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3aLlo nlyyvasame anroputmMmu 3a rpagpum?

e Xunaau npakTuyeckn npobrnemu, KOUTO ce peliaBaT ¢ Tax!
e EaVH OT HaW-UHTEepecHUTEe 1 NpeausBuKaTeNHN pa3genn oT KOMMITbPHUTE
HayKu U ANCKpeTHaTa MaTtemaTuKa.
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The Internet as mapped by the Opte Project

Vertex = IP address.
Edge = connection.
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M OLL',e communication telephone, computer fiber optic cable
circuit gate, register, processor wire
mechanical joint rod, beam, spring
financial stock, currency transactions
transportation intersection street
internet class C network connection
game board position legal move
social relationship person friendship
neural network neuron synapse
protein network protein protein—protein interaction

molecule atom bond



TepmMunHonorms
[‘pa: MHOXECTBO OT BbPXOBE CBbP3aHu ¢ pebpa
[T B rpady: NocnegoBaTenHOCT OT BbPXOBE B rpad, CBbp3aHu ¢ pedbpo, be3 aa ce
nosTapsi pebpo.
Csbp3aHoCT: [1Ba Bbpxa Ca CBbP3aHM ako CbLLECTBYBA NbT MeEXQY TAX
Linkbn - nbT € AbIMKMHA noBeYe OT 1, KOUTO 3anoyBa M CBbPLIBA C €4UH U CbLUM Bb3en

vertex edge
(of degree 3) (incident to vertices 6 and 8)

R
o—0 O

path between O to 2

(of length 3) \

@ ‘ «—— cycle

(of length 4)



Bugose rpad

path between 0 to 2

) (of length 3) \
e HeHaco4eH(undirected)

e HacoueH(directed)

- ®

“\@@

@

vertex
(of degree 3)

edge
(incident to vertices & and 8)

N/
0—0 O

<«— Ccycle

(of length 4)



s—-t path

shortest s-t path

cycle

Euler cycle

Hamilton cycle

connectivity

biconnectivity

planarity

graph isomorphism

Is there a path between s and t ?
What is the shortest path between s and t ?
Is there a cycle inthe graph ?
Is there a cycle that uses each edge exactly once ?
Is there a cycle that uses each vertex exactly once ?
Is there a path between every pair of vertices ?
Is there a vertex whose removal disconnects the graph ?
Can the graph be drawn in the plane with no crossing edges ?

Are two graphs isomorphic?



Graph representation

Graph drawing. Provides intuition about the structure of the graph.

03670 X2
(®)

two drawings of the same graph

Caveat. Intuition can be misleading.



Graph representation: adjacency matrix

Maintain a V-by-V boolean array; for each edge v—w in graph:

adj[v]l[w] = adj[w][v] = true.

two entries

1511

1G

(8a HeHaco4eH rpad)

per edge

1G

11



Graph representation: adjacency lists

Maintain vertex-indexed array of lists.
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Graph representations

In practice. Use adjacency-lists representation.
« Algorithms based on iterating over vertices adjacent to v.
- Real-world graphs tend to be sparse (not dense).

1 1

proportional proportional
to V edges to V2 edges
sparse (E=200) dense (E=1000)

Two graphs (V =50)



CNOXXHOCT Ha pa3nMyHuTe NpeacTaBAHUS

edge between iterate over vertices

representation .
P v and w? adjacent to v?

adjacency matrix v2 11 1 V

adjacency lists E+V 1 degree(v) (degree(v))

t disallows parallel edges



ObxoxpgaHe Ha rpad

1. ObxoxaaHe B AbnboumnHa (dfs)
2. Ob6xoxaaHe B wunpuHa (bfs)



Ob6xoxnaHe B Ab10oYMHa

void dfs(int v, bool visited[], list<int> *adj; ) {

visited[v] = true;

[/TODO: obxoxgaHeTo B AbNOOYMHA € C HSKakBa uen. Hanpumep TbpceHe Ha
onpegeneHa xapakrepucTtuka. [la ce gob6asu B 3aBMCUMOCT OT 3agadarTa.

list<int>::iterator i;
for (i = adj[v].begin(); i != adj[v].end(); ++i){
if ('visited[*i]{
dfs(*i, visited,ad));
}
}
}



Depth-first search: properties

Proposition. DFS marks all vertices connected to s in time proportional
to V+ E in the worst case.

Pf. [correctness] source set of marked

/ vertices

« If w marked, then w connected to s (why?)

« If w connected to s, then w marked.
(if w unmarked, then consider the last edge
on a path from s to w that goes from a

\ no such edge
set of «— can exist
unmarked

vertices Ny

marked vertex to an unmarked one).

Pf. [running time]
« Each vertex is visited at most once.
« Visiting a vertex takes time proportional to its degree.

degree(vy) + degree(vy) + degree(vy) +... = 2FE



ObxoxgaHe B LUMpUHa

void BFS(int s, list<int> *adj) {
bool *visited = new bool[V];
for(inti=0;i<V;i++){
visited[i] = false;
}

list<int> queue;
queue.push_back(s);
visited[s] = true;
list<int>::iterator i;
while(!queue.empty()) {
s = queue.front();
queue.pop_front();
// TODO:06x0oxaaHeTo B LUMPUHA € C HAKaKBa Len.
for (i = adj[s].begin(); i = adj[s].end(); ++i) {
if (visited[*i]) {
visited[*i] = true;
queue.push_back(*);



Breadth-first search properties

Q. In which order does BFS examine vertices?
A. Increasing distance (number of edges) from s.

i

queue always consists of > 0 vertices of distance k from s,
followed by >0 vertices of distance k+1

Proposition. In any connected graph G, BFS computes shortest paths
from s to all other vertices in time proportional to E + V.

dist=0 dist=1 dist = 2




TononornyHa Hapenba Ha rpad

e 3agauva 3a Haco4eH auuknuyeH rpad

e [la ce HaMMmeHOBAaT BL3NUTE C YNCa, Taka Ye BCAKO Haco4YeHo pebpo aa
3anoysa OT Bb3es1 C No-Marko YMCIo U a OTMBa BbB Bb3es C No-ronsamMo
4yucno.



0—5
0—1
35
5—r2
6—0
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directed edges

022
36
3—4
6—4
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DAG
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topological order




AnroputmMmu 3a peluaBaHe Ha TononornyHa Hapenba

e BFS
e DFS



PeweHne ¢c BFS

L. « Empty list that will contain the sorted elements
S « Set of all nodes with no incoming edge
while S is non-empty do
remove a node n from S
add n to tail of L
for each node m with an edge e from n to m do
remove edge e from the graph
if m has no other incoming edges then
insert m into S
if graph has edges then
return error (graph has at least one cycle)
else
return L (a topologically sorted order)



PeweHne ¢c DFS

L « Empty list that will contain the sorted nodes
while there are unmarked nodes do

select an unmarked node n

visit (n)

function visit (node n)
if n has a permanent mark then return

if n has a temporary mark then stop (not a DAG)

mark n temporarily

for each node m with an edge from n to m do
visit (m)

mark n permanently

add n to head of L



s-t path

shortest s-t path v E+V

cycle v v Vv
Euler cycle v E+V
Hamilton cycle 21.657V
bipartiteness (odd cycle) v v E+V
connected components v v E+V
biconnected components v E+V
planarity v E+V

graph isomorphism 201113 1%



ToBa e BCUYKO 3a aHec!

KakBo cnenga:

Live coding session?

Henensa(15.12 ot 13:15) “FMI All-Stars” - “Machine Learning Engineer 101”7
CnenBauwa nekuma - Ham-kbc nbT B rpady, anropnTbm Ha [eunkcTtpa
UeTBbpTbK(20.12) 0T 16:30 KOHTPOMHO C 3aga4vn OT MaTtepuana o cera
(BkntouBaly, 1 Xew tabnuua v Npad)



Live Demo Problem

https://www.hackerrank.com/challenges/journey-to-the-moon/problem

PelueHneTo 1 e nybrMkyBaHO B Cnak.


https://www.hackerrank.com/challenges/journey-to-the-moon/problem

