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Off[General::"spelll™]

<< DiscreteMath™Combinatorica™

Mathematica

m Graph

Combinatorica
Ks

k5 = CompleteGraph[5]

| -Graph:<10, 5, Undirected>-

. FullForm
List
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k5 // FullForm

Graph[List[List[List[1, 2]], List[List[1, 3]], List[List[1, 4]],
List[List[1, 5]], List[List[2, 3]], List[List[2, 4]], List[List[2,5]],
List[List[3, 4]], List[List[3, 5]], List[List[4,5]]],

List[List[List[0.30901699437494745", 0.95105651629515357]],
List[List[-0.8090169943749473", 0.5877852522924732"]1,
List[List[-0.8090169943749476", -0.5877852522924737 1],
List[List[0.30901699437494723~, -0.95105651629515367]],
List[List[1.7,0]]]]

Combinatorica -
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?Graph

Graph[e, v, opts] represents a graph object where e is the list of
edges annotated with graphics options, v is a list of vertices
annotated with graphics options, and opts is a set of global
graph options. e has the form {{{il, jl1}, optsl}, {{i2, j2},

opts2},...}, where {11, jl}, {i2, j2},... are edges of the

graph and optsl, opts2,... are options that respectively apply
to these edges. v has the form {{{x1, yl}, optsl}, {{x2, y2},
opts2},...}, where {x1, yl}, {x2, y2},... respectively denote the
coordinates in the plane of vertex 1, vertex 2,... and optsl,
opts2, ... are options that respectively apply to these vertices.

Permitted edge options are EdgeWeight, EdgeColor, EdgeStyle,
EdgelLabel, EdgeLabelColor, and EdgelLabelPosition. Permitted
vertex options are VertexWeight, VertexColor, VertexStyle,
VertexNumber, VertexNumberColor, VertexNumberPosition, VertexlLabel,
VertexLabelColor, and VertexLabelPosition. The third item in a
Graph object is opts, a sequence of zero or more global options
that apply to all vertices or all edges or to the graph as a
whole. All of the edge options and vertex options can be used
as global options also. If a global option and a local edge
option or vertex option differ, then the local edge or vertex
option is used for that particular edge or vertex. In addition to
these options, the following two options can also be specified
as part of the global options: LoopPosition and EdgeDirection.
Furthermore, all the options of the Mathematica function Plot
can be used as global options in a Graph object. These can be
used to specify how the graph looks when it is drawn. Also, all
options of the graphics primitive Arrow can also be specified
as part of global graph options. These can be used to affect
the look of arrows that represent directed edges. See the usage
message of individual options to find out more about values
these options can take on. Whether a graph is undirected or
directed is given by the option EdgeDirection. This has default
value False. For undirected graphs, the edges {il, jl}, {i2,
J2},-.. have to satisfy il <= j1, i2 <= j2,... and for directed
graphs the edges {i1, jl1l}, {12, j2},... are treated as ordered
pairs, each specifying the direction of the edge as well.
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ShowGraph[k5] ;

ShowGraph

Options[ShowGraph]

{VertexColor - GrayLevel [0], VertexStyle —» Disk[Normal],
VertexNumber - False, VertexNumberColor - GrayLevel [0],
VertexNumberPosition - LowerLeft, VertexLabel - False,
VertexLabelColor » GrayLevel [0], VertexLabelPosition — UpperRight,
PlotRange —» Normal, AspectRatio - 1, EdgeColor - GrayLevel [0],
EdgeStyle — Normal, EdgelLabel - False,

EdgelLabelColor - GraylLevel [0], EdgeLabelPosition » LowerLeft,
LoopPosition - UpperRight, EdgeDirection - False}
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ShowGraph[k5, VertexColor - RGBColor[1, 0, 0]1;

ica
m -
(vertex) \Y
vK5 = V[K5]
5
edge
m = M[k5]
10
Edges
Edges[k5]

{{11 2}1 {11 3}’ {11 4}1 {11 5}1
{25 3}’ {25 4}1 {21 5}5 {3’ 4}1 {31 5}’ {45 5}}

Ks

Combinator-
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ToAdjacencyMatrix[k5] // MatrixForm

PR R PO
R R R OR
PR OR PR
P ORRE PR
OR R R R

2M[k5] / V[K5]

| 4

List  List
ToAdjacencyMatrix[k5]
R E P P E I U S P P P I
{14,1,0, 1,1}, {(1,1,1,0, 1}, (1,1, 1,1, 0}}
Plus

Apply[Plus, ToAdjacencyMatrix[k5] ]

{4, 4,4, 4, 4)

2 ShortestPath k5

ShortestPath[k5, 2, 5]

{2, 5}
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Length[ShortestPath[k5, 2, 5]] -1

AllPairsShortestPath

AllPairsShortestPath[k5] // MatrixForm

PR R RO
PR R OR
PR OR R
R OR R R
OR R R R

Kn 5
. , 20 Ko
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k20 = CompleteGraph[20] ; ShowGraph[k20] ;
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Combinatorica  Tree
RandomTree

Tree

rt20 = RandomTree[20] ; ShowGraph[rt20] ;
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(Star) (n-1)
Combinatorica

st20 = Star[20]; ShowGraph[st20];

(Plus ee (AllPairsShortestPath[Star[20]] // Flatten) ) / (20 %19)

19
10

(n-1)
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Table[ (Plus ee (AllPairsShortestPath[Star[i]] // Flatten) )/ (i* (i-1)),
{1, 3, 100}] 7/ ListPlot[#, Frame -» True] &

1.95/ o
1.9} .
1.85} N
1.8}
0 20 40 60 80 100
| - Graphics -

CompleteKaryTree

ShowGraphArray[Table[CompleteKaryTree[ (21 -1) /1, 2], {i, 2, 5}11;

/N AN

ShowGraphArray[Table[CompleteKaryTree[ (41 -1) /3, 4], {i, 2, 4}1]1;

/IN iR
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ShowGraphArray[Table[CompleteKaryTree[ (81 -1) /7, 8], {i, 2, 4}1];

T

Table[ (Plus @@ (AllPairsShortestPath[CompleteKaryTree[2/i -1, 2]] // Flatten) ) /
(F%(i-1)), {i,2,8}]//N

| {4., 16., 61.3333, 230.4, 857.6, 3181.71, 11803.4}

cy20 = Cycle[20] ; ShowGraph[cy20] ;
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m Wheel

Wheel

whl120 = Wheel [20] ; ShowGraph[wh120] ;

m Empty Graph

Empty graph
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em20 = EmptyGraph[20] ; ShowGraph[em20] ;
[
[
[ [
[
[ [
[
|

ShowGraph[GridGraph[10, 20]]

- Graphics -
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p]

n

RandomGraph

p

Combinatorica

n
RandomGraph  ExactRandomGraph

p

ExactRandomGraph[n,e] e

rg2004 = RandomGraph[20, 0-4]; ShowGraph[rg2004] ;
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RandomGraph

Map[M, {rg2004, erg2076}1]

| {76, 76}

m Circulant

Circulant Circulant[n,1] n
Cycle

CirculantGraph[20, 1] // ShowGraph;

Circulant[n,k] k
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CirculantGraph[20, 2] // ShowGraph

- Graphics -

Combinatorica
RegularGraph
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Graph

ShowGraph[RegularGraph[5, 10]]

- Graphics -

makeSymmetricalRegularGraph[n_, k_] :=
Apply[GraphSum, Map[CirculantGraph[n, #] &, Range[1l, k/2]11]

Circulant-
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19

makeSymmetricalRegularGraph[20, 4] // ShowGraph

| - Graphics -

? LineGraph

LineGraph[g] constructs the line graph of graph g.

g AddEdges[g, edgeL.ist] edgeL.ist
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20

ToAdjacencyMatrix[rt20] // MatrixForm
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20

ShowGraph[

VertexNumber -» On] ;

VertexColor -» Red}}],

SetGraphOptions[rt20, {{4, 8, 3, 20,

AddEdge
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nrt20 = AddEdges[rt20, {{4, 8}, {3, 20}}1;
ShowGraph[SetGraphOptions[nrt20, {{4, 8, 3, 20, VertexColor - Green},
{{4, 8}, {3, 20}, EdgeColor -» Red}}], VertexNumber -» On] ;

(nnrt20 = DeleteEdges[nrt20, {{4, 8}}1):
ShowGraph[SetGraphOptions[nnrt20, {{4, 8, 3, 20, VertexColor - Green},
{{4, 8}, {3, 20}, EdgeColor - Red}}], VertexNumber -» On] ;
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AddVertex[nnrt20] //
ShowGraph[SetGraphOptions[#, {{4, 8, 3, 20, VertexColor - Green},
{{4, 8}, {3, 20}, EdgeColor -» Red}}], VertexNumber -» On] &;

DeleteVertex[nnrt20, 20] //
ShowGraph[SetGraphOptions[#, {{4, 8, 3, 20, VertexColor - Green},
{{4, 8}, {3, 20}, EdgeColor -» Red}}], VertexNumber -» On] &;




network-v16.nb
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(reg20 = GraphSum[CirculantGraph[20, 2], Cycle[20]]) // ShowGraph;

GraphDifference[reg20, Cycle[20]] // ShowGraph;
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s = InduceSubgraph[GridGraph[70, 70], RandomSubset[Range[4900]]1;
ShowGraph[s, VertexStyle -> Disk[0]];

InduceSubgraph[reg20, {1, 2, 3, 5, 10}] // ShowGraph;
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diameter) clustering coefficient

Diameter

ShortestPath

rg2004 = RandomGraph[20, 0.4]; ShowGraph[rg2004] ;

Mathematica

AllPairs-
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AllPairsShortestPath[rg2004] // MatrixForm

012112 2 2 2 22122112211

103 2 2 2 212 112 2 2 21212 2

2 3 011112 2 2 21122 2 2 2 2 2

12102 2 2 2111212122 2 21

1212 0212 2 2 3 21112 2 2 2 2

2 2122 012 212122 2 2112 2

2 212110112212 212111 2

212 2 2 2 102 212122 2 2 2 2 2

2 2 212 21202112 211121 2

212121222 01211222221

21 213 22111022 2 222221
1212 211212 202 3122121
2 21112 21212 201211111

2 2 2 212 2 2 212 310212 2 2 2

1221121212 212 20212 21

112 2 2 2 2 212 2 2112012 21

2 2 2 2 211212 2 21211012 2

212 2 2 112 2 2 2112 2 210 2 2
12 2 2 2 2 1 2 12 2 2 12 2 2 2 2 01

12212 2 2 2 211112112 2 10

AllPairsShortestPath[rg2004] // Flatten // Max

Flatten

Flatten

Max

Flatten

irsShortestPath[g]]]

Max[Flatten[AllPa

calcDiameter[g_] :

calcDiameter[rg2004]

ter, Table[RandomGraph([30, p], {50}111},

iame

Table[{p, Mean[Map[calcD

{p, 0.1, 0.9, 0.05}];

dlist

dlist // Short

{{0.1, »}, {0.15, w}, {0.2, »}, <11, {0.8, 2}, {0.85, 2}, {0.9, 2}}



network-v16.nb

ListPlot[dlist, PlotJoined -» True, PlotRange -» {{0, 1}, {0, 30}}1;

Graphics::gptn - {0.1, o} @
Graphics::gptn - {0.15, »} @
Graphics::gptn - {0.2, «} @
General::stop : Graphics::gptn

30 .
25 |

20 |

10 |

0.2 0.4 0.6
Diameter

Diameter

AllPairsShortestPath

Apply[Plus, Flatten[AllIPairsShortestPath[rg2004]11] /
(V[rg2004] % (V[rg2004] - 1)) // N

1.64737

calcMeanPath[g_Graph] :=
Apply[Plus, Flatten[AllPairsShortestPath[g]]] / (V[9] * (V[9] -1))



network-v16.nb

(mplist = Table[{p, Mean[Map[calcMeanPath, Table [RandomGraph[30, p], {50}111},
{p, 0.3, 0.9, 0.05}]1) // Timing

(36.641 Second, {{0.3, Tocos ], {0.35, 392231,
0.4, 220 fes, 222 fous, S (e, ot
(0-6. Jog7s |- (0-65. 7355 }- (0-7- Togze |- (0-75. Sr7eg )
(0-8. Tog7e )+ (085, 35755+ {09 Togre )}

ListPlot[mplist, PlotJoined -» True, PlotRange » {{0.3, 0.9}, {0, 3}}, Frame -» True];

3

2.5 i

0-5} ]

0.3 0.4 0.5 0.6 0.7 0.8 0.9
clustering coefficient k

K(k-1)/2 k
K(k-1)/2

adRg2004 = ToAdjacencyMatrix[rg2004] ;
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findOne = Position[adRg2004[[1]], 1] // Flatten

{2, 4,5, 12, 15, 16, 19, 20}

KSubsets[findOne, 2]

{{2, 4}, {2, 5}, {2, 12}, {2, 15}, {2, 16}, {2, 19}, {2, 20}, {4, 5},
{4, 12}, {4, 15}, {4, 16}, {4, 19}, {4, 20}, {5, 12}, {5, 15},

{5, 16}, {5, 19}, {5, 20}, {12, 15}, {12, 16}, {12, 19}, {12, 203},
{15, 16}, {15, 19}, {15, 20}, {16, 19}, {16, 20}, {19, 20}}

Extract[adRg2004, KSubsets[findOne, 2]]

{0, O’ O, 0’
1,0,1,0

1,0
,0,0

- o
oo
oo
-
oo
oo

k(k-1)/2

Apply[Plus, adRg2004]

| (8,6,6,8,6,6,10,4,8,7,6,8,11,4,8,7,7,6,5, 9}
k(k-1)/2

degrees = Map[# (#-1) /2 &, Apply[Plus, adRg2004] ]

| {28, 15, 15, 28, 15, 15, 45, 6, 28, 21, 15, 28, 55, 6, 28, 21, 21, 15, 10, 36}
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counts = Apply[Plus, Map[Extract[adRg2004, #] &, Map[KSubsets[#, 2] &,
Map[Flatten, Map[Position[#, 1] &, adRg2004], {1}1, {1}1, {1}1, {1}]

| {(9,3,6,11,5,7,15,1,9, 7,6, 11, 12, 3, 13,6, 9, 6, 3, 14}

MapThread[Divide, {counts, degrees}]

{i i 2 11 ¢ 1 1 9
28 5”2 5”28 3” 15” 3” 6’ 28°
i 2 11 12 1 13 2 3 2 3 7
3°5°28° 557 27 28° 7> 7> 5° 10° 18

Mean[MapThread[Divide, {counts, degrees}]] // N

| 0.352377

calcClusteringCoeff[g_] := Mean[MapThread[Divide,
{Apply[Plus, Map[Extract[ToAdjacencyMatrix[g], #] &, Map[KSubsets[#, 2] &,
Map[Flatten, Map[Position[#, 1] &, ToAdjacencyMatrix[g]l]l, {1}1, {1}1, {1}1,
{1}1, Map[# (#-1) /2 &, Apply[Plus, ToAdjacencyMatrix[g]]11}11];

calcClusteringCoeff[rg2004] // N

0.352377

(cflist =
Table[{p, Mean[Map[calcClusteringCoeff, Table[RandomGraph[30, p]l, {10}111},
{p, 0.4, 0.9, 0.05}]1) // Timing

{21.609 second, {{0.4, %;g—ég}’ {0.45, %}’
o, TETEy s, ST, g BT,
B, Sy g BEPCTE i g ST,
(0.8, SIS L ], {0.85, So2100022257 ) (0.9, aoB2259T0 1)
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ListPlot[cflist, PlotJoined -» True] ;

0.9 -

rgh = RandomGraph[30, 0.3] ;
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ShowGraph[rgh]
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| - Graphics -

IstGraph = Table[RandomGraph[30, 0.3], {1000}1];

Map[M, IstGraph] // Mean // N

| 130.456

Binomial [30, 2] *x0.3

| 130.5

Path

AllPairsShortestPath[rgh] // Flatten // Max

| 3



network-v16.nb

33

Map [Max[Flatten[AllPairsShortestPath[#]]] &, IstGraph] // Short

Small World Network

Small World Network Mathematica

Small world

Small World Watts  Strongatz
Small World Network

makeSymmetricalRegularGraph[n_, k_] :=
Apply[GraphSum, Map[CirculantGraph[n, #] &, Range[1l, k/2]1]

Edges[reg2004]

Edges|[reg2004]
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orig = makeSymmetricalRegularGraph[20, 4]; ShowGraph[orig, VertexNumber -» On]

| - Graphics -

func[g_, olditem_] :=
Module[ {newg, newitem, elist, n},
newg = g;
n=Vigl;
elist = Edges[newq] ;
While[MemberQ[elist,
(newitem = {Random[Integer, {1, n-1}], Random[Integer, {2, n}1})1] ||
(newitem[[1]] >= newitem[[2]])];
(* *)
AddEdges[DeleteEdges[newg, olditem], newitem]
1

Table[ShowGraph[func[orig, {2, 3}], VertexNumber -» On], {3}];
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Fold

Fold

Fold[func, makeSymmetricalRegularGraph[20, 4],
Edges[makeSymmetricalRegularGraph[20, 4]1]] // ShowGraph

LA

| - Graphics -



36

network-v16.nb

answerG[g_, item_] := If[Random[] < 0.05, func[g, item], g];

Small World

Fold[answerG, makeSymmetricalRegularGraph[20, 4],
Edges[makeSymmetricalRegularGraph[20, 4]1]] // ShowGraph

- Graphics -

makeSmal IWorld[n_, k_, p_] ==
Module[ {delandadd, ansG, makesymmetricalregulargraph},
makesymmetricalregulargraph[In_, Ik_] :=
Apply[GraphSum, Map[CirculantGraph[In, #] &, Range[1, 0lk/2]11;
delandadd[g_, olditem ] := Module[{newg, newitem, elist},
newg = g; elist = Edges[newg] ; While[MemberQ[elist, (
newitem = If[Random[] = 0.5, {olditem[[1]], Random[Integer, {1, n}]},
{Random[Integer, {1, n-1}], olditem[[2]]}]
Y1 1| (newitem[[1]] >= newitem[[2]])]; AddEdges[
DeleteEdges[newg, olditem], newitem]
1;
ansG[g_, item_] := If[Random[] < p, delandadd[g, item], g];
Fold[ansG, makesymmetricalregulargraph[n, k],
Edges[makesymmetricalregulargraph[n, k]]]

Table[makeSmal IWorld[20, 6, 0.1] // ShowGraph, {5}1;
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Timing[ (swglist =
Table[Table[makeSmal IWorld[1000, 8, p], {10}], {p, 0.0, 0.3, 0.05}1)1 // Short
{3639.5 Second,
{{-Graph:<4000, 1000, Undirected>-, <<8>, «<l1>1, «<6>1}}
dialst = Map[Diameter, swglist, {2}]; // Timing
| {13399.7 Second, Null}
Map [Mean, dialst]
56 89 15 31
(1%5. 5. 95+ 2+ 7+ 7+ 5 )
p
Small World
[ ] small world

small world
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ShowGraph[GridGraph[5, 5], VertexNumber - True]

B ¢ 5> ¢ >3 9 7P 559
6? 7 ¢ R g ok ¢ 509
1? 7 R 7 ¢ 59
6P 79 A 59 07
1@ >® 3@ 7® 5®
| - Graphics -
nxn in (in —4)
n n(n-1) +1 n(n-1) +n

Join[Table[ {51, 51 -4}, {i, 1, 5}], Table[{i, 5(5-1) +1i}, {i, 1, 5}]1

{{5, 1}, {10, 6}, {15, 11}, {20, 16},
{25, 21}, {1, 21}, {2, 22}, {3, 23}, {4, 24}, {5, 25}}

AddEdges[GridGraph[5, 5],
Join[Table[ {51, 5i -4}, {i,1, 5}], Table[{i, 5(5-1) +1i}, {i,1, 5}11]

-Graph:<50, 25, Undirected>-
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ToAdjacencyMatrix[GridGraph[5, 5]] // MatrixForm
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0 0 0O0OOOOOOOTI1I 0O0O0OI1O01O0O0OO0T1O0O0OQO0
0 0 0O0OOOOOOOOI1O0O0OO0OTI11O0OT1O0O0O0T1100O0
0 0 00 OOOOOOOOOI1I0O0O0O0I1IO0I1IO0O0O0OT1IO0
0 0 00 OOOOOOOUOOOTI11O0UO0O0ODTI1IUO0O0O0OQO0OTG0O?1
00 0O0OOOOOOOOOOOOTI 1 O0O0OO0ODO0ODO0ORILDO0O00O0
0 0 00 OOOOOOOUOOOOOTII 0O0OI11O0T1O00O0
0 0 00 OOOOOOOUOOOOOOI1LO0O0OO0OT1O0T1IO0
0 00OO0OOOOOOOOOOOOOOOI1LOo0O0O0OT11IOQO0T1
00 0O0OOOOOOOOOOOOOOOOILOo0O0O0O0OT1IO0
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1,531,

{i,

5i -4},

Join[Table[ {51,

1, 531111 // MatrixForm

ToAdjacencyMatrix[AddEdges[GridGraph[5, 5],

{,

5(B-1) +1},

Table[ {1,

601001100O0O0O0O0O0OOOOObOOOILO0OQO0O0OTGOO

1 01 00010O0O0OO0O0OO0OO0ODOOOOOOOIZLO0O0TGO
01 010O0O0O1O0O0OO0OO0OO0O0OO0ODO0OO0OO0OODUOOOTI1IO00O0
001 010O0O01O0O0OO0OO0O0O0ODO0ODO0OO0OO0ODTO0ODO0OO0OOQO0OTI1IO0

10 0 1 0 0OOOO1O0O0ODO0DO0ODO0ODO0ODO0OOOOOOGOTQ O?11
1 000O0OO0OI1ITO0O0OI11O0O0O0O0O0OO0OOOOTOOOOTDO
01 0001010O0OO0O01O0O0O0OO0O0OO0OOOOTOOTGOODO
0 0100O0O01010O0O01O0O0O0O0O0OLO0OO0OO0OTOOOTGOODO
0001 0O0OO0O1O01O0O0O01O0O0UO0O0ULTUO0OO0OOQO0OO0OOQO0OTG0OO
00 0O0O0110O010O0O0O0O0O0I1IO0O0O0LO0O0OO0OTO0OQO0UODOQO0OO
00 00O1O0O0OO0OO0ODO0OT11IO0O0OT1I1O0O0O0O0O0O0OQO0OTG0OSO
00 0O00OO1O0O0OO0OT1O0I1O0O0O0T1O0O0O0ODO0OTO0TGO0UTGO0OSO
00 00OOO11O0O0O0ODTI11O010O0O0I1O0O0OOQO0TG0TGO0CSGO0OO
0 00OOOOO11IO0O0OO0OLTI1O01O0O0OO0OLI1TO0OO0O0OTQO0OTGO0OTO
0 00OOOOOOT1110O01O0O0OO0OO0OLO0OLDI1TO0O0OQO0OQO0TO
0 00OOOOOOOOTI1I0OOOOI1O0O0OI11LT10000O0
0 00O0OOOOOOOOO?I1I0OO1O01O0O0OO0I1IO0OQO0TO0

0 0O 0OOOOOOOOOOI1I 0O0OO0O11TO01O0HO0O011O00O0
0 0 0OOOOOOOOOOOI1O0O0OO00I1O0OTI1ITO0O0OQO0T1IO0
0 0O 0OOOOOOOOOOOOI1I10O01O0O0O0O0OGO0T1
1 00 0O0OOOOOOOOOOOI1I O0O0OOO11LO0O0I12
01 00O0OOOOOOOOOODOLII o0O0OT1IO01O00O0
0 01 00 0OOOOOOUOOOOOOI1Lo0HO0OO0O11HO0T10O0
0 0 01 00O0OOOOOOUOOOOOOOTI1I 0o0O0O0T110O01
0 0 00O1O0O0O0OO0OOO0OUOODOOOOODOTILII1O0O0010O0

AddEdges[GridGraph[n, n],

makeRBCGraph[n_lInteger] :

{i, 1, n}11]

nn-1) +i},

, Table[ {1,

1, n}]

{i,

ni-(n-1)3,

Join[Table[ {ni,

small world
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makeSmal IWorldRBC[n_, p_] :=
Module[ {delandadd, ansG, targetG, makeRBCGraph, nVert, elist},
makeRBCGraph[In_Integer] :=
AddEdges[GridGraph[In, In], Join[Table[ {Ini, Ini - (In-1)}, {1, 1, In}],
Table[{i, In (In-1) +1i}, {i,1, In}]11;
targetG = makeRBCGraph[n] ;
elist = Edges[target(C] ;
nVert = V[targetG] ;
delandadd[g_, olditem_] := Module[{newg, newitem, elist},
newg = g; elist = Edges[newg] ; While[MemberQ[elist, (
newitem = 1'f[Random[] = 0.5, {olditem[[1]], Random[Integer, {1, nVert}]},
{Random[Integer, {1, nVert-1}], olditem[[2]]}]
)1 || (newitem[[1]] >= newitem[[2]])]; AddEdges|[
DeleteEdges[newg, olditem], newitem]
13
ansG[g_, item_] := If[Random[] < p, delandadd[g, item], g];
Fold[ansG, targetG, elist]
1

ShowGraph[makeSmal IWor 1dRBC[20, 0-2]]

A4

PP
r»’n:‘

v Y/,

,//1 &« \v\u o5

‘7/;‘ A\‘ "n‘\“v Sz

\\ S
»’ \/
N

Y\

A ."“27;?‘ N Y7

\\'/‘ !'A 'm?'wﬁ‘“«;_»: f' ‘s'l
“" S @ WNW

.ﬂwm?, o,

." /'/]VP.,(‘\ﬂ.p

.'

I\ /

Al
()

)

;" \:4( 44
" ‘b"/‘

«
I

.- ﬁ"
Y
X
“
51
\
\ ]

AR
A AN
-,
11'171/‘
;:I.: e VE\» g
1 - e
2y

>as A
RN
XN

.; J“\'\
",
1\

vy

1 7

o

S
": 1A
w4
.‘
N
N7 17
Vav !

7

—rer1 211 /

BViw"

&N
7 TALNN

‘IV.«Q ’/)' coh
% i

]

>

| - Graphics -



network-v16.nb

Table[Diameter [makeSmal IWor ldRBC[20, 0.6]1], {10}]

{9, 9,9, ©», 10, ©, @, ©, ©, ©}

Table[Diameter [makeSmal IWor 1dRBC[20, 0.2]], {10}] // Timing

(196.5Second, {9, 9,9, », 9,9, 9,9, », 9})

graphList =
Table[Table[calcMeanPath[makeSmal IWor1dRBC[20, p]], {20}], {p, 0-0, 0.3, 0.02}];

Map[Mean, graphList] // N

{10.0251, 7.61392, 6.84804, 6.34852, 6.06952, 5.79447, 5.61984,
5.4705, 5.36007, 5.23972, =, 5.1062, 5.04825, 4.99082, o, =}

I Scale Free Network

Barabasi and Albert Scale Free Network
Network
Growth
Mo , 1 m ( <mp) 1

Preferential Attachment

Ki i Oi = Ki / Y Ki

Scale Free Network k
P(k)
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scaleFreeNetwork[loop_Integer, mO_Integer: 3, m_Integer: 3] :=
Module[{g, addlst, addNewVertex},

(x - *)

addNewVertex[grph_Graph] := Module[ {selectPosition, n, problst, gr},

n=V[grph];
problst = Map[Total, ToAdjacencyMatrix[grph]] // #/ Total [#] & //
FoldList[Plus, 0, #] &;
selectPosition[prist _List] := Module[{rv},
(* *)
rv = Random[] ;
Position[prist,
First[Select[prist, GreaterEqual [#, rv] &, 117, 1]1[[1, 1]]1-1
1;
(xWeight *)
addlist = {};
While[Length[addlst] < m,
addlIst = (selectPosition[problst] //
IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
(» Print["Before"];
ShowGraph[grph]; =)
gr = AddVertex[grph, (n-m0) * {Random[], Random[]}];
AddEdges[gr, (Map[List[#, V[gr]] &, addlst])]
13
(* *)
(* mO *)
g = RandomVertices[MakeGraph[Range[mO], , Type -» Undirected]] ;
(* *)
addlist = {};
While[Length[addlst] < m,
addlst = (Random[Integer, {1, mO}] //
IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
g = AddVertex[g, {0, 0}1;
g = AddEdges[g, Map[List[#, mO + 1] &, addlst]];
(% *)
(» Table[g=addNewVertex[g], {loop-1}] x)
NestList[Evaluate[addNewVertex[#]] &, g, loop -1]
(* NestList Nest *)

m<my
Mo
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scaleFreeNetwork[loop_Integer, mO_Integer: 3, m_Integer: 3] :=
Module[{g, addlst, addNewVertex},
(» - *)
addNewVertex[grph_Graph] := Module[ {selectPosition, n, problst, gr},
n=V[grph];
problst = Map[Total, ToAdjacencyMatrix[grph]] // #/ Total [#] & //
FoldList[Plus, 0, #] &;
selectPosition[prist _List] := Module[{rv},
(* *)
rv = Random[] ;
Position[prist,
First[Select[prist, GreaterEqual [#, rv] &, 117, 1]1[[1, 1]]1-1
1;
(xWeight *)
addlist = {};
While[Length[addlst] < m,
addlIst = (selectPosition[problst] //
IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
(» Print["Before"];
ShowGraph[grph]; =)
gr = AddVertex[grph, (n-m0) * {Random[], Random[]}];
AddEdges[gr, (Map[List[#, V[gr]] &, addlst])]
13

(* *)

(* mO *)

g = CompleteGraph[mO] ;

(* mO=
1 - *)

addlist = {};

While[Length[addlst] < m,
addIst = (Random[Integer, {1, m0}] //
IF[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
g = AddVertex[g, {0, 0}1;
g = AddEdges[g, Map[List[#, mO + 1] &, addlst]];
(* *)
(» Table[g=addNewVertex[g], {loop-1}] x)
NestList[Evaluate[addNewVertex[#]] &, g, loop-1]
(* NestList Nest *)

1:

mp=3, m=1 100

reslst = scaleFreeNetwork[100, 3, 1];
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ShowGraph[Last[reslst]];

Map [ShowGraph[#, VertexNumber -» True,

reslst[[Range[1l, 100, 10]111:

PlotRange » {{0, 1}, {0, 1}}] &,
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mp=m=3 50

scaleFreeNetwork[50, 3, 3] // Last // ShowGraph

)/
D

105
</ 5 /

. - —
= I e. 74 ’ !I
\

7

| - Graphics -
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calcMeanPath[Last[reslst]]

7230
1751

| %% // N

| - Graphics -

pathlst = Map[calcMeanPath, reslst];

ListPlot[pathlst, PlotJoined » True, Frame - True];

1.5¢

0 20 40 60 80 100
100

Scale Free Network
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scaleFreeNetwork2[loop_Integer, mO_Integer: 3, m_Integer: 3] :=
Module[{g, addlst, addNewVertex},
(» - *)
addNewVertex[grph_Graph] := Module[ {selectPosition, n, problst, gr},

n=V[grph];
problst = Map[Total, ToAdjacencyMatrix[grph]] // #/ Total [#] & //

FoldList[Plus, 0, #] &;
selectPosition[prist_List] := Module[{rv, theta},

(* *)

rv = Random[] ;

Position[prist,

First[Select[prist, GreaterEqual [#, rv] &, 111, 1]1[[1, 1]]1-1

1;
(xWeight *)
addlist = {};
While[Length[addlst] < m,

addlIst = (selectPosition[problst] //

IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];

(» Print["Before"];

ShowGraph[grph]; =)
theta = 2 Pi Random([]; (% !!! *)
gr = AddVertex[grph, {Cos[theta], Sin[theta]}];

(* *)
AddEdges[gr, (Map[List[#, V[gr]] &, addlst])]
=

(* *)

(* mO *)

g = CompleteGraph[mO] ;

(* mO=
1 - *)

addlist = {};

While[Length[addlst] < m,

addIst = (Random[Integer, {1, mO}] //

IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];

g = AddVertex[g, {Cos[E], SIn[E]}]1; (=

g = AddEdges[g, Map[List[#, mO + 1] &, addlst]];

(* *)

(» Table[g=addNewVertex[g], {loop-1}] x)
NestList[Evaluate[addNewVertex[#]] &, g, loop-1]

(* NestList Nest *)

13
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ShowGraph[Last[scaleFreeNetwork2[50, 4, 3]111];
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51

scaleFreeNetwork3[loop_Integer, mO_Integer: 3, m_Integer: 3] :=
Module[{cnt, g, addlst, addNewVertex},
(» - *)

cnt = mO+1; (=* mo +1 - *)
addNewVertex[grph_Graph] := Module[ {selectPosition, n, problst, gr},
n=V[grphy;

problst = Map[Total, ToAdjacencyMatrix[grph]] // #/ Total [#] & //
FoldList[Plus, 0, #] &;
selectPosition[prist_List] := Module[{rv, theta},
(* *)
rv = Random|[];
Position[prist,
First[Select[prist, GreaterEqual [#, rv] &, 111, 11[[1, 11]-1
13
(xWeight *)
addlist = {};
While[Length[addlst] < m,
addlst = (selectPosition[problst] //
IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
(» Print["Before"];
ShowGraph[grph]; =)
(» theta=2 Pi Random[]; =) (% !!! *)
theta = 2.0Pi cnt / (mO + loop) ;
gr = AddVertex[grph, {Cos[theta], Sin[theta]}];
(* *)
cnt++; (* *)
AddEdges[gr, (Map[List[#, V[gr]] &, addlst])]
15
(* *)
(* mO *)
g = CompleteGraph[mO] ;
g = ChangeVertices|[g,
Table[{Cos[2Pi (i -1) / (mO+ loop)], Sin[2Pi (i-1)/ (mO+ loop)]}, {i, mO}1]1;
(* mO=
1 - *)
addlist = {};
While[Length[addlst] < m,
addlst = (Random[Integer, {1, m0}] //
IT[! MemberQ[addlst, #], Append[addlst, #], addlst] &)1];
g = AddVertex[g, {Cos[2.0Pi (cnt-1) / (mO+ loop)1],
Sin[2.0Pi (cnt-1) / (mO+ loop)1}1;
g = AddEdges[g, Map[List[#, mO + 1] &, addlst]];
(* *)
(» Table[g=addNewVertex[g], {loop-1}] x)
NestList[Evaluate[addNewVertex[#]] &, g, loop-1]
(* NestList Nest *)

1;




52

network-v16.nb

ShowGraph[Last[scaleFreeNetwork3[50, 3, 2]]1];

I Combinatorica

<< DiscreteMath™Combinatorica™

Grid

combinatorica
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(grph2d = GridGraph[10, 10]) // ShowGraph

- Graphics -
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(grph3d = GridGraph[10, 10, 10]) // ShowGraph
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| - Graphics -
Conbinatorica

s = InduceSubgraph[grph2d, RandomKSubset[Range[100], 80]1];
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ShowGraph[s] ;

L ®
 J —
L 4 L 4
L 4 L 4
L 4 O—
L L 4
L 4 L J
@ o N

RandomKSubset

Table[ShowGraph[ InduceSubgraph[grph2d, RandomKSubset[Range[100], i]]1],
{i, 10, 90, 5}1;
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randomSwap[sourcelst _List] :=
Module[{newlst = {}, restlst = sourcelst, randomlst},
randomlst = Map[Random[ Integer, {1, #}] &, Reverse[Range[Length[sourcelst]]]];
addAnddel [{nl_List, rl_List}, loc_Integer] :=
{Append[nl, ril[[loc]]], Delete[rl, loc]};
Fold[addAnddel, {newlst, restlst}, randomlst] // First
1

randomSwap [Range [20] ]

(8, 13, 18, 12, 9, 6, 11, 15, 17, 16, 5, 14, 1, 4, 20, 2, 7, 3, 19, 10}

randomSwap[{a, b, c, d, e}]

{c, e,a,d, b}

(randomSwap [Range [200]] // Sort) == Range[200]

True
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randomSwap[Range[10]] // Table[#[ [Range[1]]], {i, 10}] &

{{6}, {6, 5}, {6, 5,1}, {6,5,1, 10}, {6,5,1, 10, 9},

(6,5,1, 10,9, 2}, {(6,5,1, 10, 9, 2, 8}, {6, 5, 1, 10, 9, 2, 8, 3},

{6,5,1,10,9, 2,8, 3, 4}, {6,5,1,10,9, 2,8, 3,4, 7}}

sublst = randomSwap[Range[V[grph2d]]] 7/ Table[#[[Range[i]]], {i, V[grph2d]}] & ;

glst = Map[ InduceSubgraph[grph2d, #] &, sublst];

Map [ShowGraph, glst[[Range[1, V[grph2d], 5]]111;
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(g = DeleteEdges[grph2d, RandomKSubset[Edges[grph2d], 54]1) // ShowGraph;

— L

._
o— 9
L 9
L 4
L @

Length[Edges[grph2d]]

| 180
ConnectedQ
False
ConnectedQ
0) (ii)

(iii)

ConnectedQ
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Map [ConnectedQ, glst]

{True, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False,
False, False, False, False, False, False, False, False, False,

True, True, True, True, True, True, True, True, True, True, True,
True, True, True, True, True, True, True, True, True, True, True}

True ... ConnectedQ
Rest

| ((Cases[Map[ConnectedQ, glst], False] // Length) +1) / (glst // Length) // N

| 0.78

makeConnectionSequence[grph_Graph] := Module[ {randomSwap, sublst},
randomSwap[sourcelst_List] :=
Module[{newlst = {}, restlst = sourcelst, randomlst},
randomlst = Map[Random[ Integer, {1, #}] &,
Reverse[Range[Length[sourcelst]]]];
addAnddel[{nl_List, rl_List}, loc_Integer] :=
{Append[nl, rl[[loc]]], Delete[rl, loc]};
Fold[addAnddel, {newlst, restlst}, randomlst] // First
1:
sublst = randomSwap[Range[V[grph]]] // Table[#[ [Range[i]]], {i, V[grph]}] &;
Map [ InduceSubgraph[grph, #] &, sublst]
1

Table[
( (Cases[Map[ConnectedQ, makeConnectionSequence[grph2d]], False] // Length) +1) /
(glst // Length) // N, {10}]

{0.78, 0.81, 0.84, 0.74, 0.94, 0.75, 0.61, 0.8, 0.81, 0.77}
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ShowGraph[GridGraph[10, 10], VertexNumber -» True, PlotRange -» All];

10 x 10 10(i-1) +1  10i i 10x(10-1)+i

Join[Table[{10 (i -1) +1, 10#&}, {i, 10}], Table[{i, 10 (10-1) +1i}, {i, 10}]1]

{{1, 10}, {11, 20}, {21, 30}, {31, 40}, {41, 50}, {51, 60},
{61, 70}, {71, 80}, {81, 90}, {91, 100}, {1, 91}, {2, 92}, {3, 93},
{4, 94}, {5, 95}, {6, 96}, {7, 97}, {8, 98}, {9, 99}, {10, 100}}

g = AddEdges[GridGraph[10, 10], %23]

| AddEdges|[-Graph:<180, 100, Undirected>-, - Graphics -]

Map [ConnectedQ, makeConnectionSequence[d]]

makeConnectionSequence [
ConnectedQ[AddEdges[-Graph:<180, 100, Undirected>-, - Graphics -]]]

False
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Table[ ( (Cases[Map[ConnectedQ, makeConnectionSequence[g]], False] // Length) +1) /
(glst // Length) // N, {20}]

{0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, O.01,
0.01, 0.01, 0.01, 0.01, 0.01, 0.01, 0.01, O.01, 0.01, 0.01}

makeRepeatedBoundaryGrid[n_Integer] := AddEdges[GridGraph[n, n],
Join[Table[{n (i1 -1) +1, ni}, {i, n}], Table[{i, n(n-1) +1}, {i, n}]]]

Table[
( (Cases[Map[ConnectedQ, makeConnectionSequence[makeRepeatedBoundaryGrid[20]]],
False] // Length) + 1) / (2072) // N, {10}] // Timing

{142.797 Second, {0.7575, 0.7825, 0.84,
0.7525, 0.805, 0.6925, 0.7775, 0.9025, 0.7625, 0.8025}}

(res = Table[Table[
( (Cases[Map[ConnectedQ, makeConnectionSequence[makeRepeatedBoundaryGrid[
i]]]1, False] // Length) +1) /
(in2) // N, {100}1, {i, 5, 50, 5}1); // Timing

$Aborted

I network

Hauert and Doebeli
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Combinatorica

{{2
(2

{3
{2
{3
{5
{3
{1

SN2 VA3 v i
MRS

<< DiscreteMath™Combinatorica™

rg2004 = RandomGraph[20, 0.4]; ShowGraph[rg2004, VertexNumber -» True] ;

L/

XK
AV
AN
[ N

‘\
11/.

adjacencies = ToAdjacencyLists[rg2004]

,4,6,12, 18, 19}, {1, 3, 4, 10, 11, 12, 20},
, 4,8, 13, 17, 18, 19, 20}, {1, 2, 3, 9, 12, 13, 20},

(10, 13, 14, 15, 16}, (1, 10}, (8, 9, 11, 12, 13, 14, 17, 18},

, (,9,12, 14, 16, 19, 20}, {4, 7, 8, 18, 20},

, 5, 6,13, 14, 17, 18, 19}, {2, 7, 16, 20}, {1, 2, 4, 7, 8, 13, 15, 16},
,4,5,7,10, 12, 15}, {5, 7, 8, 10, 15, 16, 17, 19, 20},

, 12, 13, 14, 18}, {5, 8, 11, 12, 14, 17, 18},

, (, 10, 14, 16, 18}, {1, 3, 7, 9, 10, 15, 16, 17, 19, 20},

, 3,8, 10, 14, 18}, {2, 3, 4,8, 9, 11, 14, 18}}

vartex
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adjacencies[[5]]

{10, 13, 14, 15, 16}

Thread f

Thread[f[5, adjacencies[[5]] 1]

strategy payoff

strategy 0 Cooperation 1 Betray

strategy = Table[Random[Integer], {V[rg2004]}]

{1,0,0,1,1,0,0,1,1,1,1,1,1,1,0,0,1,0,1, 1}

payoff 0 1 cost-benefit ratio

| payoffia ,b ,r_:1.0] :=I1f[a=0, If[b==0, 1, -r], If[b=0, 1+r, 0]]

| Table[Table[payoff[i, j, r], {i, 0, 1}, {J, 0, 1}] // MatrixForm, {r, 0.1, 0.4, 0.1}]

(a0 lia o Jliso )liao N

calcBenefit[x_Integer, y Integer] := payoff[strategy[[Xx]], strategy[[y]], 0-4]

Apply[Plus, Thread[calcBenefit[5, adjacencies[[5]] ]] ] /Length[adjacencies[[5]] ]

0.56
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benefitList = Table[Apply[Plus, Thread[calcBenefit[i, adjacencies[[1]] 1] 1/
Length[adjacencies[[1]]], {i, V[rg2004]}]

{0.7, -0.2, -0.05, 0.4, 0.56, -0.4, -0.225, 0.525, 0.56, 0.525, 1.05,
0.7, 0.6, 0.466667, -0.12, -0.2, 0.933333, 0.16, 0.466667, 0.525}

degs = Degrees[rg2004]

| {6,7,8,7,5,2,8,8,5,8,4,8,7,9,5,7,6, 10, 6, 8}

| Table[Random[Integer, {1, degs[[5]11}], {50}]

5’ 4’

{3’ 3! 1’ 1’ 1’ 4, 1’ 1’ 4’ 2’ 1! 2’ 4’ 4! 1’ 5, 4! 4’ 2, 3’ 5’ 5, 2’ 1’
1, 3’ 3, 4, 5! 4, 5’ 2’ 3’ 5’ 5’ 3, 2’ 2’ 3, 4, 1’ 4, 3, 5, 2, 5, 4’ 4}

newStrategy[x_] := Module[{diff, cbr =0.4},
diff = benefitList[[Random[Integer, {1, degs[[x]]1}]1]] - benefitList[[x]];
If[diff>0,
IF[diff/ (1 +2cbr) > Random[], 1 - strategy[[x]], strategy[[x]]], strategy[[Xx]]]

Table[newStrategy[i], {i, V[rg2004]}]

{1,0,0,1,1,0,0,1,12,1,1,1,1,1,0,0,1,0, 1, 1}

cost-benefit ratio Combinatorica
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finalform[g_Graph, n_Integer, cbr_:0.4] :=
Module[{adjacencies, degs, strategies, benefitList, newStrategy},
(* *)

Needs["'DiscreteMath™Combinatorica™]; (» Combinatorica *)
adjacencies = ToAdjacencyLists[g]; (* *)

degs = Degrees[g]; (* *)

strategies = Table[Random[Integer], {V[g]1}]; (* *)

payoffla , b ] :=1f[a==0, If[b=0, 1, -cbr], If[b=0, 1+cbr, 0]];
(* *)
calcBenefit[x_Integer, y Integer] := payoff[strategies[[X]], strategies[[y]]];
(* X y *)
newStrategy[x_] := Module[{diff},
diff = benefitList[[Random[Integer, {1, degs[[x]]1}]1]] - benefitList[[X]];
If[diff>0, IFf[diff/ (1+2cbr) > Random[],
1 - strategies[[X]], strategies[[X]]], strategies[[X]]]
15 (% - %)
strategiesUpdate[dummy_] = Module[{},
benefitList = Table[Apply[Plus, Thread[calcBenefit[i, adjacencies[[1]]]]11]/

degs[[1]1], {1, V[9]1}]; (= *)
strategies = Table[newStrategy[i], {i, V[g]1}]; (* *)
1-Apply[Plus, strategies] /V[g]
15 (* dummy FixedPointList *)

(* *)
Table[strategiesUpdate[0], {n}]

(» FixedPointList[strategiesUpdate,0,n] =x)
1

grph = RandomGraph[2000, 0.3]

-Graph:<598681, 2000, Undirected>-
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ListPlot[finalform[grph, 40, 0.5], PlotJoined - True,
PlotRange -» {Automatic, {0, 1}}, Frame - True]

1

0.8¢

0 10 20 30 40

| - Graphics -

grph = Wheel [2000]

| -Graph:<3998, 2000, Undirected>-

ListPlot[finalform[grph, 40, 0.5], PlotJoined -» True,
PlotRange -» {Automatic, {0, 1}}, Frame - True]

1
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- Graphics -
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