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Overview

e

A network is an arrangement of paths connected at various
points through which one or more items move from one
point to another.

it

The network is drawn as a diagram providing a picture of
the system thus enabling visual interpretation and
enhanced understanding.

it

A large number of real-life systems can be modeled as
networks which are relatively easy to conceive and
construct.
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Network Components (1 of 2)

# Network diagrams consist of nodes and branches.
# Nodes (circles), represent junction points, or locations.
¥ Branches (lines), connect nodes and represent flow.
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Network Components (2 of 2)

b1

Four nodes, four branches in figure.

2

“Atlanta”, node 1, termed origin, any of others destination.

-1

Branches identified by beginning and ending node numbers.

;l =!:'

Value assigned to each branch (distance, time, cost, etc.).

Nashville

O :
3

Atlanta

Memphis

Figure 12.1
Network of Railroad Routes
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The Shortest Route Problem
Definition and Example Problem Data (1 of 2)

# Problem: Determine the shortest routes from the origin to
all destinations.

Salt Lake City o5 Des Moines

Denver 14
16
17

Phoenix

St. Louis

Los
Angeles

Dallas

Figure 12.2
Shipping Routes from Los Angeles
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The Shortest Route Problem
Definition and Example Problem Data (2 of 2)

QO = O
12 14

35 o 19
O s 7
9 17

14
0 = g

16

Figure 12.3
Network of Shipping Routes
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The Shortest Route Problem
Solution Approach (1 of 8)

= Determine the initial shortest route from the origin (node 1)
to the closest node (3).

16
16 35 Permanent set Branch Time
35 ° {1} 12 16
14 35
1-3 9

Figure 12.4
Network with Node 1 in the Permanent Set
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The Shortest Route Problem
Solution Approach (2 of 8)

% Determine all nodes directly connected to the permanent
set.

o Permanent set Branch Time

35 1, 3} 12 |16]
5 1-4 35
0* 9 3—4 24
3-6 31
22
9 O

Figure 12.5
Network with Nodes 1 and 3 in the Permanent Set
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The Shortest Route Problem
Solution Approach (3 of 8)

% Redefine the permanent set.

16

Permanent set Branch Time

{1, 2, 3} 1-4
2—4
2—5
3—4

O

Figure 12.6
Network with Nodes 1, 2, and 3 in the Permanent Set
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The Shortest Route Problem
Solution Approach (4 of 8)

41

31

38
43

# Continue
Permanent set Branch Time
16

{1, 2, 3, 4} 2-5

O

4-5

14 4-7

19 4-6

31

Figure 12.7
Network with Nodes 1, 2, 3, and 4 in the Permanent Set

Chapter 12 - Network Flow Models

41

il



The Shortest Route Problem
Solution Approach (5 of 8)

# Continue

Permanent set Branch Time

{1, 2, 3, 4, 6} 2-5 41

*

16 . -
" 4-5 |38
4-7 43
6-7 45

19

14

; O

31

Figure 12.8
Network with Nodes 1, 2, 3, 4, and 6 in the Permanent Set
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The Shortest Route Problem
Solution Approach (6 of 8)

# Continue

Permanent set Branch Time

{1,2,3,4,5,6} 4-7
6—7
o—7

Figure 12.9
Network with Nodes 1, 2, 3, 4, 5, and 6 in the Permanent Set
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The Shortest Route Problem
Solution Approach (7 of 8)

% Optimal Solution

16

16

n 9
0 O

9
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Figure 12.10
Network with Optimal Routes from Los Angeles to All Destinations
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The Shortest Route Problem
Solution Approach (8 of 8)

% Solution Summary

Total
From Los Angeles to: Route Hours
Salt Lake City (node 2) 1-2 16
Phoenix (node 3) 1-3 9
Denver (node 4) 1-3-4 24
Des Moines (node 5) 1-3-4-5 38
Dallas (node 6) 1-3-6 31
St. Louis (node 7) 1-3-4-7 43

Table 7.1

Shortest Travel Time from Origin to Each Destination
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The Shortest Route Problem
Solution Method Summary

Select the node with the shortest direct route from the
origin.

L

L

Establish a permanent set with the origin node and the
node that was selected in step 1.

L

Determine all nodes directly connected to the permanent
set nodes.

L

Select the node with the shortest route (branch) from the
group of nodes directly connected to the permanent set
nodes.

oL

Repeat steps 3 and 4 until all nodes have joined the
permanent set.
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The Shortest Route Problem
Computer Solution with QM for Windows (1 of 2)

W efivart Ee
& Undirected
" Directed

"==H Metworks RBesults

it

[y

ﬂ 1

|

[Mestimatiar

ﬂ 7

=tagecoach Shipping Company Solution

There are mare results available
it additional windows. These may
be opened by uzing the

=10] x|

Total distance = 43 Start node End niode Distance Cumulative

Distance
Loz Angeles to Phoenix 1. 3. 9. 9.
Fhoenix to Denver 3. 4. 15, 24
Denwver to =t. Louis q. T. 19. 43,
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The Shortest Route Problem

Computer Solution with QM for Windows (2 of 2)

(Destination node)

fe |lndirecled
" Directed

"5.. Networks Resulis

Stagecoach Shipping Company Solution

Instruction
There ara rare results available in
additional windows, These may be
opened by using the wWiINDOW option in

Total distance = 35

End node

Distance

Cumulative
Distance

Los .ﬂ.ngeles to Phoenizx

9.

9.

Phoenix to Derver

15.

24

Denver to Des koines

14.

3.
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The Shortest Route Problem
Computer Solution with Excel (1 of 4)

Formulation as a O - 1 integer linear programming problem.

x; = 0 if branch i-] is not selected as part of the shortest route
and 1 if it is selected.

Minimize Z = 16X, + 9X45 + 39X, + 12X,, + 25X,5 + 15X5, +
22Xq5 + 14X,5 + 17X, + 19X, + 8X57 + 14X,

subject to: X4, + X453 + X4,= 1
X1 = Xg4 = Xo5 = 0
X13 = X34 = X36 = 0
X1g F Xoq F X34 = X5 X456 = X47 = 0
Xo5 + X45 = X57 = 0
X35 + X46 = X7 = 0
Xg7 + Xs7 + Xg7 = 1 xij=Oor1

Chapter 12 - Network Flow Models 19



The Shortest Route Problem
Computer Solution with Excel (2 of 4)

Ed Microsoft Excel - Exhibit7.3 D@

Ele Edt Wiew Insert Format Tooks Data Window Help _|=| x|

FEHLS SRV IBRT - @ T fo2d E D8 - 7).

Arial ~10 - B J O ESEHSB %, WAEE|E-d-A
F1g | = SSUMPRODUCT(AE AT FE:F17)

Click on “Tools”
to invoke "Solver".

W”’ C D E F G H [ J el
Total hours tagecoach Shipping Company: Shortest Route Problem Il
2
3
4 | Sedect Distance
5 | Branch | Nods Lty Mode City {fours) Nade  |Network Flaw
B 1 Loz Angelas 2 Salt Lake City 1B 1 0
ﬂjecision w// 1 Los Angeles 3 Phoenizx 9 P il \
" EH] i Log Angeles 4 Denver 25 3 / C
Qarlabh’a‘s J 9 2 | Salt Lake City | 4 Denver 12 4 0
10 2 | SaltLake City | & Des Maines 28 5 0
11 3 Phoenix 4 Denver 15 B 0
12 3 Phoenix B Dallas 22 7 0
13 4 Denver 5 Des Maines 14
14 4 Denver 5] Dallas 17
15 4 Denver 7 St. Louis 12
16 5 Des Moines 7 St. Louis 8
17 b Callas 7 St Lowvis 14
18 | Totai O
19
20
Constraint for node 2; First constraint;
-~ A6-A9-A10 - A6+A7+A8
Exhibit 12.3
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The Shortest Route Problem
Computer Solution with Excel (3 of 4)

Solver Parameters

Set Target Cell: gy Solve
Equal To: (" Max * Mn (" Walue of: |IZI Close
0 - <l By Changing Cells:
n r \Y/
e Truck leaves [$a3e:pAb17 = o
node 1 and one truck TR e
dbject fo [he _onscraincs: H
ends at node 7. — _gptens_|
836517 = Integer | Add
$436: 48517 >= 0 A e
\i:'$1$12 =1 Change
$I$El =1 b
$187:41511 = 0 | _ Dske B
Help
Exhibit 12.4
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The Shortest Route Problem
Computer Solution with Excel (4 of 4)

A Microzolt Excel - Ch7-Stagecoach. xls

| &) Fie Edt View Insert Fomat oo Data Window ek ETES
=2 = iP=1r-%-3 S @ A AL i o )
| arial -0 - B ZUS=E=E($€%, B EE DA,
1= v = =AS+AO+ATT-A13-AT4-A15

A | B C | D | E F G H [ =
1 | Stagecoach Shipping Company: Shortest Route Problem —
2
3
4 | Select Listance
5 | Branch | MNode ity Modle by {hours) Mode | Metwork Flow
6 | 0 1 Los Angeles 2 Salt Lake City 16 1 1
7 1 1 Los Angeles 3 Phoenix 9 2 a
o 0 1 Los Angeles 4 Denver 35 3 0 |
9 0 2 | Salt Lake City | 4 Denver 12 4 i I
10 0 2 | Salt Lake City | 5 Des Moines 25 5 0
11 1 3 Fhoenix 4 Denver 15 b 0
12 0 3 FPhoenix b Dallas 22 7 1
13 0 4 Dernver 5 Des Moines 14
14 0 4 Danver b Dallas 17
15 1 4 Derver 7 St Louis 19
16 0 5 Des Moines 7 ot Louis 8
17 0 =) Dallas 7 =t Louis 14
18 Total 43

Exhibit 12.5
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The Minimal Spanning Tree Problem
Definition and Example Problem Data

# Problem: Connect all nodes in a network so that the total
branch lengths are minimized.

o .-

12
16 8

14
s )
o . v @
17
B - "’

22

Figure 12.11
Network of Possible Cable TV Paths
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The Minimal Spanning Tree Problem
Solution Approach (1 of 6)

= Start with any node in the network and select the closest
node to join the spanning tree.

o .-

12
16 8

o
. 0

17

O

Figure 12.12
Spanning Tree with Nodes 1 and 3

14
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The Minimal Spanning Tree Problem
Solution Approach (2 of 6)

= Select the closest node not presently in the spanning area.

0 = o

12

16 8

I T

14

17
14

22

Figure 12.13
Spanning Tree with Nodes 1, 3, and 4
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The Minimal Spanning Tree Problem
Solution Approach (3 of 6)

# Continue

16 8

I T

14

17
14

22

Figure 12.14
Spanning Tree with Nodes 1, 2, 3, and 4
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The Minimal Spanning Tree Problem
Solution Approach (4 of 6)

# Continue

19

Figure 12.15

Spanning Tree with Nodes 1, 2, 3, 4, and 5

14

22

Chapter 12 - Network Flow Models 27



The Minimal Spanning Tree Problem
Solution Approach (5 of 6)

# Continue

O

Figure 12.16
Spanning Tree with Nodes 1, 2, 3,4, 5,and 7
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The Minimal Spanning Tree Problem
Solution Approach (6 of 6)

% Optimal Solution

22

Figure 12.17
Minimal Spanning Tree for Cable TV Network
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The Minimal Spanning Tree Problem
Solution Method Summary

Select any starting node (conventionally, node 1).

L

Select the node closest to the starting node to join the
spanning tree.

i L

L

Select the closest node not presently in the spanning tree.
Repeat step 3 until all nodes have joined the spanning tree.

L
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The Minimal Spanning Tree Problem
Computer Solution with QM for Windows

= Starting nede fanterations

M N

=, Hetworks Beszults

Inztruction
|7There are more rezults available in additional windows. Theze may be opened by uzing the WIHDOW aption in the
\ EETRE R

=10] x|

Chapter 12 - Network Flow Models

hetro Cable Television Company Salution
Branch name Start node End node Ciost Inciuce iZost
1 1. 2. 1E.
2 1. 3. 9. by 9.
3 1. 4, 34,
4 2. 4, 12. by 12
5 2. 5. 25,
G 3. 4, 15, by 15,
7 3. G. 22
a 4. 5. 14. by 14,
q 4, 6. 17,
10 4, 7. 149,
11 5. 7. 8. by 3.
12 E. 7. 14, by 14,
Total T2
Exhibit 12.6
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The Maximal Flow Problem
Definition and Example Problem Data

#* Problem: Maximize the amount of flow of items from an
origin to a destination.

©

4
6 0
Input o 4 0 Output
S —>
! 0
Omaha St. Louis

Figure 12.18
Network of Railway System
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The Maximal Flow Problem
Solution Approach (1 of 5)

= Arbitrarily choose any path through the network from origin
to destination and ship as much as possible.

Figure 12.19
Maximal Flow for Path 1-2-5-6
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The Maximal Flow Problem
Solution Approach (2 of 5)

= Re-compute branch flow in both directions and then select
other feasible paths arbitrarily and determine maximum flow
along the paths until flow is no longer possible.

Figure 12.20
Maximal Flow for Path 1-4-6
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The Maximal Flow Problem
Solution Approach (3 of 5)

# Continue

Figure 12.21
Maximal Flow for Path 1-3-6
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The Maximal Flow Problem
Solution Approach (4 of 5)

# Continue

Figure 12.22
Maximal Flow for Path 1-3-4-6
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The Maximal Flow Problem
Solution Approach (5 of 5)

% Optimal Solution

4
; Q
0
0 4
2 3 4
QO 0
15 —» —p 15
0
1 3 6
7 6

Figure 12.23
Maximal Flow for Railway Network
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The Maximal Flow Problem
Solution Method Summary

= Arbitrarily select any path in the network from origin to
destination.

= Adjust the capacities at each node by subtracting the
maximal flow for the path selected in step 1.

L

Add the maximal flow along the path to the flow in the
opposite direction at each node.

L

Repeat steps 1, 2, and 3 until there are no more paths with
available flow capacity.
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The Maximal Flow Problem
Computer Solution with QM for Windows

Caurze Stk r Instruction
] E There are mare rezulbs available in addi_tin:nnal win_u:lcuws. Theze may be
I:ﬂ _I ﬂ ﬂJ ﬂ apened by using the WINDOW ophion in the Main Menw.
=, Metworks Rezults - |O] =]
oottt Tractor Company Salution
Branch name Start node End node Capacity Feverse Flioyy
capacity
Maximal Metweork Flow 15,
1 1. 2. G. 0 5
2 1. 3. 7. 0 G
3 1. 4, 4. 4 4
4 2. 4. a. 3 4
o 2. 3. a. 0 4
B 3. 4. 2. 2 0
T cH E. E. 0 E
o 4. G. o, 0 =
9 . . 4. 0 4
Exhibit 12.7

Chapter 12 - Network Flow Models



The Maximal Flow Problem
Computer Solution with Excel (1 of 4)

I; = flow along branch i-j and integer
Maximize Z = Xg4

subject to:
Xg1 = Xq2 = X43 = X154 = 0
X1 = Xo4 = Xo5 = 0
X1 = X34 = X35 = 0
X1q F X4 + Xo5 - X456 = 0

Xo5 = X5 = 0

X35 T X465 T X56 = Xg1 = 0

X415 <6 Xp4 <3 Xz < 2
X13< 7 Xo5 < 8 X35 < 0
Xq4 < 4 Xg5 <O Xz < 4
Xl X; 2 0
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The Maximal Flow Problem
Computer Solution with Excel (2 of 4)

EA Microsoft Excel - Exhibit7. B MG
Objecnve_ @Eile Edit Wiew Insert Formab Tools Dats Wwindow Help -|=] x|

maximize flow
from node 6

FESSLY BRI - @ = A& 2 Zm P e - 3.

Al -0 - B7U S=ESE|8 %, @% EEL-2-A

A B =] D E F G H I J K L M
\ 1 |Scott Tractor Company: Maximal Flow Problem B
. 2
Constraint at 3 &
. 4 | Branch | Branch | Branch Metwork
node 1" 5 Modes Flow | Capacity MNods \F|DW
=C15-C6-C7-C8) |6 17z B 1 N0
7 3 7 2 0
g | 1 4 4 3 0
9| 2 4 3 4 0
0] 2 5 a8 5 0
1] 3 4 2 5 0
. . 12] 3 B B
Decision 1945 f
3 L 5| 4
variables e e
16 | Tota/[_ 0
17
18
Exhibit 12.8
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The Maximal Flow Problem
Computer Solution with Excel (3 of 4)

Solver Parameters E]E]
Set Target Cell: Solve
E;yuaclh:-:ging c:"“s:ma:-: CMin O valueof: |0 Ean
[$c46: 40415 %, Guess
Flow into and out of s Bl oL Options
nodes must equal 4550545 EImh AR <l add
each other. \\igigigiﬁ :T:I'J Change —r
= Delete o
Exhibit 12.9
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The Maximal Flow Problem
Computer Solution with Excel (4 of 4)

Fd Microsoft Excel - Ch7-MaxFlow.xls
2] File Edit Yiew Insert Fgrmat Took Data Window Help -5 x|

DEE sy %2

S @ E A AL B o -0,

| Aia -0 - B U EESHSE€%, BUEE DA,
C16 -] =| =C15
A B ¢ | D E | F c [ H L K | L =
1 |Scott Tractor Company: Maximal Flow Problem —
2
3
4 | Branch | Branch | Branch [Metworl
5 Modes Flow | Capacity Mode Flow
B 1 2 4 B 1 0
! 1 3 ! 7 2 0
& 1 4 4 4 3 0
8| 2 4 a 3 4 a
10 2 5 4 5 5 0
1 3 4 1 2 B 0
12| 3 B B B
13| 4 B 5 5
14| 5 b 4 4
15| b 1 15 17
16 Fotarf 15 1
17
18
Exhibit 12.10
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The Maximal Flow Problem
Example Problem Statement and Data (1 of 2)

= Determine the shortest route from Atlanta (node 1) to each
of the other five nodes (branches show travel time between

nodes).

= Assume branches show distance (instead of travel time)
between nodes, develop a minimal spanning tree.
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The Maximal Flow Problem
Example Problem Statement and Data (2 of 2)
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The Maximal Flow Problem
Example Problem, Shortest Route Solution (1 of 2)

Step 1 (part A): Determine the Shortest Route Solution

1. Permanent Set Branch Time
{1} {1 [9]
1-3 )
1-4 T4
2. {1,2} 1-3 [5]
1-4 7
2-5 11
3. {1.2:3} 1-4 [7]
2-5 11
3-4 /
4. {1,2,3,4} 4-5 10
4-6 [9]
By {1,2,3,4,6} 4-5 [10]
6-5 13

6. {1,2,3,4,5,6)
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The Maximal Flow Problem
Example Problem, Shortest Route Solution (2 of 2)

2
5 7

o -

o
O ~
3 o
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The Maximal Flow Problem
Example Problem, Minimal Spanning Tree (1 of 2)

The closest unconnected node to node 1 is node 2.

L

ne closest to 1 and 2 i1s node 3.

i L

ne closestto 1, 2, and 3 is node 4.

L

ne closest to 1, 2, 3, and 4 is node 6.

oL

ne closestto 1, 2, 3,4 and 6 is 5.

T
4 4 4 4 -

ne shortest total distance is 17 miles.

L
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The Maximal Flow Problem

Example Problem, Minimal Spanning Tree (2 of 2)
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