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Abstract. The aim of this paper is to find an optimal replacement of equipment in the warehouse of the company. Real
data for the machines are used and are processed with appropriate software. The mathematical model is made for this
problem as problem for the shortest path from graph theory. The solution is made by Bellman's principle.

INTRODUCTION

Many technical, research and managerial tasks can be formulated and solved as tasks for analysis and
optimization of networks. These include for example the design of highways of the oil and gas pipelines in such a
way that the cost of construction of the object to be minimal, the creation of electrical equipment and installations
with a minimum length of cable connections, or determining the shortest path between two villages at a set road
network. Widespread use first in electrical engineering and construction, network methods and models play an
important role in the planning of production, processing and transportation processes. They are a handy tool for
analysis and synthesis of structures - technical, manufacturing, information, social and others.[1]+[7]

The aim of this paper is to find an optimal replacement of equipment in the warehouse of the company. Real data
for the machines are used and are processed with appropriate software. The mathematical model is made for this
problem as problem for the shortest path from graph theory. The solution is made by Bellman’s principle and
software lingo.

DESCRIPTION OF THE PROBLEM

In the warehouse purchased new machines for the production. In the company will be introduced new production
system after N years and these machines will no longer be needed. Nevertheless, the expenses of operation and
maintenance increase over time - due to amortization. It may be more profitable a machine to be replaced with a new
first or second or etc. (N-1)" years. Persons expert mechanical engineers have identified net expenses, related to the
purchase of a new machine in particular i year, i=1,2,..,N-I and replacement through ;" year, j=2,3,...,N. Let
purchased machines are n number for each of these experts has identified net expenses in the tables:

Applications of Mathematics in Engineering and Economics (AMEE’16)
AIP Conf. Proc. 1789, 020022-1-020022-10; doi: 10.1063/1.4968443
Published by AIP Publishing. 978-0-7354-1453-2/$30.00

RIGHTSE LI MN iy 020022-1



TABLE 1. Net expenses for each machine, k=1,2,...,n
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The aim of the problem is to determine when each of the machines to be replaced with a new one, so that the
total expenses of the first to the N year for maintenance to be minimal. So the problem can be described through a
network of graph theory. Each year compares corresponding vertex and arc length dj; comparing the costs of the

machine, k=1,2,...,n, i=1,2,...,N-1, j=2,3 ...,N. It is necessary to determine the shortest path from / to N for each of
the machines.
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FIGURE 1. The graph describe the expenses yearly for machine &, k=1,2,...,n

The principle of Bellman is attached to each machine to find optimal and replacement as criteria is used minimal
expenses from the first to the N year for the maintenance. [8]+[10]

The principle of Bellman states: each stage is optimal - at every stage of solving the problem of the shortest path
leading to optimality. [8]+[10]
A function of Bellman is introduced with recurrent formula:

fkj:nﬁn{d/cj+ﬁci}ai<ja(i,j)€D,k=1+n (1)

For each machine f,, = f, .,k =1+n, f, . the minimum net expenses. [8]+[10]
For each machine shortest route is: [8]+[10]

FIGURE 2. The years of replacement - i, ,,i,,...k =1+n
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FOR EXAMPLE

Many technical, research and managerial tasks can be formulated and solved as tasks for analysis and The
mathematical model is applied in the warehouse of the company for processing of secondary raw materials. The
production line consists of the company have /6 machines, for which are given net expenses (bgn) for maintenance
from the /*' to the 7" year:

Machine 1

Machine 2, Machine 8

60438 120876 211514 273952 334390 425028
- 60438 120876 211514 273952 334390
- - 60438 120876 211514 273952
- - - 60438 120876 211514
- - - - 60438 120876
- - - - - 60438

Machine 3
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Machine 4

1160 2740
580 1160
- - 580 1160 2740 3320
- - - 580 1160 2740
- - - - 580 1160
- - - - - 580

Machine 5

Machine 6, Machine 9

1750 2625
875 1750
- - 875 1750 2625 3800
- - - 875 1750 2625
- - - - 875 1750
- - - - - 875

Machine 7, Machine 10, Machine 12

1180 1770 2360
590 1180 1770
- - 590 1180 1770 2360
- - - 590 1180 1770
- - - - 590 1180
R R R - R 590
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Machine 11

1200 2400
- 1200
- - 1200 2400 3600 5100
- - - 1200 2400 3600
- - - - 1200 2400
- - - - - 1200

Machine 13

9765 14420 17675

- 3255 6510 9765 14420 17675

- - 3255 6510 9765 14420

- - - 3255 6510 9765

- - - - 3255 6510

R R R - - 3255

Machine 14, Machine 16

500 750
- 250 500 750 1000 1250
- - 250 500 750 1000
- - - 250 500 750
- - - - 250 500
- - - R R 250

Machine 15

1680 2520
- 840 1680 2520 3360 4200
- - 840 1680 2520 3360
- - - 840 1680 2520
- - - - 840 1680
- - - - - 840
TABLE 2. Net expenses (bgn) for each machine
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So entered data were processed with software lingo: [1]

Machine 1

Foco v T

Fle Edit LNGO Window Help

Dlelg|s| || 2|2 o BlREwE| &wlE 2

Model:
Seta:
¥/1..7/:path;
TN e T G BP0 (el LR Bt 5 B b R il VPR e d ) bl i SR B et O A R Wyl M e e o G
Endsets
Max=path(7)-path(l);
@For (Arca(i,j) :path(j)<path(i)+dist(i,j));

Data:
dist=220,440,750,970,1190, 3500, 220, 440,750, 970, 1190, 220, 440, 750, 970, 220, 440, 750, 220, 440, 220;
Enddata
Endl
- Machine 2, Machine 8
B} NGO - NGO Mo

Fle Edt LNGO Window Help

Dle|a(8] +[=[@] 2|2 vieo| BREE 2[3]E 208

Model:

Seta:

V/1..7/:path;

7N s Q00 1 [P s B Lt BTt (Rl i e el Uit ol el A0 W e A i LTS BT ot M R Rl i s 1

Endsets

Max=path (7)-path{l);

@For (Ares(i,]) :path(j)<path(i)+dist(i,j)):

Data:

dist=60438,120876,211514,273552,334350,425028,60438,120876,211514,273552, 334350, 60438, 12087%,

211514,273952, 60438, 120876, 211514, 60438,120876, 60438,

Enddata

End

Machine 3

13 unco- o e - T T

Fle Edit LINGO Window Help

Dzl|8| =@ o2 vle| sRIBERE 2B/ 2

Model:

Sets:
V/1..7/:path;
78 o= B e I B0 e B S L ot BN e B S e S8 ol P bt by A e SR A v A R L BT M A et e B e
Endsets
Max=path(7)-path(1);
@For (Arca(i,j) :path(j)<path(i)+dist(i,3)):
Data:
dist=260,520,870,1130,1390, 3740, 260, 520,870,1130,1390, 260,520, 870,1130, 260,520,870, 260, 520, 260;
Enddata
End
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- Machine 4
I3 uvco- G0 odel- i T
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Model:

Seta:

V/1..7/:path;

FN ot 0 B R s s B T oot B Bl FE s Bl ety S W o s B B S WA sl o el b L L e

Endseta

Max=path(7)-path(l);

@For (Arcs(i,j) :path({j)<path(i)+dist(i,])):

Data:
dist=580,1160,2740,3320,3900, 5480, 580,1160,2740, 3320,3900, 580, 1160, 2740, 3320, 580, 1160,2740, 580, 1160, 580;

Enddata

Enﬂ

Machine 5

o i

B File Edt (NGO Window Help

Dlgldla] 1|28l )2 vlde| Bl2ElE| 2ol o)

Model:
Seta:
¥/1..7/:path;
Arca(v,v)/1,21,31,41,51,61,72,32,42,52,62,73,43,53,63,714,54,64,75,65,786,7/:dist;
Endsets
Max=path(7)-path(l);
@For (Arca(i,]) spath(j)<path(i)+dist(i,]));
Data:
dist=2010,4020,6030, 8340,10350,12360, 2010, 4020, 6030, 8340, 10350, 2010, 4020, 6030, 8340, 2010, 4020, 6030, 2010, 4020,2010;
Enddata

End

- Machine 6, Machine 9
o o T

File Edit NGO Window Help

0[e(a|8] [=[@] 22| Yelo| BFIAIE 2le/E 28

Model:
Sets:
V/1..7/:path;
TN st 0 1 e B 0 B Bk Tt e s NP Tl e b VR i T B SR e BT ol R sy (A s
Endsets
Max=path(7)-path(l);
@For (Arca(i,j) :path({j)<path(i)+dist(i,j));
Data:
dist=8175,1750, 2625, 3800,4675,5550,875,1750,2625,3800,4675,875,1750, 2625, 3800, 875,1750, 2625, 875,1750, 875;
Enddata
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Machine 7, Machine 10, Machine 12

LINGO - [INGO Mode! - MM
Fle Edt LNGO Window Help

D8 5|=@ 2| Yol BlklEE BwlE 1

Model:
Sers:
V/1..7/:path;
Arcs(v,V)/1,2 1,3 1,41,51,6 1,7 2,3 2,4 2,5 2,6 2,7 3,4 3,5 3,6 3,7 4,5 4,6 4,7 5,6 5,7 6,7/:dist;
Endsets
Max=path(7)-path(l);
@For (Arce(i,]) :path(j)<path{i)+dist(i,])):
Data:
dist=590,1180,1770,2360, 2950, 3540,590,1180,1770,2360,2950, 590,1180,1770, 2360, 590,1180,1770, 550, 1180, 590;
Enddata

End

Machine 11

B3 ico-vc0 e - T T

Fle Edit LNGO Window Help
Dl&g|a] ¢ [2(]] 2z Yo B/r| 2wl= 7|

hudel:
Sets:
V/1..7/:path;
FN o o o G LT L B e ol b el e o e 5 e e b e LS U S G e i e o
Endsets
Max=path(7)-path(l);
@For (Arcs(i,j) :path(j)<path(i)+dist(i,]));
Data:
dist=1200,2400,3600,5100, 6300, 7500, 1200, 2400, 3600, 5100, 6300, 1200, 2400, 3600, 5100,1200, 2400, 3600, 1200, 2400, 1200;
Enddata

End

Machine 13

Bueo- o e T T

B Fie Edt UNGO Vindow Hep

D8] A=l 2l vlpfo| BIEEE| 2wl o)W

Hodel:
Sets:
V/1..7/ :path;
13t 03 e ot ol 0 s N oo R At Lo Wl S T o o G T o
Endzets
Max=path(7)-path(1);
@For (Rrcs(i,]) :path(j)<path(i)+dist(i,i));
Data:
dist=3255,6510,9765,14420,17675, 20930, 3255, 6510, 9765, 14420, 17675, 3255, 6510, 9765, 14420, 3255, 6510, 9765, 3255, 6510, 3255;
Enddata

End
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Machine 14, Machine 16

I3} LINGO - [INGO Mode

File

Edit LNGO Window Help
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Model

Endl

Sets:

V/1..7/:path;

F.Ngeds Al s B B i T Rl BT ol S e i e R S i T il A T R ot b e B M R B s R T D e

Endsets

Max=path(7)-path(1);

@For (Arcs(i,j) :path(j)<path(i)+dist(i,])):

Data:
dist=250,500,750,1000,1250,1500,250,500,750, 1000, 1250, 250,500,750, 1000, 250,500, 750, 250, 500, 250;

Enddata

Machine 15

B3] inco- 1.

File Edit LINGO Window Help
DllB|S] 4[=(@] 2| Yo BEER 2o/= 2]
Model:

Sets:

V/1..7/:path;
Arcs(V,V)/1,2 1,3 1,4 1,5 1,6 1,7 2,3 2,4 2,5 2,6 2,7 3,4 3,5 3,6 3,7 4,5 4,6 4,7 5,6 5,7 &,7/:dist;
Endsets
Max=path (7)-path(l):
@For (Arcs(i,]j):path(j)<path(i)+dist(i,j}));
Data:
dist=840,1680,2520, 3360, 4200, 5040, 840, 1680, 2520, 3360, 4200, 840, 1680,2520, 3360, 840, 1680, 2520, 840, 1680, 840;
Enddata

End
FIGURE 3. Solution of the problem in lingo
Results
Machine Min expenses Years of replacement Machine Min expenses Years of replacement
Ml 1320 1—>3—5-7 M9 5250 1—4—7
M2 362628 ]—3—5—7 MI10 3540 1—7
M3 1560 1—3—5—7 M1 7200 1—4—7
M4 3480 1—>3-55-7 MIi2 3540 1—7
M5 12060 1—4—7 MI3 19530 1—4—7
M6 5250 1—4—7 M4 1500 1—7
M7 3540 1—7 MI5 5040 1—7
M8 362628 1—3—5—7 MIi6 1500 1—7

TABLE 3. The optimal replacement of equipment

The overall minimum expenses are 799 566 (bgn).
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CONCLUSION

The mathematical model can be applied for the replacement of various types of equipment in companies from
different sectors of the economy. The problem could be described by a model of linear optimization, but the specific
structure makes reasonable use of special networking methods and algorithms to solve - due to the large number of
constraints and variables in them.
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