 

Checking Isomorphism always requires to compare representations of two graphs!

Note: we assume here unlabeled undirected graphs only. The vertices of a graph still have to be identified. 
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[advanced comment]
Computational Complexity:
Probably “quasi-polynomial” 

https://www.youtube.com/watch?v=q
YIhA3O9Nz0

(to be confirmed)

Are these 2 graphs isomorphic? YES!

https://www.youtube.com/watch?v=qYIhA3O9Nz0
https://www.youtube.com/watch?v=qYIhA3O9Nz0


Permutation Matrix

In mathematics a permutation matrix is a square binary matrix that has exactly one entry of 1 in each row and each column 
and 0s elsewhere. Each such matrix, say P, represents a permutation of m elements and, when used to multiply another 
matrix, say B, results in permuting the rows (when pre-multiplying, i.e., PB) or columns (when post-multiplying, BP) of the 
matrix B. 
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0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA

<latexit sha1_base64="guCN/NbdFaDJiIJCTLOoxC4sME4="></latexit><latexit sha1_base64="guCN/NbdFaDJiIJCTLOoxC4sME4="></latexit><latexit sha1_base64="guCN/NbdFaDJiIJCTLOoxC4sME4="></latexit><latexit sha1_base64="guCN/NbdFaDJiIJCTLOoxC4sME4="></latexit>



Multiplying a Matrix with a Permutation Matrix P (from the right) 

Let B be a matrix and let P be a permutation matrix:

The multiplication BP (multiplying the permutation matrix from the right) permutes the columns of B
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0

BBBB@

1 6 11 16 21
2 7 12 17 22
3 8 13 18 23
4 9 14 19 24
5 10 15 20 25

1

CCCCA
⇥

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA
=

0

BBBB@

1 11 21 6 16
2 12 22 7 17
3 13 23 8 18
4 14 24 9 19
5 15 25 10 20

1

CCCCA

<latexit sha1_base64="bil9+6v1m2FH+kouq3feRGPv4x4="></latexit><latexit sha1_base64="bil9+6v1m2FH+kouq3feRGPv4x4="></latexit><latexit sha1_base64="bil9+6v1m2FH+kouq3feRGPv4x4="></latexit><latexit sha1_base64="bil9+6v1m2FH+kouq3feRGPv4x4="></latexit>

column 2 becomes column 4 

1 1

4 2

2 3

5 4

3 5
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Multiplying a Matrix with a Permutation Matrix P (from the left)

Let B be a matrix and let P be a permutation matrix:

The multiplication PB (multiplying the permutation matrix from the left) permutes the rows of B
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0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA
⇥

0

BBBB@

1 6 11 16 21
2 7 12 17 22
3 8 13 18 23
4 9 14 19 24
5 10 15 20 25

1

CCCCA
=

0

BBBB@

1 6 11 16 21
4 9 14 19 24
2 7 12 17 22
5 10 15 20 25
3 8 13 18 23

1

CCCCA
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row 4 becomes row 2 



Changing the representation of a graph via

re-labels the graph represented by adjacency matrix B

The mathematical object remains identical (the represented 
graphs are isomorphic), only the representation of the graph 
changes (the adjacency matrix representations are potentially 
different).
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k
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8
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<latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit>

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA

| {z }
P

⇥

0

BBBBBBBBBBBBBBB@

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA

| {z }
P

⇥

0

BBBB@

0 1 1 0 0
1 0 1 1 0
1 1 0 1 0
0 1 1 0 1
0 0 0 1 0

1

CCCCA

| {z }
B| {z }

row permuted B

1

CCCCCCCCCCCCCCCA

T

| {z }
transposed row permuted B

| {z }
row permuted column permuted B

=

0

BBBB@

0 0 1 0 1
0 0 1 1 1
1 1 0 0 1
0 1 0 0 0
1 1 1 0 0

1

CCCCA

<latexit sha1_base64="eBCpDgQRWvMEbgEvek9CR2bWnQU="></latexit><latexit sha1_base64="eBCpDgQRWvMEbgEvek9CR2bWnQU="></latexit><latexit sha1_base64="eBCpDgQRWvMEbgEvek9CR2bWnQU="></latexit><latexit sha1_base64="eBCpDgQRWvMEbgEvek9CR2bWnQU="></latexit>

P (PB)T
<latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit>



Zero-Indexing 

(picture from xkcd.com)

Zero-based numbering is a way of numbering in which the initial element of a sequence is assigned the index 0, 
rather than the index 1 as is typical in everyday non-mathematical/non-programming circumstances.

Make sure that it is clear what you mean, when you say, e.g., the “row with index 1” in a matrix.

22



Python

23

Using: 
• matplotlib for plotting
• networkx for graph theory

More efficient solution in Exercises (and 
hopefully in lab submission)

Code provided : 

graph-permutation.py
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R

k
j

9

8
<latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit>

Problem:
How to find P?

Brute Force Graph Isomorphism Check:

Theorem:
Two undirected graphs GA and GB (with adjacency matri-
ces A and B) are isomorphic, if and only if there exists a

permutation matrix P , such that A = P (PB)T .
<latexit sha1_base64="ssYzbfB2SDH4Qj4joeqCJaeyO48="></latexit><latexit sha1_base64="ssYzbfB2SDH4Qj4joeqCJaeyO48="></latexit><latexit sha1_base64="ssYzbfB2SDH4Qj4joeqCJaeyO48="></latexit><latexit sha1_base64="ssYzbfB2SDH4Qj4joeqCJaeyO48="></latexit>

P (PB)T
<latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit><latexit sha1_base64="ptzjA5j5psEdqQcKKs+G6ExLRjE=">AAACEnicbZC7TsMwFIadcivhVmBkiaiQWoYq6QJjVRbGIvUmtaFy3JPWquME20Gqoj4DC6/CwgBCrExsvA1umqG0/JKlX985R8fn9yJGpbLtHyO3sbm1vZPfNff2Dw6PCscnbRnGgkCLhCwUXQ9LYJRDS1HFoBsJwIHHoONNbub1ziMISUPeVNMI3ACPOPUpwUqjQaHc92BEeQIPcUouZ2aj1KiX75tmH/hwiQ8KRbtip7LWjZOZIsrUGBS++8OQxAFwRRiWsufYkXITLBQlDGZmP5YQYTLBI+hpy3EA0k3Sk2bWhSZDyw+FflxZKV2eSHAg5TTwdGeA1Viu1ubwv1ovVv61m1AexQo4WSzyY2ap0JrnYw2pAKLYVBtMBNV/tcgYC0yUTtHUITirJ6+bdrXiaH9XLdbqWRx5dIbOUQk56ArV0C1qoBYi6Am9oDf0bjwbr8aH8blozRnZzCn6I+PrF1s2nUA=</latexit>

R

k

j

9

8

<latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit>

1 ! 1

4 ! 2

2 ! 3

5 ! 4

3 ! 5
<latexit sha1_base64="9QVR7n7W4/fwImD0/f1aFxXbJ40=">AAACSHicbZDNS8MwGMbT+TXrV9Wjl+AQPI12m+hx6MXjBPcBax1plm5haVOSVBll/50nr578FzwJCuLNdOvBbj4QePJ735c3efyYUals+80ora1vbG6Vt82d3b39A+vwqCN5IjBpY8646PlIEkYj0lZUMdKLBUGhz0jXn9xk9e4jEZLy6F5NY+KFaBTRgGKkNBpYDw50BR2NFRKCP0F9c81GAdUyVCugeoYuCqiRoXoB6QZ3YFXsqj0XXDVObiogV2tgvbpDjpOQRAozJGXfsWPlpUgoihmZmW4iSYzwBI1IX9sIhUR66TyHGTzTZAgDLvSJFJzTvxMpCqWchr7uDJEay+VaBv+r9RMVXHkpjeJEkQgvFgUJg4rDLFQ4pIJgxabaICyofivEYyQQVjp609QpOMt/XjWdWtXR/q5RaV7neZTBCTgF58ABl6AJbkELtAEGz+AdfIIv48X4ML6Nn0VrychnjkFBpdIvOQOuPw==</latexit><latexit sha1_base64="9QVR7n7W4/fwImD0/f1aFxXbJ40=">AAACSHicbZDNS8MwGMbT+TXrV9Wjl+AQPI12m+hx6MXjBPcBax1plm5haVOSVBll/50nr578FzwJCuLNdOvBbj4QePJ735c3efyYUals+80ora1vbG6Vt82d3b39A+vwqCN5IjBpY8646PlIEkYj0lZUMdKLBUGhz0jXn9xk9e4jEZLy6F5NY+KFaBTRgGKkNBpYDw50BR2NFRKCP0F9c81GAdUyVCugeoYuCqiRoXoB6QZ3YFXsqj0XXDVObiogV2tgvbpDjpOQRAozJGXfsWPlpUgoihmZmW4iSYzwBI1IX9sIhUR66TyHGTzTZAgDLvSJFJzTvxMpCqWchr7uDJEay+VaBv+r9RMVXHkpjeJEkQgvFgUJg4rDLFQ4pIJgxabaICyofivEYyQQVjp609QpOMt/XjWdWtXR/q5RaV7neZTBCTgF58ABl6AJbkELtAEGz+AdfIIv48X4ML6Nn0VrychnjkFBpdIvOQOuPw==</latexit><latexit sha1_base64="9QVR7n7W4/fwImD0/f1aFxXbJ40=">AAACSHicbZDNS8MwGMbT+TXrV9Wjl+AQPI12m+hx6MXjBPcBax1plm5haVOSVBll/50nr578FzwJCuLNdOvBbj4QePJ735c3efyYUals+80ora1vbG6Vt82d3b39A+vwqCN5IjBpY8646PlIEkYj0lZUMdKLBUGhz0jXn9xk9e4jEZLy6F5NY+KFaBTRgGKkNBpYDw50BR2NFRKCP0F9c81GAdUyVCugeoYuCqiRoXoB6QZ3YFXsqj0XXDVObiogV2tgvbpDjpOQRAozJGXfsWPlpUgoihmZmW4iSYzwBI1IX9sIhUR66TyHGTzTZAgDLvSJFJzTvxMpCqWchr7uDJEay+VaBv+r9RMVXHkpjeJEkQgvFgUJg4rDLFQ4pIJgxabaICyofivEYyQQVjp609QpOMt/XjWdWtXR/q5RaV7neZTBCTgF58ABl6AJbkELtAEGz+AdfIIv48X4ML6Nn0VrychnjkFBpdIvOQOuPw==</latexit><latexit sha1_base64="9QVR7n7W4/fwImD0/f1aFxXbJ40=">AAACSHicbZDNS8MwGMbT+TXrV9Wjl+AQPI12m+hx6MXjBPcBax1plm5haVOSVBll/50nr578FzwJCuLNdOvBbj4QePJ735c3efyYUals+80ora1vbG6Vt82d3b39A+vwqCN5IjBpY8646PlIEkYj0lZUMdKLBUGhz0jXn9xk9e4jEZLy6F5NY+KFaBTRgGKkNBpYDw50BR2NFRKCP0F9c81GAdUyVCugeoYuCqiRoXoB6QZ3YFXsqj0XXDVObiogV2tgvbpDjpOQRAozJGXfsWPlpUgoihmZmW4iSYzwBI1IX9sIhUR66TyHGTzTZAgDLvSJFJzTvxMpCqWchr7uDJEay+VaBv+r9RMVXHkpjeJEkQgvFgUJg4rDLFQ4pIJgxabaICyofivEYyQQVjp609QpOMt/XjWdWtXR/q5RaV7neZTBCTgF58ABl6AJbkELtAEGz+AdfIIv48X4ML6Nn0VrychnjkFBpdIvOQOuPw==</latexit>

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA
⇥

0

BBBB@

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 0 1 0 0

1

CCCCA
⇥

0

BBBB@

0 1 1 0 0
1 0 1 1 0
1 1 0 1 0
0 1 1 0 1
0 0 0 1 0

1

CCCCA

1

CCCCA

T

=

0

BBBB@

0 0 1 0 1
0 0 1 1 1
1 1 0 0 1
0 1 0 0 0
1 1 1 0 0

1

CCCCA

GB GA



Brute Force Graph Isomorphism Check:
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0

BBBB@

1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

<latexit sha1_base64="J3HPoAxZulLaai2nq/p+pEWIO8w="></latexit><latexit sha1_base64="J3HPoAxZulLaai2nq/p+pEWIO8w="></latexit><latexit sha1_base64="J3HPoAxZulLaai2nq/p+pEWIO8w="></latexit><latexit sha1_base64="J3HPoAxZulLaai2nq/p+pEWIO8w="></latexit>

0

BBBB@

1 0 0 0 0
1 0 0 0 0
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

0

BBBB@

1 0 0 0 0
0 1 0 0 0
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 1 0 0
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 1 0
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 0 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1

1

CCCCA

<latexit sha1_base64="0YmBKdC+AI+jj/d1Uc8K2L1oFMU="></latexit><latexit sha1_base64="0YmBKdC+AI+jj/d1Uc8K2L1oFMU="></latexit><latexit sha1_base64="0YmBKdC+AI+jj/d1Uc8K2L1oFMU="></latexit><latexit sha1_base64="0YmBKdC+AI+jj/d1Uc8K2L1oFMU="></latexit>

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 0 0 0 1
0 0 1 0 0
0 1 0 0 0

1

CCCCA

<latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit>

Naïve approach: enumerate all possible permutation 
matrices, and check for all of them if                                    
holds. If such a P is found, the 2 graphs are isomorphic.

A = P (PB)T
<latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit>

A = P (PB)T
<latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit>



Improvement(s)

Consider node degrees! 

Does it make sense to consider a P which maps 
• vertex 1 of        to vertex 2 of        ? NO!
• vertex 1 to vertex 1? YES!
• vertex 1 to vertex 3, 4, or 5? NO!
• vertex 2 to vertex 1 or 4? NO!
• vertex 2 to vertex 2, 3, or 5? YES! 

Use as initial matrix:
0

BBBB@

1 0 0 0 0
0 1 1 1 0
0 1 1 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

GB GA
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R

k
j

9

8
<latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit><latexit sha1_base64="XnDdQW8c8Nk8FM2Pe2FtlXP2FAQ="></latexit>

R

k

j

9

8

<latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit><latexit sha1_base64="VMVyDpNBRDPDRcFimoC6Pog2iVw="></latexit>

GAGB



Improved Graph Isomorphism Check:

27

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 0 0 0 1
0 0 1 0 0
0 1 0 0 0

1

CCCCA

<latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit><latexit sha1_base64="3NHAyjBuIZAN0OmOXPeolDduwOQ="></latexit>

Significantly smaller number of possible 
permutation matrices!

A = P (PB)T
<latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit>0

BBBB@

1 0 0 0 0
0 1 1 1 0
0 1 1 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 1 0 0 0
0 1 1 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 1 0 0
0 1 1 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 1 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 1 0 0 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 0 1 0 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

0

BBBB@

1 0 0 0 0
0 0 0 1 0
0 0 0 1 0
0 0 0 0 1
0 1 1 1 0

1

CCCCA

No branching for first row!
Consider all (3) possibilities for row 2. 

vertex 4 of B cannot be 
mapped to vertex 2 of A 
and to vertex 3 of A

Consider all (3) possibilities
for row 3.

Always a good idea:
Reduce the size of the search tree
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Applications [wikipedia]
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State-of-the-Art Implementation for Checking for Graph Isomorphism

State-of-the-art approaches to test if two graphs are isomorphic can compute an answer for graphs with 
thousands of nodes in milliseconds. If you are interested, see for example here 
https://dl.acm.org/doi/10.1145/3356020 for a very nice visualization accompanying this scientific paper, see 
https://jakobandersen.github.io/graph_canon_vis/

Subgraph Isomorphism
The formula                                can also be used to check if a graph H is a subgraph of graph G.  

This will be discussed in the exercise session, the slides will be included in this document.

A = P (PB)T
<latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit><latexit sha1_base64="iyOB9JpbNXZ5yiEupgUtTPTA0No=">AAACG3icbZC7TgJBFIZn8YZ4Qy21mAgm2JBdGm1MEBtLTLglgGR2mIUJs7ObmbNGsqHxPext9RXsjK2Fb+BjOMAWCv7JSb7855ycnN8NBddg219WamV1bX0jvZnZ2t7Z3cvuHzR0ECnK6jQQgWq5RDPBJasDB8FaoWLEdwVruqPrab95z5TmgazBOGRdnwwk9zglYKxe9jh/hS9xFXcE86BgoII7ig+GcHZXy/eyObtoz4SXwUkghxJVe9nvTj+gkc8kUEG0bjt2CN2YKOBUsEmmE2kWEjoiA9Y2KInPdDeefTHBp8bpYy9QpiTgmft7Iya+1mPfNZM+gaFe7E3Nf3sekXTsBg8L98G76MZchhEwSefnvUhgCPA0KNznilEQYwOEKm4+wHRIFKFg4syYaJzFIJahUSo6hm9LuXIlCSmNjtAJKiAHnaMyukFVVEcUPaJn9IJerSfrzXq3PuajKSvZOUR/ZH3+AE3knwI=</latexit>

Advanced Comment: Find a canonical representation

Example: Chose the “smallest” adjacency matrix representation
As the canonical representation.

https://dl.acm.org/doi/10.1145/3356020
https://jakobandersen.github.io/graph_canon_vis/
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Applications

Approx. 70 mio. chemical 
compounds are know. 

• How to find them in 
databases? 

• How to name them?
• Where to buy them?
• How to curate databases 

of compounds?
• ...

See also 
https://math.stackexchange.c
om/questions/120408/what-
are-the-applications-of-the-
isomorphic-graphs for a nice 
list of the endless application 
scenarios of isomorphism 
checking.

https://math.stackexchange.com/questions/120408/what-are-the-applications-of-the-isomorphic-graphs
https://math.stackexchange.com/questions/120408/what-are-the-applications-of-the-isomorphic-graphs
https://math.stackexchange.com/questions/120408/what-are-the-applications-of-the-isomorphic-graphs
https://math.stackexchange.com/questions/120408/what-are-the-applications-of-the-isomorphic-graphs


Subgraph Isomorphism ( -> Exercises)
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Formally, let G = (V,E) be any graph, and let S ⇢ V be any subset of vertices
of G.

The subgraph H is a graph whose vertex set is S and whose edge set consists
of (not necessarily all) edges in E that have both endpoints in S.

The induced subgraph H is a graph whose vertex set is S and whose edge set
consists of all the edges in E that have both endpoints in S.

<latexit sha1_base64="htT2pfrPt77i+k3fD9fNRPCPufI="></latexit><latexit sha1_base64="htT2pfrPt77i+k3fD9fNRPCPufI="></latexit><latexit sha1_base64="htT2pfrPt77i+k3fD9fNRPCPufI="></latexit><latexit sha1_base64="htT2pfrPt77i+k3fD9fNRPCPufI="></latexit>

G
<latexit sha1_base64="gDaqtQhlq6lpZ3m7kTBIrpwYkxQ=">AAAB6HicbZC7SwNBEMbnfMbzFbW0WQyCVbiz0UYMWmiZgHlAcoS9zVyyZm/v2N0TQgjY21goYus/Y2/nf+PmUWjiBws/vm+GnZkwFVwbz/t2lpZXVtfWcxvu5tb2zm5+b7+mk0wxrLJEJKoRUo2CS6wabgQ2UoU0DgXWw/71OK8/oNI8kXdmkGIQ067kEWfUWKty084XvKI3EVkEfwaFy0/34hEAyu38V6uTsCxGaZigWjd9LzXBkCrDmcCR28o0ppT1aRebFiWNUQfDyaAjcmydDokSZZ80ZOL+7hjSWOtBHNrKmJqens/G5n9ZMzPReTDkMs0MSjb9KMoEMQkZb006XCEzYmCBMsXtrIT1qKLM2Nu49gj+/MqLUDst+pYrXqF0BVPl4BCO4AR8OIMS3EIZqsAA4Qle4NW5d56dN+d9WrrkzHoO4I+cjx8J/o6U</latexit><latexit sha1_base64="SoukejYaWxjSsX5awX3RE96lEHY=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdG23EoIWWCZgLJEuYnZxNxsxemJkVwpInsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOnwiutON8W7ml5ZXVtfy6vbG5tb1T2N2rqziVDGssFrFs+lSh4BHWNNcCm4lEGvoCG/7gapw37lEqHke3epigF9JexAPOqDZW9bpTKDolZyKyCO4Mihcf9nny/mVXOoXPdjdmaYiRZoIq1XKdRHsZlZozgSO7nSpMKBvQHrYMRjRE5WWTQUfkyDhdEsTSvEiTifu7I6OhUsPQN5Uh1X01n43N/7JWqoMzL+NRkmqM2PSjIBVEx2S8NelyiUyLoQHKJDezEtankjJtbmObI7jzKy9C/aTkGq46xfIlTJWHAziEY3DhFMpwAxWoAQOEB3iCZ+vOerRerNdpac6a9ezDH1lvP/t+kAg=</latexit><latexit sha1_base64="SoukejYaWxjSsX5awX3RE96lEHY=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdG23EoIWWCZgLJEuYnZxNxsxemJkVwpInsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOnwiutON8W7ml5ZXVtfy6vbG5tb1T2N2rqziVDGssFrFs+lSh4BHWNNcCm4lEGvoCG/7gapw37lEqHke3epigF9JexAPOqDZW9bpTKDolZyKyCO4Mihcf9nny/mVXOoXPdjdmaYiRZoIq1XKdRHsZlZozgSO7nSpMKBvQHrYMRjRE5WWTQUfkyDhdEsTSvEiTifu7I6OhUsPQN5Uh1X01n43N/7JWqoMzL+NRkmqM2PSjIBVEx2S8NelyiUyLoQHKJDezEtankjJtbmObI7jzKy9C/aTkGq46xfIlTJWHAziEY3DhFMpwAxWoAQOEB3iCZ+vOerRerNdpac6a9ezDH1lvP/t+kAg=</latexit><latexit sha1_base64="FhSWj801u1wJKnuGRDoqq0D+YEk=">AAAB6HicbZA9TwJBEIbn8AvxC7W02UhMrMidjZRECy0hkY8ELmRvmYOVvb3L7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbGxube8Ud0t7+weHR+Xjk7aOU8WwxWIRq25ANQousWW4EdhNFNIoENgJJrfzeucJleaxfDDTBP2IjiQPOaPGWs27QbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmrPkZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluupX6TR5HEc7gHC7Bg2uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AmreMxw==</latexit>

G
<latexit sha1_base64="gDaqtQhlq6lpZ3m7kTBIrpwYkxQ=">AAAB6HicbZC7SwNBEMbnfMbzFbW0WQyCVbiz0UYMWmiZgHlAcoS9zVyyZm/v2N0TQgjY21goYus/Y2/nf+PmUWjiBws/vm+GnZkwFVwbz/t2lpZXVtfWcxvu5tb2zm5+b7+mk0wxrLJEJKoRUo2CS6wabgQ2UoU0DgXWw/71OK8/oNI8kXdmkGIQ067kEWfUWKty084XvKI3EVkEfwaFy0/34hEAyu38V6uTsCxGaZigWjd9LzXBkCrDmcCR28o0ppT1aRebFiWNUQfDyaAjcmydDokSZZ80ZOL+7hjSWOtBHNrKmJqens/G5n9ZMzPReTDkMs0MSjb9KMoEMQkZb006XCEzYmCBMsXtrIT1qKLM2Nu49gj+/MqLUDst+pYrXqF0BVPl4BCO4AR8OIMS3EIZqsAA4Qle4NW5d56dN+d9WrrkzHoO4I+cjx8J/o6U</latexit><latexit sha1_base64="SoukejYaWxjSsX5awX3RE96lEHY=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdG23EoIWWCZgLJEuYnZxNxsxemJkVwpInsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOnwiutON8W7ml5ZXVtfy6vbG5tb1T2N2rqziVDGssFrFs+lSh4BHWNNcCm4lEGvoCG/7gapw37lEqHke3epigF9JexAPOqDZW9bpTKDolZyKyCO4Mihcf9nny/mVXOoXPdjdmaYiRZoIq1XKdRHsZlZozgSO7nSpMKBvQHrYMRjRE5WWTQUfkyDhdEsTSvEiTifu7I6OhUsPQN5Uh1X01n43N/7JWqoMzL+NRkmqM2PSjIBVEx2S8NelyiUyLoQHKJDezEtankjJtbmObI7jzKy9C/aTkGq46xfIlTJWHAziEY3DhFMpwAxWoAQOEB3iCZ+vOerRerNdpac6a9ezDH1lvP/t+kAg=</latexit><latexit sha1_base64="SoukejYaWxjSsX5awX3RE96lEHY=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdG23EoIWWCZgLJEuYnZxNxsxemJkVwpInsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOnwiutON8W7ml5ZXVtfy6vbG5tb1T2N2rqziVDGssFrFs+lSh4BHWNNcCm4lEGvoCG/7gapw37lEqHke3epigF9JexAPOqDZW9bpTKDolZyKyCO4Mihcf9nny/mVXOoXPdjdmaYiRZoIq1XKdRHsZlZozgSO7nSpMKBvQHrYMRjRE5WWTQUfkyDhdEsTSvEiTifu7I6OhUsPQN5Uh1X01n43N/7JWqoMzL+NRkmqM2PSjIBVEx2S8NelyiUyLoQHKJDezEtankjJtbmObI7jzKy9C/aTkGq46xfIlTJWHAziEY3DhFMpwAxWoAQOEB3iCZ+vOerRerNdpac6a9ezDH1lvP/t+kAg=</latexit><latexit sha1_base64="FhSWj801u1wJKnuGRDoqq0D+YEk=">AAAB6HicbZA9TwJBEIbn8AvxC7W02UhMrMidjZRECy0hkY8ELmRvmYOVvb3L7p4JufALbCw0xtafZOe/cYErFHyTTZ68M5OdeYNEcG1c99spbGxube8Ud0t7+weHR+Xjk7aOU8WwxWIRq25ANQousWW4EdhNFNIoENgJJrfzeucJleaxfDDTBP2IjiQPOaPGWs27QbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmrPkZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluupX6TR5HEc7gHC7Bg2uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AmreMxw==</latexit>

H
<latexit sha1_base64="EHqNRSOrGpTc30RqJqBoTNSeLog=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5LnuWaWyzfwEw5OIYTOAMPLqAMFahCHRggPMELvDr3zrPz5rzPSlecec8R/JHz8QMLgo6V</latexit><latexit sha1_base64="EnoSOmjKoLJcr4UJ60JovUJvmNg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclz3DNLZavYaY8HMExnIIH51CGClShDhQQHuAJnq0769F6sV5npTlr3nMIf2S9/QD9ApAJ</latexit><latexit sha1_base64="EnoSOmjKoLJcr4UJ60JovUJvmNg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclz3DNLZavYaY8HMExnIIH51CGClShDhQQHuAJnq0769F6sV5npTlr3nMIf2S9/QD9ApAJ</latexit><latexit sha1_base64="zaJGX7BFP+TF+NdRTIEDbsKWVA8=">AAAB6HicbZA9TwJBEIbn8AvxC7W02UhMrMidjZREG0pI5COBC9lb5mBlb++yu2dCLvwCGwuNsfUn2flvXOAKBd9kkyfvzGRn3iARXBvX/XYKW9s7u3vF/dLB4dHxSfn0rKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6f2i3n1CpXksH8wsQT+iY8lDzqixVqsxLFfcqrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny0Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSENT/jMkkNSrb6KEwFMTFZXE1GXCEzYmaBMsXtroRNqKLM2GxKNgRv/eRN6NxUPcstt1K/y+MowgVcwjV4cAt1aEAT2sAA4Rle4c15dF6cd+dj1Vpw8plz+CPn8wecO4zI</latexit> H

<latexit sha1_base64="EHqNRSOrGpTc30RqJqBoTNSeLog=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5LnuWaWyzfwEw5OIYTOAMPLqAMFahCHRggPMELvDr3zrPz5rzPSlecec8R/JHz8QMLgo6V</latexit><latexit sha1_base64="EnoSOmjKoLJcr4UJ60JovUJvmNg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclz3DNLZavYaY8HMExnIIH51CGClShDhQQHuAJnq0769F6sV5npTlr3nMIf2S9/QD9ApAJ</latexit><latexit sha1_base64="EnoSOmjKoLJcr4UJ60JovUJvmNg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclz3DNLZavYaY8HMExnIIH51CGClShDhQQHuAJnq0769F6sV5npTlr3nMIf2S9/QD9ApAJ</latexit><latexit sha1_base64="zaJGX7BFP+TF+NdRTIEDbsKWVA8=">AAAB6HicbZA9TwJBEIbn8AvxC7W02UhMrMidjZREG0pI5COBC9lb5mBlb++yu2dCLvwCGwuNsfUn2flvXOAKBd9kkyfvzGRn3iARXBvX/XYKW9s7u3vF/dLB4dHxSfn0rKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6f2i3n1CpXksH8wsQT+iY8lDzqixVqsxLFfcqrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny0Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSENT/jMkkNSrb6KEwFMTFZXE1GXCEzYmaBMsXtroRNqKLM2GxKNgRv/eRN6NxUPcstt1K/y+MowgVcwjV4cAt1aEAT2sAA4Rle4c15dF6cd+dj1Vpw8plz+CPn8wecO4zI</latexit>

Obviously H is a subgraph of G (see left figure). Is it also an induced subgraph of H? Yes! (right)


