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1 UVOD

Rozvrhovani vyroby je soucésti
procesu kapacitniho planovani, jehoz
hlavni t€zist€ spocivd v optimalnim

rozdéleni vyrobni kapacity mezi jednotlivé
vyrobky a zatizeni [1], [2].

Vyrobni kapacita v provozech pro
vyrobu vypalki z tlustych plechti zavisi na
vykonu  zékladniho  technologického
zafizeni, kterym jsou palici stroje. Vyrobni
sortiment palicich stroji je dan zejména
kombinaci rozméri atvart vypalki, coz
predstavuje vice nez desitky tisic
vyrobnich  polozek. V zéavislosti na
vyrobnim sortimentu vSak muze vykon
jednotlivych stroji kolisat ve velmi velkém
rozmezi. Spodni hranice tohoto rozmezi se
blizi nékolika kilogramim za hodinu,
zatimco horni hranice ¢asto dosahuje
nékolika tun za hodinu. Zpracovani
rizného vyrobniho sortimentu tak vyrazné
ovliviiuje vyrobni kapacitu téchto provozi.

Sou€asny  pfistup  k rozvrhovani
vyroby, ktery je aplikovan v uvedenych
provozech, je zaloZzen na velmi hrubych
heuristikach. Diky tomu dochédzi pomérné
asto k situacim, kdy nejsou plné vyuzity

vyrobni kapacity nebo, naopak, neni
mozné pozadované mnozstvi vyroby
zpracovat Vv ramci disponibilniho

vyrobniho ¢asu. Diky této skuteCnosti
nejsou plnény jak finanéni a objemové
ukazatele vyroby, tak pozadované terminy
expedice.

Cilem vyzkumu autort je najit takovy
algoritmus v oblasti kapacitniho planovani
provozii pro vyrobu vypalki ztlustych
plechi, ktery umozni optimalizaci
rozvrhovani  vyrobnich  zakdzek na
jednotlivé palici stroje a eliminaci vyse
uvedenych problému.

Jako hlavni metodologické pristupy
byly pro navrh tohoto algoritmu zvoleny:
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1 INTRODUCTION

Production scheduling is a part of the
capacity planning process, whose main
centre lies in the optimum split of the
production capacity for single products and
pieces of equipment [1], [2].

The production capacity in operations
producing heavy plate cut shapes depends
on the producing ability of the basic
technological machines, which are the
flame-cutting machines. The product range
of the flame-cutting machines is primarily
stated by a combination of the sizes and
shapes of the cut shapes, which represent
as many as numerous thousands of product
items. Based on the product range, the
producing ability of the single flame-
cutting machines may, however, move
within a very large range. The lower limit
of this range is close to only few kilos per
hour, whereas the upper limit normally
achieves several tons per hour. Processing
of various product ranges thus significantly
affects the production capacity of the
operation.

The present approach to the
production scheduling, applied in the
mentioned operations, is based on very
rough heuristics. Therefore, situations
when the production either does not fill the
production capacity or makes it impossible
to reach the required amount within the
usable production time are very often. Due
to this fact, the required financial and
volume indexes are not achieved in the
production, and as a result the work order
completion dates are not fulfilled too.

The objective of the authors’ research
is to find such algorithm in the area of
capacity planning in operations for the
production of cut shapes from heavy plates
which would enable optimizing the
schedule of work orders for single flame-
cutting machines and eliminating the
above-defined problems.

The following main methodological
approaches were selected for the designed
algorithm:
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e Zobecnéna piifazovaci uloha e Generalized Assignment Problem
(Generalized Assignment Problem / introduced by Ross and Soland [3].
GAP) definovana Rossem a Solandem Ferland [4] and Oncan [5] have
[3]. Celkovy piehled a diskusi presented a general overview and
piifazovacich tuloh a jejich zobecnéni discussion of  assignment type

uvadgji Ferland [4] a Oncan [5].

e Metoda planovani pomoci ndraznikd
(buffers) vymezena Goldrattem v jeho
Teorii omezeni (Theory of Constraints)
[6].

Bliz§i popis metodologického ramce
kapacitntho plénovéani v provozech pro
vyrobu vypalki z tlustych plechi je mozné
nalézt v publikaci [7].

2 NAVRH ALGORITMU

Vytvofeny  algoritmus  vyzaduje
vstupni data z nasledujicich oblasti:

1. Operativni planovani:

o T —délka planovaciho obdobi (dny).

o t, — expediéni néraznik (dny).
Expediéni néraznik udava casovy
predstih, ktery by mél ochranit termin
expedice proti moznému zpozdéni
vyrobnich zakdzek ve vyrobé. Pfi
uréovani velikosti expedi¢niho
narazniku je vzdy nutné posoudit
nédklady na udrZzovani narazniku
a mozné dopady jeho vycerpani.

2. Vyrobni zakazky uréené k vyrobé:

n — pocet vyrobnich zakazek.

o m, — hmotnost i-té¢ vyrobni zakazky

o}

t).

o (tj — termin expedice i-t¢ vyrobni
zakazky.

o a — S8itka vypalku i-t¢ vyrobni
zakazky (m).

o b — délka vypalku i-t¢ vyrobni
zakazky (m).

o d, — tloustka vypalku i-té vyrobni
zakazky (m).

o p, —cena i-t€ vyrobni zakazky (€).
o v, — variabilni naklady i-t¢ vyrobni
zakazky (€).
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problems and their generalizations.

e The technique of planning by means of
buffers defined by Goldratt in his
Theory of Constraints [6].

A more detailed description of the
methodology frame of the capacity
planning in operations for the production
of cut shapes from heavy plates can be
found in the publication [7].

2 THE ALGORITHM DESIGN

The created algorithm requires
entry data from the following areas:

1. Operational planning:

o T - length of the planning period
(days).

o t, — supplying buffer (days). The
supplying buffer determines such
timing in advance which should
sufficiently protect the supplying date
against any eventual delay in
production. When determining the
above-mentioned supplying buffer, it is
always required to consider the costs of
the buffer maintenance and the
eventual consequences of the “buffer
over-utilization”.

2. Work orders intended for production:

o n —number of work orders.

o m, —weight of the i -th work order (t).

o t, — supplying date of the i-th work
order.

o a, — cut shape width of the i-th work
order (m).

o b, — cut shape length of the i-th work
order (m).

o d, — cut shape thickness of the i-th

work order (m).
o p, — price of the i-th work order (€).
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3. Vyrobni a kapacitni moznosti provozu:

o m — pocet palicich stroji, které ma
provoz k dispozici.

o P, —vykon j-tého paliciho stroje pii
zpracovani i-té zakazky (t - hod™). K

urCeni P, lze doporu€it postup pro

analyzu plovoucich
v hutni vyrob¢ [8].

uzkych  mist

o C, - nomindlni cas j-t€ho stroje
(min), tj. kalendaini ¢as C, (min)
snizeny  onevyrobni ¢as  dany

nepracovnimi dny.

o pg — Cas planovanych prostoji ;-t¢ho
stroje v % nominélniho ¢asu.

ok, —koeficient sménnosti.

o a

» — maximalni Sitka vypalku, kterou
je mozné zpracovat na j-tém palicim
stroji (m).

o b, —maximalni délka vypalku, kterou
je mozné zpracovat na ;-tém palicim
stroji (m).

o d, —maximdlni fezna tloustka ;j-t¢ho
paliciho stroje (m).

Algoritmus pro rozvrhovani vyroby

v provozech vyrabéjicich vypalky

z tlustych plechti zahrnuje 13 kroki:

1. Vypocet predpokladaného terminu
dokonceni vyrobnich zakazek:

tw =ty —t, (1)

t, — predpokladany termin
dokonceni i-t¢  vyrobni  zakazky,
I=1520Ke n
2. Vybér vyrobnich zakazek S

predpokladanym terminem dokonceni
t,; v planovacim obdobi 7 .

3. Sefazeni ziskaného souboru zakazek
podle  predpokladaného  terminu
dokonceni v sestupném pofadi.

palicich stroji, které jsou

schopny zpracovat pozadované vyrobni

zakdzky. Duvodem pro nezafazeni
urCité vyrobni zakazky k palicimu
stroji. mohou byt vypalky rozméra
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o Vi — variable costs of the -th work

order (€).

3. Production and capacity potential of
the operation:

o m —number of flame-cutting machines
available for the operation.

o P, — producing ability of the ,-th
flame-cutting machine when
processing the i-th work order (t -
hour™). For determining P;, we can
recommend a procedure for analyzing
floating bottlenecks in metallurgical
production [8].

s B o nominal time of the j-th
machine (min), i.e. calendar time C,
(min) reduced by the amount of time
resulting from breaks by virtue of
nonworking days.

o pg —time of planned downtimes of the

j -th machine in % of nominal time.
ok, —shift working coefficient.

a,, —maximum width of the cut shape

which can be processed on the j-th
flame-cutting machine (m).

o b, —maximum length of the cut shape
which can be processed on the j-th
flame-cutting machine (m).

o d, — maximum cutting thickness of
the j-th flame-cutting machine (m).

Algorithm for production
scheduling in operations producing heavy
plate cut shapes includes 13 steps:

1. Calculate the expected completion date
of production orders:

Ly =l —1y (1)
v — expected completion date of the

i -th work order,
i=1,2.K,n

2. Select the work orders

t

with the

expected completion date " which is
within the planning period 7.

t
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presahujicich plochu pracovniho stolu
paliciho stroje nebo vypalky s tloustkou,
kterd nemiize byt zpracovdvana urcitou
technologii paleni. Vyrobni zakazka tak
nemuze byt zpracovana na palicim stroji,
pokud neni splnéna alesponn jedna
z nasledujicich podminek:

e @)
b; > by 3)
d; >d, 4)

i=1,2,K n, j=1,2K . m
5. Ur€eni c¢asu zpracovani vyrobnich
zakdzek na jednotlivych palicich
strojich vztazené¢ho na tunu produkce.
Pokud bude mozné vyrobni zakézku
zpracovat na daném palicim stroji, lze
uvedeny Cas zpracovani vypocitat dle
vztahu:
_60
ARE

)

— Cas zpracovani i-té¢ vyrobni

t

t
i
zakdzky na j-tém palicim stroji

vztazeny na tunu produkce (min - t

Y, i=1,2,K ,n, j=1,2,K,m
6. Stanoveni disponibilniho ¢asu palicich
stroju:
C, = CJ(I —ﬁJk.‘ (6)
100
Cy disponibilni ¢as j-tého

paliciho stroje (min), j=1,2,K ,m

7. Vymezeni kritéria pro optimalizaci
rozvthu vyrobnich zakazek na palici
stroje v daném plénovacim obdobi T.
V praxi se jako optimaliza¢niho kritéria
vyuziva objem vyroby (v tunach), coz
vSak negarantuje maximalizaci
ekonomického efektu vyroby. Proto
bylo navrzeno ekonomické Kkritérium
v podobé jednotkového piispévku na
thradu:

¢ =P =V (7)

¢, — prispévek na uvhradu i-té

vyrobni  zakizky (€ - t1),
i=1,2,K,n

8. Sestaveni analytického modelu

prifazovaci ulohy, tj. urCeni zakladni

proménné modelu, souboru:
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omezujicich  podminek  a ucelové
funkce:

Sort the obtained files by the expected
completion date in ascending order.
Determine the flame-cutting machines
which are able to process the required
work orders. The reasons for the non-
completion of the given work order on
a flame-cutting machine may include
cut shapes with a size and/or length
exceeding the usable surface of the
cutting table or cut shapes with a
thickness that cannot be processed by
the stated cutting technology. That is
why the production order can not be
processed on the flame-cutting
machine unless at least one of the
following conditions is satisfied:

Gt )
b; > by, 3)
e )

i=1L2,Ki,n;, j=L2K,m
Determine the processing time of work
orders on the single flame-cutting
machine related to a ton of product. If
the work order can be implemented on
the flame-cutting machine, the
processing time is calculated according
to:
_60

L P

; )

t;, — processing time of the i-th

work order on the j-th flame-
cutting machine related to a ton of
product (min - t"), i=1,2,K ,n,
j=L2K ,m
Determine the usable time of the
flame-cutting machines:

Lot
C,I-—Cj[l lOOJkS (6)

C, — usable time of the j-th flame-

cutting machine (min), j=1,2,K,m
Define the criteria for optimizing the
schedule of work orders for flame-
cutting machines in the period 7. In
practice, the volume of production (in
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o zékladni proménna modelu: «x

i
mnozstvi  i-t¢  vyrobni zakazky
pfifazené k j -tému palicimu stroji (t),

o omezeni tykajici se disponibilniho ¢asu
palicich stroji — celkovy ¢as potfebny
k vyrobé jednotlivych vyrobnich
zakdzek na j-tém palicim stroji
nemuze piekrocit disponibilni ¢as C,

(min):
n
2 t%y S Gy ®)
1=l
j=1,2K,m

o omezeni dané¢ hmotnosti vyrobnich
zakazek — soucet dil¢ich hmotnosti i -té
vyrobni zakazky piifazené
k jednotlivym palicim strojim nemtze
prekrocit celkovou hmotnost vyrobni
zakazky m,, (t):

m

AR ©)
J=1

I=1L25Ke=n

o podminky nezapornosti:

x; 20 (10)
o ucelova funkce pro maximalizaci

celkového prispévku na uhradu (€):

maxzn:ic,xu (11)

i=1 j=1

9. Optimalizace sestaveného modelu —
k praktickému feSeni modelu je vhodné
vyuzit  dostupného  programového
vybaveni. K feSeni uloh mensiho
rozsahu je mozné vyuzit tabulkovy
kalkulator (napf. doplnék Resitel
kalkulatoru MS  EXCEL) nebo
statisticky software (napf. Matlab).
V piipadé velkého mnoZstvi vyrobnich
zakdzek (omezeni) je nutné vyuzit
specializovany  software  (seznam
tohoto software je uveden v publikaci
[9D.

10. Vypocet ¢asi zpracovani vyrobnich
zakazek piifazenych palicim strojim:

ty =ty -x;(12)

t,, — Cas zpracovani i-té vyrobni

zakazky na j-tém pélicim stroji

(min), i=1,2,K ,n, j=1,2K ,m
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tons) is used as an optimization
criterion but it does not ensure
maximization of the economic effect as
for the reached capacity plan.
Therefore, an economic criterion was
proposed as the wunit contribution
margin:
Cr =P (7)
¢, — contribution margin of the i-th work
order (€ - t']), i=1,2,K,n

8. Compile an analytical model of the
assignment task, i.e. determine the
basic variable of the model, the set of
constraints and the objective function:

o basic model variable: x; — volume of

the i-th work order assigned to the ;-
th flame-cutting machine (t),

o constraint by the usable time of the
flame-cutting machines — the total time
consumed for the production of single
work orders on the ;-th flame-cutting

machine must not exceed its usable
time C, (min):

Z 1;%; < C; (8)
i=]

Jj=L2,K , m

o constraint by work order weight — the
sum of the partial weights of the i-th
work order assigned to the single
flame-cutting machines must not
exceed the total work order weight m_,

(®:

Z X; Smy ©)
J=1

=125 K

o conditions for non-negativity:

x; 20 (10)

o the objective function for maximization
of the total contribution margin (€):

max > S cx, (11)

=1 j=1

9. Optimize the compiled model — for a
practical solution, it is suitable to use
the available program tools. When
resolving a small-size task, the
spreadsheet (such as MS EXCEL
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¢asového
stroju

11. Sestaveni
pélicich

rozvrhu prace
vychéazejici  z Casi

ey ; Py
zpracovani # a disponibilniho ¢asu

palicich stroju Con
12. Verifikace plnéni expediénich termind
(neprekroceni expedi¢niho nérazniku).

13. Provedeni  kapacitntho  vyvazovani
v ptipadé, Zze pozadavky na vyrobni
kapacitu (vymezené mnozstvim
vyrobnich zakézek s pozadovanym
terminem dokonceni v daném

planovacim obdobi) nejsou v souladu
s dostupnou vyrobni kapacitou.

3 REALIZOVANE EXPERIMENTY

Vytvoreny algoritmus byl
verifikovan na vstupnich datech ziskanych
z konkrétniho provozu pro vyrobu vypalki
ztlustych plecht. Rozhodujici udaje
vyuzivané pii verifikaci algoritmu je
mozné shrnout néasledujicim zpisobem:

1. Operativni planovani:
Planovaci obdobi je 7=7 dnt.

Expediéni néaraznik je stanoven na ¢ =3

dny.
2. Vyrobni zakazky urcené k vyrobé:

V daném planovacim obdobi je
potieba  zpracovat 7=17  vyyrobnich
zakazek (A — Q) s parametry uvedenymi v
tabulce 1.
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utilizing the Solver addition) or
statistical software (such as Matlab)
should be sufficient. In the case of a
large number of orders (constraints),
then use specialized software (the list
of the specialized software is provided
in the publication [9]).

10. Calculate the processing times of the
work orders allocated to the flame-
cutting machines:

ty =t,j~x,-j(12)

by processing time of the /-th work

J -th flame-cutting
I=12,K ;n

order on the

machine

j=1,2,K ,m
11. Compile the time schedule for work

using the flame-cutting machines based

(min),

on the processing times "2 and usable

time of the flame-cutting machines Gy

12. Verify the fulfilment of the supplying
dates (not exceeding the supplying
buffer).

13. Carry out the capacity balancing in the
case that the requirements of the
production capacity (given by the
volume of work orders with the
required completion date in the given
planning period) are not compliant with
the available operational capacity.

3 EXPERIMENTAL WORK

The created algorithm was verified
using the entry data acquired from a
concrete operation producing heavy plate
cut shapes. The decisive data used in
algorithm verification can be summarized
the following way:

1. Operational planning:
The planning period is 7=7 days.
The supplying buffer is set at ‘¢ = : days.
2. Work orders intended for production:
n=17 work orders (A — Q) with the
parameters presented in table 1 need to be
processed in the given planning period.
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Tab. 1 Parametry vyrobnich zakdzek pouZitych pri verifikaci vytvoreného algoritmu
Table 1 Parameters of the work orders used during the verification of the created algorithm

Zakazka | m.; (1) Lo L ¢, (€t
A 31,3 5.1 281, 53,85
B 175,71 10. 1. 7205 107,69
C 243.0 6. 1. 1. 46,15
D 73,4 8. 1. Sl 123,08
E 1143 10. 1 a8l 73,08
F 268.9 9.1 617 46,15
G 97,9 10. 1. Tals 153,85
H 54,6 6. 1. Sl 84,62
| 102,5 Al 4.1, 82,69
J 46,1 il 4.1. 115,38
K 19,5 4. 1. ol s 34,62
IE 97,9 Shlls 201t 44,23
M 419,6 Il 4.1. 48,08
N 211,8 9. 1. 6. 1. 121,15
) 23,8 10. 1. Tl 42,31
e 59,2 9l 6. 1. 348,08
Q 11,1 Nl 6. 1. 326,92

Celkem 2 050,5 = - <

3. Vyrobni a kapacitni moZnosti provozu:
Provoz zahrnuje =5 pélicich
stroji (I. — V.) pracujicich nepretrzité

(/‘-" =]). Nominalni ¢as a ¢as planovanych

prostoji je uvazovan pro vSechny stroje
Cy=10080 . — p,=20 o

stejny: 4
Disponibilni ¢as palicich strojii je tak

Cy=8064 hin. Tabulka 2 zahrnuje vykon

jednotlivych pélicich stroji pfi zpracovani

danych vyrobnich zakazek Fi: Symbol “x”

vyjadiuje skutecnost, Ze vyrobni zakéazka
nemuze byt na daném stroji zpracovéna.

V ramci realizovanych experimentil
byly zkoumany tii varianty:

Varianta 1: Rozvrhovani vyrobnich

zakazek na zakladé vykonu PU, tj. bez
pouziti navrzeného algoritmu. Uvedeny
zpuisob je pouzivan v praxi. Vyrobni
zakazky jsou prfifazovany na ty pélici
stroje, které zpracuji zakazku nejrychleji (s
nejvyssim vykonem). Cilem je
maximalizace objemu vyroby (v tunach).

Varianta 2:  Aplikace  vytvoreného
algoritmu za predpokladu, ze je jako
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3. Production and capacity potential of
the operation:

The operation consists of m=5
flame-cutting machines (I. — V.) running
continuously (4, =1). Nominal time and
time of planned downtimes is considered
to be the same for all the machines:
C, =10080 min, p, =20 %. Usable time

of the flame-cutting machines is therefore
C, =8064 min. Table 2 includes producing

nj

ability of single flame-cutting machines to
process the given work orders P, . Symbol

“x” expresses the fact that the work order
can not be processed on the given machine.

Three options were researched
within the scope of the experimental work:
Option 1: Scheduling the work orders on
the basis of producing abilityp,, ie.

without using the devised algorithm. This
method is used in practice. The work
orders are assigned to those flame-cutting
machines which will processes the order
the fastest way (with the highest producing
ability). The objective is the maximization
of the volume of production (in tons).
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Expedi¢ni naraznik 7, ve vys$i 3 dni je tak
schopen plné eliminovat riziko nedodrzeni
expedi¢nich termind. V ptidech, kdy je
zakazka vyrobena drive, vSak dochazi ke
zvySeni zasob hotové vyroby. Z tohoto
pohledu lze uvazovat o  snizeni
expedi¢niho narazniku.

Pii kone¢né verzi rozvrhu vyroby by vsak
bylo nutné ovéfit, zda nedojde
k nedodrzeni expedi¢nich termind wu
strategickych zakaznikt podniku.

period). The supplying buffer " of 3 days
is therefore able to fully eliminate the risk
of not keeping the supplying dates.
However, in cases when an order is
produced ahead of schedule, there is an
increase in finished production stock. From
this point of view, the cut of the supplying
buffer can be taken into consideration.

It was necessary to verify, for the final
version of the production schedule, that the
supplying dates of the strategic customers
of the company will be kept.

Tab. 4 Srovnani objemu vyroby a ekonomického efektu pro uvazované varianty
Table 4 Comparison of volume of production and the economic effect for the intended options

Ukazatel Varianta 1 Varianta 2 Varianta 3
Objem vyroby (t) 1 734 1789 1 547
Celkovy prispévek na uhradu (€) 120 605 121 778 130 981

5 ZAVER

Vytvoieny algoritmus pro rozvrhovani
vyroby v provozech vyrabéjicich vypalky
z tlustych plechti umoziuje:

e Zvysit ekonomicky efekt vyroby
pomoci analytického modelu pro
pfifazeni vyrobnich zakazek s ucelovou
funkci maximalizujici celkovy
prispévek na thradu.

e ZvySit a  zrovnomérnit  vyuZiti

vyrobnich kapacit diky jednozna¢né
identifikaci pozadavki na kapacitni
vyvazovani.

e Zvysit spolehlivosti dodavek a snizit
zasoby hotové vyroby vhodnym
nastavenim expedi¢niho narazniku.

e Vycislit ekonomické dopady
zafazovani prioritnich zakazek do
vyroby.

5 CONCLUSION
The algorithm created for production

scheduling in operations producing heavy

plate cut shapes makes it possible to:

e Increase the economic effect of
production through the use of the
analytical model of the assignment
work orders with the objective function
maximizing the total contribution
margin.

e Increase and balance the use of the
production capacities thanks to clear
identification of the requests for
capacity balancing.

e Increase the reliability of supplies and
decrease the final production stock by
using suitable supplying buffer setting.

e Quantify the economic impacts of
putting the priority orders into
production.
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