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e|ntroduction to Graphs
* [he wild west of the node world
o[rst Graph
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Assignment 6b: Huffman Encoding
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Intro to Graphs: Who do You Love?

And how does Facebook know?




Tree Definition

Only One Parent No Cycles



WHAT |r“|'§110m You
a

L

‘; \

l




Graph Definition

A graph is a mathematical structure
for representing relationships using nodes and
edges.

*Just like a tree without the rules
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Not a Iree







Graphs Don’t Have Roots
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Simple Graph

struct Node({
string value;
Vector<Edge *> edges;

};

struct Edge/{
Node * start;
Node * end;

};

struct Graph/{
Set<Node *> nodes;
Set<Edge*> edges;

}’ 14



Simple Graph

struct Node({
string value;
Vector<Edge *> edges;

};

struct Edge{

Node * start: We allow for

more Interesting
* :
}Node end; edges

struct Graph{
Set<Node *> nodes;
Set<Edge*> edges;

} )



Simple Graph

struct Edge{

Node * start: We allow for
' more interestin
Node * end; 9

edges
double weight;
};
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Simple Graph




Simple Graph

A graph consists of a set of nodes connected by
edges. o




Graph Nodes

@

A graph consists of a set of nodes connected by
edges. .



Nodes are Also Called Vertices

@

A graph consists of a set of nodes connected by
edges. )



Graph Edges

/
AN

A graph consists of a set of nodes connected by
edges. .



Directed Graph
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Undirected Graph




Directed vs Undirected
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Weighted graphs

weight: Cost associated with a given edge.

example: graph of airline flights, weighted by miles between cities:

DFW 1120
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Prerequisite Graph
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Social Network




The Internet
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CS Assignments

50,000 unique implementations of logistic regression in CS229 30



Chemical Bonds

31



Moore g

AMson Sy

""'-I-'I('Es br

v

S s

g ¥

g S

C 5
I

Vestry St
*‘

= Laight St =

—_

3 Hubert g
§ i :
= o

v v 3
L =) A
QO O

Beach st

&5 Frank)in St
N
s
;
&
© '
Haf!lson St
‘ g
Q
i
w

red

Ericsson 5y

— N;:ooms,

Ffank;,n Sr

> &
o
v K
! = & GQ f?
v K -~ S o
- & Q
3 G
,‘ anal :'-: &Q rQoQ $ -
O Statwor [ J ?- S’
0 ¢
> ¢/ S o N
Ly S .
(D 4 anal
;_’_5 A Station [A,.C E ’ g
5 o /,
> 1
. s,
: + Laight St — (4 Sy
c ‘f .
2 3 & \
/| § L2 & ‘
K ® =
7 & G , "
ork St ’bb Y 5 & .
o o 2 9
< ® @
Q 0} N
4 T %
" &
| y é
A '
/ (,:
0,
. &, — eo'i/
f__g / @/d‘, - "QISI
- (IS
, “en
Moore St ? / Q’US K
y o - 4 Canal St Stat
# -0
J Q. A | IO R Al
Franklin'S 5 ~ H, m
Station [1) ] © & =y )
& o > o *@f »
M 28 5
X ) Y
5 / -‘. (’Q - 0
(73- L v g LN §
- (7] tb
(&)
[ Q@
S A f U,
/ ‘904_/’/.) v e Sy
i S, N e
= ‘,'
f “%
& @2008 Google - Map data ©20Q8 Sanborh, NAVTEQ™ - Terms of Use

32



Fred Willamson & Asso

® «ces

COTel 2 Consohdated Companies Sricrited . .
Vermont PSS el Assocanon ™ _ Fach Afford=hle Telecom nontyune Haw Sancwaad
. = ‘ ~ Mid-Rivers B ——— Great Plains Comm o tch Affordable Telecom " = Ruddats
Vermont DPS ® - . . Tel Assocaton o .
. Masrie PUC - MT T&l Associzton —@ MegzaCLEC =
dzere PUC Nebrasks PSC . b egallLCl Kind St Bocee Rystec
~ P Draska Mol M ;. WA lnd-Tal Assocmton Bluearass Wireless Hiawatha Broadband . .J’Tt:d y 5 FECESS °
Home Telephone 4 " - D o o MNorka I T e Knoloav Dranmacom
- S foming PSC  » lorkght # megra Telecom \noiogy ‘ hererT e
o - .' N : Focal T ® S = " Quadwm Felgcommumastons, - Astrolel
PE o Swarpower Globalcom a K
a Mssoula Plan Suppoedaers J .| . * Telove e Moower
- — = Indana URC Bigah Commisricances T - ipawes Natonslne
iies S - ~ » Bnogecom SarthLink o lelcedtns Communcatons s tonsl
T MRET N A -~ - - - - . = .
f- 3l Unlives Service i/ < Ackeod IS4 - . b U.S. TelePacific ey S
USDA a e Ig} Hm‘ - o Access One - ionary Consuling
o haria PSC Yo B Amenca ] - & McClure Telephone .
2 Fennsylvama PoL \ v, o
ACSEIrTA NI S - - - - L=\yO - - 2
._ . e Networks g Huv. Jersey _PJ Ubrﬁc S A J . 4 :er‘# Te’éc"m he" nope
£ 1 Tedordhomne o F h Netaorks ~ar®
Ohcord ,_,.rf._.nr 0C PSC ‘— . ' Y ’ - — L — -’ - ibertech Networks MGW
T ® Delaware PSC 7 : . ! ey g ; ’iégl ol * North River
Eech DgsWer r | 17 . M
BeC ocenct Comrmunicate s BE Eschelon S S 4 -
.,-r__v mct Communicasons New York PSC - = ShenTel Telephone Cos
Virwal Geosatelne B LA CP Telecom e Pambroksa
g ' iy / PAETEC Lexcom Telephone RAR *
. - Global Crossing l-‘%' K o P -
mot Spnngs | élephone o NAM 1 SmanC ity Networks)” -
® Fonan Telephone TIA ®. New Global Tek\c,cm. P\ A .
* P A | B yipt o g As o= Doy
, L Varizan Compl el 15asis Accass Pom
P oot p'.' l“TJ‘ . - ! A s 3
® Gondle b ) . & b o
- a : 1 HCIMCO Communcations
H l TAE : U Communcatens
EPG 1| L TA s 4 | \ | IO
. ) o |m. 3 A ’ } -
. ARIC , | ! \ ."”"30 b Clo=eCall Amenc: N
o PomtOna | | X : o [ s
® . et ok .
o X X VON Coxlbortii, (] PowerNet Globe T
- CallSoan  ATeT - e
Bk e,
e ,__ Callorsx Covad 'B\l’-f ye Telecom e .l"‘*\.')l:
AME k s}
. Sprirg [AMabile Bircnnat Bell Teleghcoe MSV WikiPlue
".'J' g ) ‘ = a
- ~ @ Speint Nggael | Talk Aerica Lrange Alpheus
eas y.. | - . . C‘M"". . L.
8 (e M = /] J . Public Service Telephore
S - . /] Grand& Communication - . . ]
o0 o . Leved 3 / P Charter Communications loramesz Telacommunicancns
/| .«
1= f E
. o, Brght House Networks o XL A~ y
{ . vemure Communicancns Looperatrwe
Citzars Talephone { | ARCC integrd BT Amenca DC1Voica Sclutions @ South Slope
® . X J y o . - - o
Kingdom Talephone J - Legg Srateges ) ChHmoast Xspadius
® Vereon Mrelpss c .- . e W Douthernt NG Waaloss 1 - .
Vercon \firelpss “entennial © Business Telecom g : Tohe Warner Cable @ Core Communications Stne of Hava
. [} ‘ e L Sarohra West Wirele=3- ¢ g @ il _
Lauttamus / Dobson ' . . . State of Alaska
. ' I3 Amenican Callutar P ey Gbeyond Time Warner i3
Nesael | a R Corr Wissless Communcatong, Celhdar South ."“' a KMC Telecom
Advanced Paging o - - N — - -
Dbeang: i Fagng m W ur a2 * o t Ysoridwide Lichtshio cTC L espre  Communicatons Advisory Counse
=F L ST VVreass Rurat Callutar Assbeition v TL3 Telecom 3 . ¢ ®  TOeT
. ATE&TWireless @ SunCom Wirslase a 105 Telecom
SunCom Wireless @ P/ - . -
® SpmtPCS a cediCom oy Rl CMRS C .""""-"-”-' . o Pecple’s Telephcne
f e Woradon L r= ance of Rural CMRS Camers A - ,
. VoioeStream Wireless g7 |\ USICallutar 4 ’ 4 u NTca  NECA . Cascade Udlines
ular One C . - -
Tek=tar Communicatons - * = AL ; NE Coloeado ~m . [t Molzila Communscations Beaver Creek Telephone
. . Thimb Cellular = Lolorado Lelular Balhoff & Rowe . B a
.
| —_—— » Mobi PCS L] . ERTA i Cascad one
x — — - , »ons s-Cascades Taleph
A ikacorn Al Amencan Telephone o Sacley ¥ Montana PCS  Fromser Windstream u \ehalem Telecommunicasons rir. = ==
i = s . :"nrtf Sagley . o ® CEmbamg WA S
M Global Conferance Panners - , - OPASTCO (reaon-ldaho Ukkses
FoNIndanz =~ - Easterbrooke Cellular | _ il . @ \OPASTCO pproe Telephone Oregon-idaho Urimes
® £ o o . FairPome CenturvTel TTA P NRTA o ®
ree Conferencing owa Network Serncas Midwest Wireless P .‘-‘-’ ANy =) a
- = T “
Saraga Telephone @ o - . o
g 9= ane 1 Blue Casa Communications -""“3}3‘ . -
Sourh Dakota Network ~ , ¢ Consoiicared Commumcations
o Orivov Telscape Communications o
[ -' .
L

“The Evolution of

Corruption

o n
SureWest

FCC Lobbying Coalitions” by Pierre de Vries in JoSS Visualization Symposium 2010

Canby Telephone
. ' .
Great Lakes Communications

Humboid: Talephone
. Heluc Telephone
A Pioneer Telephone .

OmniTe! . Stayton Telephone
® .

33



Q.
-
Vp
-
qe
D
e
S
(O
an

. .\ .e‘ =i FaN D,
/ S v 0/ { A
¢ \.\.\\ ! \.””H_.._. / n\'\“ Y/ /
. (e / A
/) ‘m .&0.
o%

/
2

KA AR /e
, 7 L Y







NN '4»‘)
T2
N N






Some terms:




Paths

e path: A path from vertex a to b is a sequence of edges that can be
followed starting from a to reach b.

— can be represented as vertices visited, or edges taken
— example, one path from Vto Z: {b, h} or {V, X, Z}
— What are two paths from U to Y?

e path length: Number of vertices
or edges contained in the path.

e neighbor or adjacent: Two vertices
connected directly by an edge.

— example: V and X
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Loops and cycles

e cycle: A path that begins and ends at the same node.
— example: {b, g, f, c,alor{V, X,Y, W, U, V}.
— example: {c, d, a} or {U, W, V, U}.

— acyclic graph: One that does
not contain any cycles.

¢ loop: An edge directly from
a node to itself.

f
A (loop)

— Many graphs don't allow loops.
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Reachability, connectedness

e reachable: Vertex a is reachable from b
If a path exists from a to b.

e connected: A graph is connected if every
vertex is reachable from every other.

e complete: If every vertex has a direct
edge to every other.

090
GAD
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Stanford BasicGraph

The Stanford C++ library includes a BasicGraph class.

— Based on an older library class named Graph

You can construct a graph and add vertices/edges:

include "basicgraph.h”

BasicGraph graph;
graph.addVertex("a");
graph.addVertex("b");
graph.addVertex("c");
graph.addVertex("d");
graph.addEdge("a", "c");
graph.addEdge("b", "c");
graph.addEdge("c", "b");
graph.addEedge("b", "d");
graph.addEdge("c", "d");
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BasicGraph members

include "basicgraph.h”

// a directed, weighted graph

g.addEdge(vl, v2); adds an edge between two vertexes
g.addVertex(name) ; adds a vertex to the graph

g.clear(); removes all vertexes/edges from the graph
g.getEdgeSet() returns all edges, or all edges that start at v,
g.getEdgeSet(v) as a Set of pointers

g.getNeighbors(v) returns a set of all vertices that v has an edge to
g.getVertex(name) returns pointer to vertex with the given name
g.getVertexSet() returns a set of all vertexes

g.isNeighbor(vi, v2) returns true if there is an edge from vertex v1 to v2
g.isEmpty() returns true if queue contains no vertexes/edges
g.removekdge(vl, v2); removes an edge from the graph
g.removeVertex(name) ; removes a vertex from the graph

g.size() returns the number of vertexes in the graph
g.toString() returns a string suchas "{a, b, ¢, a -> b}"

43



BasicGraph members

include "basicgraph.h”

// a directed, weighted graph

g.addEdge(vl, v2);

adds an edge between two vertexes

g.addVertex(name);

adds a vertex to the graph

removes all vertexes/edges from the graph

g.getkdgeSe
g.getEdgeSet(v)

returns all edges, or all edges that start at v,
as a Set of pointers

JeENeTahu\\TahNelalaYaVaXWAEVA
D - - (J - - -

returns a set of all vertices that v has an edge to

g.getVertex(name)

returns pointer to vertex with the given name

.getVertexSet()

returns a set of all vertexes

returns true if there is an edge from vertex v1 to v2

.1sEmpty()

returns true if queue contains no vertexes/edges

.removeEdge(vl, v2);

removes an edge from the graph

removes a vertex from the graph

.size()

returns the number of vertexes in the graph

g
g
g.removeVertex(name) ;
g
g

.toString()

returns a string suchas "{a, b, ¢, a -> b}"
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Using BasicGraph

The graph stores a struct of information about each vertex/edge:

struct Vertex { struct Edge {
string name; Vertex* start;
Set<Edge*> edges; Vertex* finish;
double cost; double weight;
// other stuff // other stuff

¥ ¥

You can use these to help implement graph algorithmes:

Vertex * vertC = graph.getVertex("c");
Edge * edgeAC = graph.getEdge("a", "c");

45



Our First Graph
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There are other representations...




... this is the one we are going to use.




Algorithms
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Who Do You Love

And how does Facebook know?
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Maybe | Love These People?




But | Actually Love This Person
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Romance and Dispersion

Romantic Partnerships and the Dispersion of Social Ties:
A Network Analysis of Relationship Status on Facebook

Lars Backstrom
Facebook Inc.

ABSTRACT

A crucial task in the analysis of on-line social-networking
systems 1s to identify important people — those linked by
strong social ties — within an individual’s network neighbor-
hood. Here we investigate this question for a particular cate-
gory of strong ties, those involving spouses or romantic part-
ners. We organize our analysis around a basic question: given
all the connections among a person’s friends, can you recog-
nize his or her romantic partner from the network structure
alone? Using data from a large sample of Facebook users, we
find that this task can be accomplished with high accuracy,
but doing so requires the development of a new measure of tie
strength that we term “dispersion’ — the extent to which two
people’s mutual friends are not themselves well-connected.
The results offer methods for identifying types of structurally
significant people in on-line applicatons, and suggest a po-
tential expansion of existing theories of tie strength.
Categories and Subject Descriptors: H.2.8 [Database
Management|: Database applications—Daia mining
Keywords: Social Networks; Romantic Relationships.

Jon Kleinberg
Cornell University

they see from friends [1], and organizing their neighborhood
into conceptually coherent groups [23, 25].

Tie Strength.

Tie strength forms an important dimension along which to
characterize a person’s links to their network neighbors. Tie
strength informally refers to the ‘closeness’ of a friendship;
it captures a spectrum that ranges from sirong ties with close
friends to weak ties with more distant acquaintances. An ac-
tive line of research reaching back to foundational work in so-
ciology has studied the relationship between the strengths of
ties and their structural role in the underlying social network
[15]. Strong ties are typically ‘embedded’ in the network, sur-
rounded by a large number of mutual friends [6,16], and often
involving large amounts of shared time together [22] and ex-
tensive interaction [17]. Weak ties, in contrast, often involve
few mutual friends and can serve as ‘bridges’ to diverse parts
of the network, providing access to novel informaton [5,15].

strong ties is o identify the mass

narcan’s carial natwark o October 20

A fundamental question connected to our nndaas 1 3

http://arxiv.org/pdf/1310.6753v1.pdf
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Dispersion Insight

Gym

Family members

..............

. L
.‘ ..
» "

.
-
., -*
‘‘‘‘‘‘
--------

Dispersion: The extent to which two people’s
mutual friends are not directly connected 55



Dispersion
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 56



Dispersion
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 57



Dispersion

I Mutual | Dispersion: 0
| O Friends |

| \ i
You | O | Testee

O+ f + 0O
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 58



Dispersion

I Mutual | Dispersion: 1
| O Friends |

| \ i
You | O | Testee

O+ f + 0O

. _ . _ . _ . _ . _ . _ ‘

Dispersion: The extent to which two people’s
mutual friends are not directly connected 59



Dispersion

I Mutual | Dispersion: 2
| O Friends |

| \ i
You | O | Testee

O+ f + 0O

. _ . _ . _ . _ . _ . _ ‘

Dispersion: The extent to which two people’s
mutual friends are not directly connected 60



Dispersion

I Mutual | Dispersion: 3
| O Friends |

| \ i
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 61



Dispersion

I Mutual | Dispersion: 4
| O Friends |
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 62



Dispersion

I Mutual | Dispersion: 5
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 63



Dispersion

I Mutual | Dispersion: 5
| O Friends |
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Dispersion: The extent to which two people’s
mutual friends are not directly connected 64



Dispersion

Testee

O

The higher the dispersion
between two people, the
more likely they are
lovers!
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Dispersion: The extent to which two people’s
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Who Do You Love?
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References and Advanced Reading

References:
- Wikipedia on graphs: https://en.wikipedia.org/wiki/Graph (discrete mathematics)
- Wolfram Graph theory: http://mathworld.wolfram.com/Graph.html

Advanced Reading:
- Facebook graph API: https://developers.facelbook.com/docs/graph-api
- Different graph lecture: https://www.youtube.com/watch?v=yIWAB6CMYTY
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