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OPTIMISATION OF OPERATOR-MACHINE
ASSIGNMENT PROBLEM USING EXCEL SOLVER

Abstract. Although the fourth industrial revolution has greatly accelerated the automation of
production processes, the importance of human resources has not diminished, as evidenced by the fact
that multinational companies are increasingly investing more and more effort in determining the
optimal allocation of machines and operators. In this paper, the authors present an approach to the
operator-machine assignment task through a suitable model. The mathematical model presented is
suitable to support the design of an appropriate human resource management strategy and the
implementation of operative human resource management tasks in production systems of different sizes.
Keywords: assignment; operator; optimization; cost-efficiency; reject rate.

1. INTRODUCTION

The design of material flow systems is becoming increasingly important in
both on- and off-site value chains. The main reason for this is that, in addition to
technological processes, the logistics processes that serve them are becoming
increasingly important. The aim of this research is to identify possible solutions in
the area of assignment task design, an important area of material flow system
design, and to propose a solution that goes beyond these. In order to achieve this
goal, a systematic literature review has been carried out as a first step, resulting in
an examination of the main relevant design methods discussed in the literature.
Subsequently, we briefly review the structuring of design tasks in material flow
systems in order to identify the areas where it is possible to formulate specific
design tasks as assignment tasks.

In the main part of the paper, we demonstrate the potentials of Excel Solver
for different operator-machine allocation problems by solving optimization
problems of different complexity. The article discusses the mathematical models of
two typical assignment tasks that allow to describe different types of operator-
machine assignment problems. Then, the implementation of the discussed
assignment problems is described.

By examining the models and methods compared in the research work, we
investigate the significance of transforming certain constraints into an objective
function component and the impact of added constraint sets on the objective
function value.

The models and methods presented in this work are suitable for optimising
the allocation of process equipment, manufacturing and assembly cells and the
operators serving them, even in large enterprises, resulting in increased production
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process efficiency, improved product quality through reduced reject rates and
increased economic efficiency.

2. LITERATURE REVIEW

All research activities should be preceded by a literature review, which aims
to identify areas of research relevant to the research objectives by looking at the
existing research in the literature. In this chapter, we present the results of a
systematic literature review to identify research results in the field of transportation
and assignment problems and to identify areas where new research directions could
be identified. To this end, we have divided the literature review into three major
parts. In the first part, we describe a descriptive analysis of the literature sources in
the relevant publication databases. In the second part, we provide an overview of
the content of the literature sources identified and selected on the basis of various
criteria, while in the third part we formulate our findings that contribute to the
precise limitation of the research objective.

As a first step in the systematic literature review, we had to define search
criteria to identify literature sources that fit well with our research objectives
related to the study of transportation and assignment tasks. For our review, we first
used the Scopus database and searched using the keyword (TITLE (“assignment
problem”) OR TITLE-ABS-KEY ("transportation problem™)).

The search based on the keyword (TITLE (“assignment problem™) OR
TITLE-ABS-KEY (“"transportation problem™)) resulted 8771 publications. The
research of assignment problems has a history of more than 60 years, while
interestingly the earliest publication in the Scopus database in the field of
transportation problems dates back to 1899 [1]. The first publication on solving
assignment problems appeared in 1957 and focused on methods for solving
assignment problems in directed graphs [2].

The number of publications shows a continuous increase (with the exception
of a few years), but the trend in the number of publications shows that the research
area is still relevant today, which we see as a result of the need to solve complex
logistics problems in complex supply systems that require the development of
increasingly complex solution methods.

An examination of the sources revealed that the majority of the articles were
published in journals covering the fields of operations research, discrete applied
mathematics and computer science. Based on the title and discipline of the sources
that published a large number of articles, it can be concluded that heuristic
optimization methods and artificial intelligence methods are playing an important
role in solving assignment and transportation problems in complex supply chain
planning. We found an interesting result when we examined the distribution of the
number of published scientific results among researchers. Surprisingly, we were
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able to identify several researchers who had published more than 30 scientific
results in Scopus database papers. This number indicates to us that several
scientific workshops have developed over the decades that have made significant
achievements in the field of research on transportation and assignment tasks.

We found similar results when analysing the affiliation of authors. Research
groups with a large number of publications can be found in many countries around
the world, in Europe, in America and in Asia. The same result is supported by the
distribution of scientific papers by country, with the countries with the largest
number of articles being China, India, France, Canada, Germany, Italy, Japan, Italy,
Turkey, United Kingdom and the United States of America.

Focusing on the research topics, it can be observed that transportation and
assignment tasks cover a wide range of different disciplines, with the following
being of particular importance: computer science (4140 articles), engineering
(3431 articles), mathematics (3315 articles), decision theory (1682 articles), social
sciences (772 articles), business and management (765 articles), environmental
science (278 articles).

This classification shows that our chosen research area fits well with
engineering and applies knowledge from both computer science and mathematics.
The explanation for this is that, since the transportation and assignment problems
mainly seek solutions to problems that arise in the design of logistics processes in a
large enterprise environment, the transport and assignment tasks are also mainly
(but not exclusively) in the field of logistics. The importance of the information
sciences lies in the fact that the design and management of complex supply chains
requires the application of information and telecommunication technologies. The
importance of the field of engineering implies that the problems involved in
solving transportation and assignment tasks can generally be conceptualized as
complex engineering systems. The large number of mathematical and decision
making articles supports the fact that transportation and assignment problems
require increasingly advanced solution methods, so that the use of newer and
newer analytical and heuristic methods is inevitable. And the importance of
business sciences draws attention to the important fact that cost-effectiveness is of
great importance in the design of logistics systems, while environmental
considerations are also inevitable. The categorization of the articles by keywords
confirms the same facts from the point of view of the keywords used.

Following the statistical analysis, we examined a narrowed set of literature on
assignment problems, analyzing the content of journal articles that are no older
than 5 years and have the most independent citations. For the purpose of this
analysis, we have chosen to analyze the content of articles focusing only on
assignment problems. Articles focusing on assignment problems cover the
following typical application areas: production logistics, supply chain planning,
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transportation management, warehousing logistics, warfare, education. The
importance of these areas is demonstrated by the results of the following main
research areas: modelling of real time ride sharing by linear assignment [3], traffic
assignment problem [4], storage location assignment problems [5], assignment
problems in socio-economic systems [6], assignment problems in optical networks
[7], rapid drone assignment problems [8], weapon-target assignment [9],
assignment of maintenance workers to maintenance tasks [10], assignment in
education [11], restricted assignment problems [12], e-scooter assignment
problems [13], period stochastic assignment problem for social engagement and
opportunistic 10T [14], traffic assignment problems [15], assignment of nurse and
patient [16], tail assignment problem [17], knapsack assignment problem [18].

Although an analytical solution of the assignment problem is possible, the
constraints increase the complexity of the optimization problem to such an extent
that the following heuristic and metaheuristic algorithms can be used: Whale
algorithm and Tabu search [19], deep neural networks [20], Pareto-Ant Colony
optimization [21], Birnbaum-heuristics [22], Discrete Bat heuristics [23].

In summary, research on assignment tasks has a history going back several
decades. There are a number of applications that are not only of logistical
relevance, but also concern many areas of production and civil services. A wide
range of mathematical methods is available for solving transportation and
assignment problems. These can be analytical methods for basic models of
assignment problems, while for a large number of constraints the search space of
the optimization problem requires the use of heuristic and metaheuristic algorithms.
Based on the above conclusions drawn from the reviewed literature, we intend to
investigate in our research to what extent the solution of transportation and
assignment problems can be supported by Solver.

3. ASSIGNMENT PROBLEMS IN MATERIAL HANDLING DESIGN

The design problems of material flow systems can be traced back to a number
of operational research problems. This chapter briefly describes examples of
potential design problems that can be traced back to assignment problems [24, 25].
Layout planning, facility location: assignment of empty sites and objects to be
installed, packaging, planning of unit loading: selection of optimal unit loading and
packaging device, route planning: assignment of vehicles to routes, supply tasks to
routes and assign collection and distribution tasks to routes and vehicles, design of
queuing systems: assigning service tasks to resources, reliability of material flow
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systems: assigning tasks to resources and assigning resources to subsystems in
order to design an optimal system structure to increase reliability.

4. OPERATOR MACHINE ASSIGNMENT WITH TRAINING OPTIONS

In the model, we consider as given the cost of assigning human resources
(operators) to each technological resource (machine), the predicted reject rate of
each operator on a given machine, the value of the planned quantities to be
produced per shift on each machine, the cost of training of operators and the
performance improvement as a result of training, which is reflected in the
improvement of the reject rate:

* k;;: assignment cost of operator i to machine j,

e s;;: reject rate of operator i assigned to machine j,
e ¢;: value of products to be produced on machine j within a shift,

e w: training cost of an operator, which can lead to a reject rate decrease of .

The decision variable of the optimization problem is the matrices describing
the assignment of human resources and technological resources and the training of
human resources:

* x;;: assignment of operator i to machine j:

Vi, j: x;; € (0,1) 1)
e x;: training of operator i:

Vi: x7 € (0,1) 2)
The objective function of the optimization task is to minimize the total cost:

:nélz 1xu k:; +E 12

We can define two different constraints:
e each operator can be assigned to one machine:

J=1 %y T 3 e, + X wex; s min. (3)

Vi Xhogx; =1 4)
¢ each machine can be assigned to one operator:
vj: E?élej =1 )

The input parameters of the scenario are the cost shown in Figure 1, the reject rate
shown in Figure 2, the total value of products to be produced per shift per machine
shown in Figure 3 and the training cost, which in this case study is 10
EURO/person.
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Technological resources

Cost

1 86 76 37 47 42 18 32 82 20 85 20 62

2 35 66 47 52 52 24 40 69 54 42 81 65

3 56 52 67 38 60 74 79 76 85 48 55 66

¢ 4 24 69 85 75 25 31 66 61 64 82 14 16
= 5 29 29 23 31 64 86 27 76 24 56 22 49
3 6 27 39 41 56 54 58 47 79 54 49 41 19
% 7 28 65 62 52 29 35 82 67 85 68 35 66
£ 8 77 58 50 82 21 46 81 62 17 10 59 42
T 9 72 22 39 29 29 86 77 63 51 80 26 21
10 51 56 21 83 67 25 37 43 18 44 42 65

11 45 76 18 47 49 57 74 35 21 47 81 66

12 24 87 44 62 39 80 88 40 64 79 33 42

Figure 1 — The assignment cost of operators and machines
Technological resources
Reject rate

1 2 5 1.1 | 12 | 08 | 43 | 1.3 | 03 | 36 | 1.3 | 44 | 27
04 | 27 | 16 | 43 | 39 | 03 | 37 | 06 1 3 02 | 48
3 1.9 | 39 | 27 | 08 | 33 | 05 | 31| 34 |09 | 44 | 33| 01

o 4 1.9 | 49 | 32 | 1.3 | 11 | 49 | 48 | 01 [ 37 | 25 | 03 | 35
s 5 1.4 | 35 | 37 | 16 | 29 | 46 | 23 | 11 | 23 | 13 | 08 | 41
3 6 08 | 1 [ o1 o9 [32[35] 2 1 | 26 | 19 | 12 [ 32
g 7 35 | 38 | 1.8 | 36 | 44 | 16 | 06 | 06 | 08 | 41 | 26 2
£ 8 41 | 38 | 1.2 5 13 | 46 4 49 [ 02 | o6 | 28 | 26
T 9 3 35 | 1.9 | 35 [ 27 [ 24 [ 01 | 39 | 45 | 1.8 | 3.1 | 1.2
10 03 | 31 5 24 | 03 5 1.9 3 12 | 05 | 1.2 | 17

11 5 29 | 1.7 | 02 | 13 [ 48 [ 02 | 01 | 13 | 03 | 43 1

12 21 | 21| 25 [ 06 | 36 | 32 | 1.8 | 31 | 41 | 39 | 45 | 18

Figure 2 — The reject rate of operators assigned to different machines

Technological resources

Valuetobel .o, | 0 | 1500 | 2650 | 4570 | 9510 | 1500 | 980 | 12000 5400 | 3200 | 6540
produced

Figure 3 — Value to be produced per shift per machine

The solution is illustrated in Figure 4 and Figure 5. The integrated assignment
matrix shown in Figure 4 contains both the assignment of human resources and
technological resources and the assignment of human resources to training.
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Technological resources

1 0 0 0 0 1 0 0 0 0 0 0 0 1
2 0 0 0 0 0 1 0 0 0 0 0 0 0
3 0 0 0 1 0 0 0 0 0 0 0 0 1
4 4 0 0 0 0 0 0 0 0 0 0 1 0 0
§ 5 0 0 0 0 0 0 1 0 0 0 0 0 1
% 6 0 1 0 0 0 0 0 0 0 0 0 0 1
% 7 0 0 0 0 0 0 0 1 0 0 0 0 0
g 8 0 0 0 0 0 0 0 0 1 0 0 0 1
x 9 0 0 0 0 0 0 0 0 0 0 0 1 1
10 0 0 0 0 0 0 0 0 0 1 0 0 1
11 0 0 1 0 0 0 0 0 0 0 0 0 1
12 1 0 0 0 0 0 0 0 0 0 0 0 1

Figure 4 — The integrated assignment matrix

The integrated assignment matrix in Figure 4 can be used to calculate the
modified value of the reject rates shown in Figure 2, which is summarized in
Figure 5. The cells in blue show the reduced reject rates.

Technological resources

7 [ 8 oo [T [T
1 | 1 [ 2505 0.65 | 015 | 1.8 | 065 | 22 [ 135
2 | 04 [ 27| 16 3.9 37 |06 | 1 | 3 | 02| 48
3 | 095 195 135 165 155 | 1.7 | 045 | 22 | 165 | 0.05
ol 4 | 19 | 49 [ 32 | 13 | 11 [ 49 |48 | 01 [ 37 | 25 [HOBN 35
S5 [ 07 [175] 185 | 08 | 145 | 23 055 | 115 | 065 | 04 | 205
2 6 | 04 005 | 045 | 16 | 175 1.3 [ 095 ] 06 | 16
cl 7 |35 ]38 [ 1836 aa]16] 06 08 | 41 | 26 | 2
E[ 8 [205] 19 [ 06| 25 |o065] 23 [ 2 [ 245 14 | 13
T 9 [ 15 [175] 095|175 [ 135 1.2 | 005 ] 1.95 155 (06N
10 015|155 [ 25 | 12 [ 015 25 | 095 | 15 0.6 | 085
1 | 25 | 145 01 | 065 | 24 | 01 | 005 065 015 | 215 | 05
12 [J050 105 | 125 [ 03 | 18 | 16 | 09 | 155 | 2.05 | 1.95 | 225 | 0.9

Figure 5 — The modified reject rates

The optimization resulted the following costs: cost of assignment of human
resources to technological resources 375 EURO, training cost 90 EURO, reject
value 232.4 EURO and total cost 697.4 EURO. The Excel Solver implementation
of the solution and its relation to the mathematical model is illustrated in Figure 6.
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Figure 6 — The Excel Solver implementation of the solution and its relation
to the mathematical model

The impact of training cost on the cost structure of the optimal solution is
shown in Figure 7.

900
W Training cost ™ HR cost © Reject cost

2 4 6 8 0 12 14 16 18 20 22
Specific training cost

24 26 28 30

Figure 7 — Impact of specific training cost on the cost structure of optimal solution

5. DISCUSSION AND CONCLUSIONS

An important part of the design and operation of material flow systems in
manufacturing processes is the solution of transportation and assignment tasks. The
goal of this research work was to develop a mathematical model for the optimal
assignment of operators (human resources) and machines (technological resources)
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in complex manufacturing environment. To achieve this goal, the main tasks in the

design of material flow systems (especially in in-plant supply) have been

investigated and the typical assignment tasks they represent have been presented.

Several methods are available for solving these assignment problems (Northwest

corner method, minimum cost method, Vogel method), but when the objective

functions and constraints subject to optimization are complex, new solutions are
needed to solve the problem under consideration. In this research work, we
investigated whether Excel Solver is suitable for solving complex assignment tasks.

Having established that Excel Solver is suitable for solving complex assignment

tasks, we have developed a mathematical model that is suitable for assigning

operators to machines, while also analyzing the potential performance
improvements that can be achieved through worker training. The most important
consequences of our analysis can be summarized as follows:

e The more constraints are taken into consideration, the more the optimal
solution decreased. This is a trivial fact follows from the nature of optimization
problems. It is important to note that this statement is only trivial and true if we
add constraints to an existing constraint set. Replacing a smaller set of
constraints with a larger set of constraints does not necessarily imply a
decreasing objective function value in the case of maximization.

e If a constraint is integrated into the objective function, the solution can be
significantly improved. For example, as long as only a constraint on the reject
rate that can be produced on technological resources is formulated, a worse
solution is obtained than when this reject value is integrated into the cost
function as objective function.

e Training of operators can improve their performance, which can lead to a
decreased reject rate, but since training has also significant cost, training of
human resources may not be appropriate. This conclusion should be treated
with caution, as the time horizon over which the return of training is interpreted
is very important. In the case of short-term employment, the cost of training is
less profitable than in the case of long-term employment.

The practical impact of the research work presented above can be
summarized as follows:

e the presented model and solution method can be used to assign human
resources (operators) to production resources (production tasks) in a real
production environment,

e as a result of the optimization discussed, the utilization of human resources can
be increased, the quality of products can be improved by reducing the reject
rate, and a more cost-efficient production system can be operated.

Future research plans include further extension of the models and the
investigation of methods for solving large-scale complex problems. An important
further development could be the inclusion of uncertainty factors.
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BikTopis Meuko, Tamam bansi, Mimkoms1l, YropmmHa

ONTUMIBALISA 3AJAYI TIPU3HAYEHHS OIIEPATOP-MAIIIMHA
3A JOIIOMOT' OO0 EXCEL SOLVER

AHoTauis. Hessaocarouu na me, wo uemeepma NPOMUCIOBA PeBONIOYIA 3HAYHO NPUCKOPUNA
asmomamu3ayio GUPOOHUYUX NPOYECis, BANCTUBICIG TIOOCLKUX PeCypCie He 3MeHWUNAcs, npo ujo
cei0uums moti pakm, wo 6aamoHayionaIbHi KOMIAHIi 6ce yacmiule 6KIA0AIOMb 6ce Giibule 3yCUlb ¥
BU3HAYEHHS ONMUMANLHO20 PO3NOOINYy MawwuH [ onepamopie. Pospobka cucmem mamepianbHux
NOMOKI8 cmae 6ce OibUL BANCIUBOIO 6 JIAHYIOICKAX CMBOPEHHS 6APMOCMI K HA MICYl, max i 3a 1020
medcamu. OcnoHa npuyuHa Ybo20 NOJAAE 8 MOMY, WO, KDIM MeXHOI02IUHUX npoyecis, éce binbiuo2o
3HaueHHs: Habyealomv JO2ICMUYHI  npoyecu, AKI iX obcayeogyroms. Baswcnueorw  uacmuroo
NPOEKMy8aHHs ma eKCnIyamayii cucmem MamepiaibHUX NOMOKIE y GUPOOHUYUX NPOYeCax € GUPILLeHH:
3a60aHb MPAHCROPMYBAHHA MA npusHayenHs. Memoto yici docnionuybkoi pobomu 6yna pos3pobka
Mamemamuynoi mooeni Ol ONMUMATLHO20 PO3NOOLTY ONepamopie (MoOCbKUX pecypcie) i Mauiun
(MEXHON02IUHUX pecypCiB) ¥ CKIAOHOMY BUpOOHUYOMY cepedosuwyi. /s 0ocsenenns yiei memu 6yau
00CiOHCeHI OCHOBHI 3A60AMHS NPU NPOEKMYBAHHI CUCMEM MamepiaibHux Nomokie (0cobnueo npu
GHYMPIUHBLO3AB00CLKOMY NOCMAYAHHI) ma npedcmagieni munogi 3a60anHs NPUSHAYEHHS, SAKI 60HU
npedcmagasaioms. Icnye xinbka memooie Ons Gupiwents yux npoonem npusHaients (Memoo nieHiuyHo-
3aXi0H020 Kyma, Memood MIHIManibhux eumpam, memood Dozens), ane Ko yinwogi yukyii ma
obmedceHHs, wo nionAealomv  onmumizayii, € CKIAOHUMU, OAf  GUPIWEHHA npobiemu, o
posensoacmucs, HeoOXioni nogi piwenns. YV yiil docnionuybki pobomi asmopu 3’acyeanu, uu
nioxooume Excel Solver ons poseé’ssyeanns ckiaonux 3asdanv. Bcemanosuswu, wo Excel Solver
nioxoO0ums 015 BUPIUEHHS CKIAOHUX 3A80AHb NPUSHAYEHHS, ABMOPU PO3POOULU MAMEMAMUYHY MOOEb,
KA NiOX0O0umv 0Nl NPUBHAYEHHS] ONepamopié MAawluHam, d MAaKodC AHARIZYIONU NOMeHYilHi
nokpawents npooyKmueHOCHI, AKUX MOJCHA 00CAMU WIAXOM HagyanHusa npayienuxie. Hatleasicnusiwi
HAcHiOKU aHani3zy agmopie MOXCHA NIOCYMY8AMU MAKUM YUHOM: YuM Oinbuie obmedxceHb bepemvbcs 00
yeazu, mum Oinblie 3MEHULYEMbCA ONMUMAIbHe piuenns. Akuo copmynbosano auute obmediceHHs Ha
giocomok OpaKy, sAKUl Modce Oymu CcmeopeHutl 3a O0O0NOMO20I0 MEXHONIOSIUHUX pecypcis, 0Oyoe
OMPUMAHO 2ipute PILUeHHS, HINC KOIU Ye 3HAUYeHHs OpaKy iHmespo6aHo y GyHKYiio eumpam K yiibosey
@yuxyito. Haguanns onepamopie modce nioguwyumu ix npoOyKMugHicmv, wjo Modice npuzsecmi 00
3HUIICEHHA 8I0COMKA BIOMOS, ajle OCKINbKU HAGYAMHA MAKOAC GUMALAE SHAYHUX BUIMPAM, HAGYAMM
JH0OCHKUX pecypcie Modce ymu Hedopeunum. IIpedcmasiena mMooensb i Memoo piuleHHs MOXCymb Oymiu
BUKOPUCIAHT OJI51 NPUBHAYEHHS TIOOCHKUX Pecypcié (onepamopis) upoGHUYUM pecypcam (6UupodHUMUM
3A60AHHAM) Y PealbHOMY 6UPOOHUHOMY cepedosuwyi. B pesyrsmami o6zoeoprosanoi onmumizayii
MOJICHA NIOBUWUMY BUKOPUCMANHA TIOOCLKUX pPecypcis, NOKpawjumu AKicmos npooyKyii 3a paxyHox
3MeHwents giocomka Opaxy ma 3anpogaoumu Oinbl eKOHOMIYHO eeKmugHy cucmemy eupooHUYMEd.
Ku1104oBi ci10Ba: npusnauenns; onepamop; onmumizayis, eKOHOMIUHICMb; OPax.
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