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Abstract: Nowadays, due to rapidly changing customer needslugt life cycles are getting shorter, while thenhber
of product variants is increasing, so continuoumuation of the product and the technology relaéteits production is
an important task. Not only the product itself re&albe renewed, but also flexible production tetbgy needs to be
developed in accordance with changing customerseesd large number of product variants are h@ioduced, which
require individual settings, different productigmesations and real-time tracking. In the casewa#mified manufacturing
requirements, the application of Industry 4.0 textbgies can increase efficiency. The aim is to ra@émthe smoothness
of the manufacturing process, for which matrix pretibn offers a suitably flexible solution. The m&asks of production
logistics are the in-plant movement of workpiecesaeen workstations and the supply of workstatiwite the raw
materials, parts, etc. required for the actual petidn step. The larger workpieces are transpdijededicated AGVs.
In the production area, several AGVs can perforair ttasks simultaneously, so several material hagdasks occur at
the same time. This paper deals with the routenitanissues emerging during the movement of AGMsvéen the
workstations in a multi AGV environment. We arddaling a holistic approach during design, aimingitaultaneously
optimize layout, production sequence, and AGV rayti

1 Introduction

Due to the rapidly changing customer demandsijfine |2 Literaturereview
cycle of the products is shortened, diversity iréased The smart factory is based on the concept of Imgust
while the number of products per model is redudddso 4.0, denoting technologies and concepts relatexyher-
there is a need to constantly work on the productgysical systems and the Internet of Things. Inrsma
innovation and the production-related technolodiese to  factories, computer physical systems monitor playsic
the diversification mentioned above, there is alrfeean processes, create a virtual instance of the pHysiggd,
innovative and scalable production system thatheandle and make decentralized decisions. CPSs commurgndte
the rapidly changing needs and uncertainties. Ah higcollaborate with each other in real time [5].
degree of flexibility associated with high output The manufacturing industry needs the highest qualit
performance and scalability is also essentialAR]of this  products and services to maintain its competitigsrie the
can be accomplished through digitization and ndtimgr consumer market [6]. Virtual commissioning (VC) kbu
for an Industry 4.0 company. be one of the main applications of future simulatio

The introduction of Industry 4.0 and the rapidsolutions in the automotive industry. In case ohew
development of cyber-physical systems, as wellles tcomponent integration, before any physical charages
increasing demand for small batches and customizewhde in the factory, a simulation can be run afd, i
products, present a significant challenge for trawdl successful, the device can send feedback to perfioem
manufacturing systems [3]. Improvements need tofan  reconfiguration process in a real factory environtjé].
solutions that help reduce the relative cost ablabenergy The matrix production concept allows the free
and machinery. This requires end-to-end data iategr interconnection of production cells and thus rensotie
in the supply chain [4], automated material flowgdaeal- limitations of line-based production. Many product
time communication. All of this requires the deyefent variants can be produced within a single production
and implementation of new manufacturing structumed structure.
solutions. One such new solution is matrix producti
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The duration of a single process step no longer Numerous examples of ideal systems projected or th
determines the entire production cycle. Ratherptbeess next decade can be found, such as the PSA (Grabpe P
steps are executed independently to create asinfcaure The Multi-Silhouette Production Line) multi-silhdte
focused on processes and capacity requirementsewow production line and experimental plants based otrixna
the implementation of manufacturing cells requaestrol  production, like the paradigm proposed by KUKA, ahi
methods that allow capability-based descriptions aEpresents a recent effort to break down the tosdit
machining processes. This forms the basis for dpedr linked production line into standardized and catzgal
reconfiguration of cells and efficient adaptatianrtew production cells along a grid layout [13].
manufacturing tasks [8]. The introduction of AGVs significantly improves the

Matrix production has a higher degree of freedom diefficiency of internal logistics, reduces the risK
to its flexibility, but also requires more reliableaccidents, and increases the organization of psesd44].
manufacturing control systems than, for exampl@hese results confirm the growing interest in awttom,
conventional line-based production systems. Matriwhich contributes to reducing costs, increasingmnees,
production separates automated goods productiontfie and meeting environmental regulations.
steps necessary for their creation. These ste@saigned The route planning and scheduling strategy of riater
to production cells (PCs). Numerous workpiecesrehie handling vehicles is a central element of the petidn
production cell, where a specific workflow is ajgglito the logistics system, and the quality of the scheduling
workpiece, and the modified workpiece leaves thalgorithm is key to the balance and stability & fystem.
production cell. By changing the path of the wodqais For systems with multiple AGVs, route planning i&e
passing through the cells during production, elgtire more complex. The use of multi-function automated
different products can be created. This highlyilexidea guided vehicle (AGV) transport systems improves the
demands precise control of all processes. An igeit flexibility of the FMS, which places higher demanuls
logistics solution transports the goods between th&GV scheduling algorithms [15].
production cells. Information exchange in this céewp Hu et al. combined the Improved lterative LocaliBka
system requires appropriate communication techmolodllLS) algorithm with greedy heuristic rules, codeiing
[9]. The data infrastructure required for matriwghuction the constraints of transportation time and trartspion
needs to be broken down into manufacturing dateesources [16]. In planning collision-free routebge
including timestamps, process parameters, and &bsemcombination of the improved Q-Learning (IQ) and
locations, testing information, variable threshekllues, demaocratic robotics particle swarm optimization E80)
and information regarding inspection depth and nadte algorithm proved to be advantageous [17].
infrastructure. To facilitate the desired improvein@ Finding the shortest collision-free path betweereqgi
productivity and particularly the reduction of bettecks, sets of targets in a robot's working environmergegoa
it is essential to ensure the accurate correlatibn multiobjective path planning problem. On the onechahe
manufacturing and testing data in real time forheacrder of the targets has to be optimized and then t
production and testing step. Machines requiringmlem shortest path has to be determined. A geneticiigocan
installations should be considered part of a morepgiex be used to optimize the order of the destinatiende
system rather than standalone machines [10]. visited [18].

Generating the right manufacturing sequences A mixed integer programming model created for
increases machine utilization without hindering theninimizing the delay time of AGVs is based on path
original multidimensional production goals. Thugwn optimization and integrated scheduling. The contimna
production strategies can be implemented, whicbliey of genetic algorithm and particle swarm optimizatio
value creation through the efficient manipulatioh o(HGA-PSO) can be used to solve the AGV path cardlic
smaller products and by-products [11]. deadlock problem [19]. A solution to the same peabtan

During operation, computerised physical work cellbe developed by implementing the Dijkstra methothin
generate data specific to individual processes amdse of hierarchically handling conflicts betweesdes
interaction data. The use of employee, processing, [20].
interaction data enables the support and trainitfg o When examining the AGVEESR (automatic guided
employees according to their individual capabtitie vehicle energy-efficient scheduling problem witheese
Matching machine requirements and worker skillvesgr time) in matrix production — with the help of a il
to optimize the assignment of workers to workstaticn  objective greedy algorithm (MOGA) - energy
terms of ergonomic workplace settings and machirmnsumption, the number of AGVs used and customer
efficiency [12]. The digital twin can be consideresla new satisfaction can be simultaneously optimized [21].
concept that includes foresight, assesses the tngfac A dynamic AGV scheduling model, unlike a static pne
different production control policies on systemis capable of reassigning AGVs to new tasks. laletised
performance and behaviour in near real-time, thagmg  a discrete invasive weed optimization (DIWO) altor
the selection of the most appropriate strategyifergiven to prove the efficiency of the new model in matrix
situation. production [22].
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In the literature, there are many articles deaiiin  mix, which allows to compensate for fluctuations in
matrix production and the scheduling of materialdimg demand, making the integration of new products Emp
tasks in systems using multiple AGVs, but onlyw Bge  and low-risk [24].
integrated with the two topics (the Scopus seardine When the products to be manufactured are changed, t
returns four hits for the words "matrix productioAND  production cells automatically switch to the nesks The
"automated guided vehicle"). Taking these into aoto transformation of the cell takes place in paraligh the
we defined the research task, in which we deal #igh production in the other cells. After the transfotiom, the
examination and design issues of matrix produatising new unit will be manufactured. During testing and

multiple AGVs. maintenance, cell production tasks can be traresfeio
other cells.
3 Examined system: afactory sample Through the example of a model factory, we show how

The factory of the future requires a reliable, emsy to ensure flexibility and a high degree of effi@grwith
change, flexible production system. Modulathe help of mpdern, automated machine toqls, erX|p
manufacturing involves several changes in desigstem, assembly stations, and autonomous material handling
and processes [23], butit usually means that nemtwfing €duipment and as well as how to determine the aptim
must be divided into separate cells instead ofrimoous ~ design of the logistics system by exploiting thegibilities
line. Manufacturing and assembling the modules &fovided by simulation. _
separate stations allows for greater flexibilitglie overall The factory has one entrance where the workpieces
Output, including Changing product Options or Chagg arrive and one exit Ieading to the finished gOOdS
demand. The intelligent matrix production provides Warehouse. Additionally, there are predefined locet for
solution to these. an AGV pool (AGV-POOL), a parts warehouse

Some of the most significant advantages of matrifVAREHOUSE), and a tool store (TOOLSTORE)
production are the high availability for modularibyough ~ (Figure 1).
standardized equipment; scalability of the totgdazity; A dedicated AGV transports a given workpiece thtoug
the possibility for the system’s size to be expahdethe entire production process from the entrandbda@xit.
modularly; the scalability being implemented acéagdto ~ UP to six vehicles can be present at the ENTRANGE a
different variants; the flexibility related to thgpes, which EXIT locations simultaneously for loading and urnimey,
is part of the base concept; the scalability of gheduct representing the limited space available.
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Figure 1 Visualization of the sample factory
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3.1 Themanufacturing cells, the layout When choosing the size of our example factory, we
In the manufacturing area, cells are installedima#rix =~ made sure that it was large enough to demonstrate a

layout, bordered by transportation routes. Celle awalidate the methods and their applications, wistié

deployed in several rows and columns. The number bging manageable in terms of hardware and timéhato

manufacturing cells that can be placed is limitgdiie the solution to the problem could be achieved withi

available area only. A manufacturing cell is a geated reasonable time frame.

area for carrying out specific tasks that ariseirdur It is also worth monitoring the utilization of teells,

a technological process. as this information helps in intervening, deciding

changing, reorganizing, or stopping the processésnv

Machines may have different installationthe cells.

characteristics and specific requirements, so wetrye Any technological operation can be performed in any

layout unit may be suitable for placing any equipmén  of the manufacturing cells; thus, a very large nemif

the model we examined, to increase flexibility, applied tasks can be assigned. If a different task is assigo a

the following conditions: cell, we consider those cells different and clysiém as

« cells of identical size were created, different from the perspective of possible layouts.

« the cells are equipped with basic robots so arfyithough the cells are in a fixed location, theyn dae
technological operation for any product to betquated with various machines based on the manufagt
manufactured can be performed in any cell after tHfocesses carried out within them. The optimal layan
necessary retooling, be determined _by examining all comb|_nat|on of cell

. the cells are standardized with product-neutrgi€quence and orientation and then comparing thésésr
equipment and product-specific basic functions, each production sequence, considering the routihes r

. the same type of operations can be performed in egdetailed later. _ - _
cell a the same time for all products, During the optimization, various objective functson

can be specified, such as: minimizing the distance

travelled, minimizing the time required for prodoct,

maximizing capacity utilization, reduction of downg,

minimizing the energy consumption, and minimizihg t
sts.

In our sample factory, we minimize the time reqdire
for manufacturing. For production with similar time
r8quirements, solutions that keep downtime to amim
are preferred. Energy consumption is proportionathe

istance travelled, which can be calculated froma th
aterial handling distance (knowing the speed). An

« if multiple operations, tasks, or technologicabstare
carried out in one cell, they are considered alsiagit
(one operation, etc.) from the model's perspective.

The cells and transportation routes are set
throughout at all available areas at the base gorztion
level (Figure 1). Depending on the specific mantufideg
task and any expected (e.g., planned maintenance)
unexpected events (e.g., malfunction) that arides t
economical operation is maintained by dynamicall
determining which cells participate in which opamas . ; :
during production. Since the number of technoldgicA™Porant element of layout planning is the proper
processes may be less than the number of availahfiization of capacities.
production cells, it is possible for multiple cetidsperform
the same operation in parallel. In the event of ay?2  Software

unexpected failure or planned shutdown, anothérceel The digital twin of the production process is dwafe
take over the tasks of the failed cell, ensuririgtenrupted  created by us, suitable for scheduling productasiks and
production. assigning material handling tasks. The softwaresists of

In the cells, an input and an output waiting a@aajso thrée main components, these are: _
be provided, which does not block the ingress apgss * the simulator - which visually shows the operatidn
paths. The workspace itself is located betweerethes the plant in real-time for a given layout,
areas. The examined model may have input and output the scheduler — which performs the production & th
buffer areas. The impact of these on the total 9given order for the given layout,

manufacturing time will be examined later. » the layout variator (LV) - which sends the schedule
The cells can be directional, meaning that, forgilven through all possible layouts.

production program, the entrance and exit of tHeare

precisely designated. Alternatively, they can bsigied Input parameters:

to allow any side to be the entrance, making thizection « list to be manufactured denoted with letters (algfg

independent. In the examined model, the cells are one product per line,

directional. * location of  ENTRANCE, EXIT, AGV,
The example factory has 3x4 cells, identified byited WAREHOUSE, TOOLS points, cells, nodes on the

letters (A, B, ..., L), while the production incksl 8 map,

technological processes, marked by lowercasedgieib, « working time in each cell, according to the

)} manufacturing process there,

s

Published by Acta Logistica, www.actalogistica.eu




Acta logistica - International Scientific Journal about Logistics
Volume: 12 2025 Issue: 4 Pages: 627-641 ISSN 1339-5629

Optimization opportunities in matrix production
Ibolya Hardai, Bela Illes, Zoltan Besse, Agota Banyai

e AGV speed on straight sections, and in bends. always choose the first good solution and loadnibées
unevenly. However, since we do not use a randonbeum
Using simulation of the manufacturing process iy angenerator, we always get exactly the same resdgffiles,
moment of time or duration can be viewed, in fadbe for any number of runs (in the case of a productask
scheduler's output is visualized. The simulatioomghthe with the same parameters). The selected routeeis th
elapsed time since the start of the productionntimaber reserved (red arrows in the figure), and we will allow
of workpieces completed, the number of tasks pexor oncoming traffic in any part of the route untilgtAGV is
in each cell and the utilization of the cell. passed. Each AGV has a safety distance to avdidioak.
The scheduler's output is the registration of tme r  If two AGVs are crossing each other's paths at a
information generated during the production in gileen  junction, the one that arrives first gets prioritf.they
order on the time axis t, a detailed decision &cac® arrive at the same time, the AGV with the loweriaer
AGV operation log file is created, later the sintatavill number can proceed first.
use this file. AGVs can have the following statussst With all these restrictions, it is possible to aloi
working, loading, unloading, waiting for production unnecessary waiting, and to avoid congestion intfuoj
waiting to proceed, waiting for route. The cell guation the input buffer of a cell, which would obstruce thiaffic,
log (production start, end of production, partsetmuse and to keep the material handling path as shgosasible.
filling, idle) can be used to check the utilization The flowchart in Figure 2 on the next page illusisa
The variator records the following aggregate data fthe request for a route from point P to point QeTh
the production with the best N time results: tafale algorithm is executed every single time the AGV get
(ENTRANCE (0) .. EXIT (n)), average EXIT time, material handling task. The routes from P to Qstoeed
variance, maximum AGV requirement, AGV utilizationin the rows of the cache matrix. The rows of thérixdists
for each status, utilization data of cells, averaggaration the individual points on each route that the AG\sinisit
time of one product, variance. in the given order.
If the worst of the top N time is known, then if a The notations used in the figure:
production reaches this time before it is completbé < i: index variable for route cache entries,
scheduler will stop and give a "not worth countistgtus j: index variable for allocation of path segments,
in response. » k: index variable for deallocation of path segmgents
o _ _ _ *  Umax-1) Penultimate element of the i-th row,
3.3 Defining routes for saving computing time uj: j-th element of the i-th row of the cache matrix,
and limiting the required memory space * U k-th element of the i-th row of the cache matrix,
In the following, we will focus on material handiin Umax NUmMber of rows of the cache matrix.
between workstations during matrix production ahd t
related route planning problems. We searched for an Stochastic effects related to AGVs (e.g. blocking,
algorithm for route determination that allows @#it faijlure, handling delay, communication failure) baveen
movement of workpieces. Additionally, we determitieel  puilt into the simulation software. A file contangj the
quantity of AGVs required for these material hangli time and duration of unexpected errors and delapsbe
tasks. generated before the run. The resulting file isegated
Each AGV involved in the production process receiverandomly taking into account the predefined paramset
a unique serial number, starting from 1, and gaingards.  Since the measurement results must be reproduaitrle
An AGV must request a route permission if it watds comparable, the file must be available before the ©f
change its position (e.g., go from cell A to ce)l This  course, any number of files can be generated, wibicl
prevents vehicles traveling opposite direction lBefwtwo great importance if we want to examine the impdct o
adjacent junctions, resulting in unexpected comgest ynexpected problems more comprehensively.
When requesting a route, the AGV can only get route Wwhen determining the route, the following constisin
allocation if the destination can receive it (e.the and neglects are applied:
production cell is empty, or the input buffer ioooupied). «  The number of AGVs has an adjustable upper limit.
We are using greedy algorithm to select the rdtrem the . AGvs are unified, they cannot reverse, they have tw

possible routes between the current position ar@ th ~qnstant speeds (on a straight road, in a bend).
destination, the shortest one is chosen, on theerol , Routes between and around cells are single-lane
which no other AGV has yet been authorized to frave rounds are not curved ’
the opposite direction. We examine the shortesoBgs Movements  within WAREHOUSE AGV-POOL
t_)et.vyeen the two points for saving computing timel an TOOL STORE are not examined, only an average time
limiting the required memory space. If multiple fpatof . :

: . spent there is considered.
qual length are available, we _select them us_mgtd)dulo » Each AGV is responsible for the transportation ioé o
re5|dua[ cIa_ssets.method (the time elapsed sincstafteof workpiece from entrance to exit through the require
production is divided by the number of good patibthen cells

the sequence number corresponding to the remainder, One AGV t . i KD t i
selected), thus, it can be solved that the algoritbes not ransports up to one workpiece at a ime.
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« Ifan AGV wants to change its position, it asksrfmute may be present on one section (branch to branch),
allocation, which determines the exact trajectdrthe keeping the appropriate distance.
relocation. Multiple AGVs moving in one directions We do not allow two-way traffic on the reservedteou

setting route cache

Route cache entries are entries for P->Q (umax

already set for P->Q?

elements)
Y
<
<
i=0
>
A4
Set failed route
. N E
i < Umag? > request Stop: unte reques!
- failed
on statistics
Y
j=0
> i=i+l
<
A4
Set successful
; Stop: Route reques
<y -1y? route request
J= Ymax-1) qu successful
on statistics
Can direction be set on path
k=0 5
segmenttj—Ui(+1)?
Set direction on path segment
Ujj—Uij+1)
Unset direction oh j=j+1
path segment
Uik—Ui(k+1)
k = k+1 —

Figure 2 Flowchart of requesting a route allocation from point P to point Q
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3.4 Determiningthe productsto be manufactured time and cost levels. Production slows down iféane too
The sequence of products to be manufactured wkaw AGVs to serve, but it also slows down if thare too
randomly generated in the following way. For eacimany, as they obstruct each other's movements,

operation, we used a probabilistic variable to oheilee  Significantly increasing waiting times and genergti
whether the task is part of the product's manufangu unnecessary costs. To determine the optimal number
process. Each manufacturing process consists o6 @ AGVs, the scheduler must be run with various qiastof
operations, any of which can be omitted — simugatinAGVs, and the results should be compared (a specifi
product diversity — but the sequence always followexample will be presented later).

alphabetical order (e.g., cfgh). Thus®-12 different We examined the placement of each layout in tefims o
products can occur. The quantity of products to beow the waiting, movement and production times gean
manufactured was fixed at 3000. as a function of the number of AGVs. Later in tineécke,

Each manufacturing process (a to h) has the fatigwi we will present in detail the variation of the tisrgescribed
probabilities for each product: a: 71.17%, b: 80:83: above as a function of the number of AGVs in a give
39.80%, d: 70.50%, e: 94.73%, f: 24.80%, g: 84.78%, layout.

100.00%. Using all this, we generated and organied
production process list for 3000 products. The roihe 4  Optimization possibilities and results

production list represent the products to be mantufed The optimization process was divided into threermai
with the necessary technological operations. Fanmgte, segments (Figure 3), these are the determinatiotheof
for the row cfgh, tasks c, f, g, h needs to bequaréd. optimal production sequence, the optimal layout| e

Such a solution may involve visiting cells D, EKJ, optimal route. The bottleneck is the runtime envinent
(Figure 1). From now on, we will consider the prosu (hardware) and the processing time [16].

listed in this 3000-item list as required by thedction Calculation of processing time falls between 1s 2sd

program. on server grade CPU (any high-end Intel Xeon/AMD
Epyc) and between 10s and 12s on Raspberry Pi M3

3.5 Determining the number of AGVs (ARMv8). Each CPU thread can process one layout

We examined a randomly selected layout in terms ehlculation at a time, meaning a CPU with 128 ttisea
how the waiting, movement and production times glkan require only 1-2s to process 128 different layoMector
as a function of the number of AGVs. Choosing thmber processor could offer one or two orders of mageitud
of AGVs has a positive impact on the total manufaoy increase in layout number calculated in a giveretim

OPTIMAL
LAYOUT

ORDER IN
SCHEDULER

HARDWARE

PROCESSING
TIME

OPTIMAL
ORDER

OPTIMAL
ROUTING

Figure 3 Parts of the optimization task
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12!

4.1 Optimization opportunities of cell layout b) ——-8-7 = 558835200,
Manufacturing process consists of up to 8 operafion s 8
requiring 8 cells each. It leaves 4 positions tdinde c) S (2) = 372556800,
without further restriction. 12! 7
4 unrestricted cells can be populated by: d) 3212l 8 (2) = 3353011200,
a) all the same (x, X, X, X), e) —=2 . (8) = 2095632000,
2121212t \4

b) three of a kind, and one differs (x, x, X, y),

¢) two distinct set of two of a kind (X, X, y, ),

d) two of a kind and two differ mutually (x, x, ),
e) diverse (X, y, W, z).

A total of 6 411 968 640.

We calculated the gross time for each operatiothen
whole 3000-item list using processing time and phility

These sets give us the following layout numbers:
values.

a) —-8= 31933440,

Table 1 Total manufacturing time for each operation
c d e f

a b g h

man. timg man. timg man. time|
(s)
90

66960 s

probabilit; man. timg man. timg man. timg man. time

values (s)
2135 70
149450 s

probabilit;

values (s)

2541 55
139755 s

probabilit;
values (s)

3000 45
135000 s

man. timejprobabilit
values (s)
2425 60

145500 s

probabilit;

values (s)

1194 80
95520 s

probabilit;
values (s)

2115 75
158625 a

probabilit;

values (s)

2842 50
142100 s

probabilit;
values

744

The summary gives the four highest gross time douffer space on each cell). The best layout seemed
operation types “a”, “b”, “d” and “e”. “bbdcfdeeagha” with production time of 2424.65 ntasu
With an assumption, the optimal layout would be onéTable 1).
permutation of {a, a, b, b, c, d, d, e, e, f, g, T prove The best 1000 results with the lowest manufacturing
this theory, we instructed the LV software to rumadl the time all suited our prior expectation and contaidedble
variations (total of 29 937 600) to get the highiste ‘a’, ‘b’, ‘d’ and ‘e’ cells. Layouts with the lowe&sand
required for the 3000-item list (with AGVs numbgr 10  highest manufacturing times can be seen on theeTabl
36, without AGV prioritization, with ingress and regs

Table 2 The layouts with the shortest and longest manufacturing times
layout manufacturing time (min) layout manufacturing time (min)

bbdcfdeeagha 2424.65 bgchhffaechd 3002.39
aabdefebdghc 2425.09 afedhffbfhgc 3002.49
abbcefaeddgh 2425.32 eghfffbhfdac 3002.99
cebedaghadfb 2425.42 hhdcgefhfhba 3003.33
bdbeaedfacgh 2425.56 behfgfhcdhfa 3003.44
aaecefghddbb 2425.87 hffbdcfheagf 3003.72
bgabaeehdfcd 2425.89 dcgbffheccca 3003.79
eghbeaachbfdd 2425.92 ffchhhdaebhg 3003.87
afghbebedcda 2425.97 aghhdgfbeggc 3003.87
cbeaefghadbd 2425.98 eghbgfhfchda 3004.10
cfbdeeghdaab 2426.09 bfgcfefhhafd 3004.42
dbahfcegdaeb 2426.09 fhfdebfcfafg 3005.08
bbafeghaeddc 2426.20 bhhgffhadecf 3005.12
baahefdedcgb 2426.24 edgffahfbhfc 3005.63
efghdebbcaad 2426.26 dhebahfthgchh 3006.21
bdcebfgheaad 2426.34 aefdhhhcbffg 3006.34
daadbefcbegh 2426.39 hchahefffdbg 3006.45
dadbafghebce 2426.45 ahfdhgfbcgef 3007.04
efedbaghdabc 2426.46 bfgchhehafdf 3007.10
abebdeghafcd 2426.54 afcgghfhedbh 3011.69

®S

BY NC
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a b d
Description for layout ‘abcdefghxyzwé g h.
X zZ W

<N

As the computing resources are limited, especiaily

numbers wisely it is easy to adjust the requirethlto
running time to meet computation potential.

4.2  Optimization opportunities of the product list
The product list is a FIFO buffer specifying the

larger layouts, there is no way to check all thy@ids. Itis  sequence of products and also the required prausteps
very important to improve our algorithm to avoidfor each one. Our sample factory uses a 3000-piezhict
unnecessary computation and skip as many variatienslist to make time measurements and do simulatioa. W

possible. This method may not find the best layauitan
acceptable, good one.
To achieve our goal, we choose a highgaid a lower

created the first (initial) process listglby using method
on chapter 3.4 and make a second lig) fly sorting Lz in
alphabetical order. Using the two lists we took a

prime R number and shrink our whole variation list to aneasurement for the layout ‘bbdcfdeeagha’ (AVGgaip

manageable one.

36, with ingress and egress buffers). The procggime

By using R we skip all lines with the exception wherefor each list is:

row number divided by {Pgives zero remainder. This.
from

method reduces the whole variation list
6 411 968 640 to 2 138 036 elements providing uBiig

2999. To make the computation even shorter we hese t

same algorithm to make a second list by using P3. The

for random Ig list: 2436.74 minutes,
for ordered I, list: 3399.07 minutes.

First reordering attempt
We checked the required gross time for each prazfuct

double-reduced list has 164 465 elements to prob&ep on chapter 4.1. The lowest value is for p@cis

lowering the required time of theio(lm value. Since the
whole list was ordered and the first and secondheri

reducer process are both systematic on row numthers,

result expected to contain ‘good enough’ layout.

Table 3 The layouts with the shortest manufacturing times from

the reduced ligt
acebdaghfde 2432.7:
ddebbaghec 2433.2¢
cbghfebadde 2433.4t
eeghcbbdda 2433.9
aecbdghadbi 2433.9¢
ecabbahddgs 2434.1.
efbbdgcadez 2434.1
baedafcedbc 2434.2.
dabecbfdeac 2434.4

There is an opportunity to shuffle all ‘¥ contang

processes to the first section of the ligt tepopulate ‘f’
cell to another process afterwards, provided theno ‘f'

needed there anymore. The two lists need more gsoge
time in total than the initial product time befaplitting,

even with zero transition time to repopulate ‘fllce

another.

Analysis of the product list

We analyzed the composition of the product list
because of the failure of first reordering atterfjiie data
content of Iz list consists of order and composition
sequences.

We needed some way to express the real data content
of any product list. A solution arised by Huffmaoeing
the list and use the file size as quantity of dgd@avid A.
Huffman, 1954, “A Method for the Construction of
Minimum-Redundancy Codes”). Moving from theory to

The best layouts (Table 3) with the shortespractice we chose DEFLATE algorithm, using GNU

manufacturing time from the reduced list differdyo8.09
minutes (0.33%) to the best time from the wholdatam
list. At the same time the required run time isydhD025%
of the initial without any reduction. By choosirgetprime

Table 4 The size of col

19996

without compression

ressed and uncol

Project’s ‘gzip’ software to create a LZ77 compeshss
Huffman coded lists from their original uncomprasse
instances. The size of compressed file servesadituof
data, denoted by MHigher M. means lower compression
ratio (Table 4).

ressed files

19996 19996

compressed 314

2743 3197

Using GNU Project’s ‘shuf software we generated The difference is 22.7 minutes, meaning 0.93% based

another 100 random ordered from. LMeasuring these
modified Lg* lists we got the following results:
* lowest processing time: 2423.99 minutes,
» highest processing time: 2446.69 minutes.

on the lowest time which is significant. Mizes varied
between 3165 and 3259 bytes.

Given the fact that randomizing the product listel a
measuring its processing time is not a computingguo
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consuming task, it is advisable to try hundredsusiands, By increasing the maximal AGV number the
or even more lists to find the best process order. simulation shows significant elevation in waitingé on
path allocation. To decrease unnecessary waitings i
4.3 Path optimization opportunities suggested to deallocate the elapsed path segment on
Directional path allocation crossing a junction. During the deallocation precesmth

According to the directional path allocation, alBXs segments reaching zero promotes another pendingtaGV
request their paths beforehand any transportaticgheir have its way. AGVs have their safety distance witigh
destination taking in action. This is an analogopesration be used as pre-deallocation the path segment bifere
to bus arbitration mechanism of computer systeragh P junction reached. For most layouts this optimizatjives
allocation eliminated the traffic jams which cout# up to 0.4% reduction on total manufacturing time.
resolved only by very complex reversing, tempora@V
moving and other detour definitions. Extending cells with ingress and egress buffers

The allocation itself makes a direction flag on the The state of cell can be categorized on the foligwi
affected path segments and alters their neutrettitin  statuses:
state. The direction setting remains set on all pagments ¢ s(p): process on workpiece,
until the transportation is completed. » s(io): moving workpiece in or out of the cell,

For direction settings “left/right” or “up/down” cabe « s(w): wating for the next cell or path allocation,
set on path segments according to their situatiothe « s(0): cell is idle.
factory map. Entrance and exit of the cell stagational

by definition, AGV never does reverse movementriee Making detailed statistics on each status helpsaiev
the cell via exit gate or leaving from entrance. \AG workload deficiency and solve AGV congestions.
arriving to the cell indulge its path allocationkie freed. Analysis of the logs showed significant congestions

Two path allocations can cross their way on theesamtatus s(w). This observation leads to optionatig an
junction providing that they are skew lines outtbé ingress buffer to each cell to provide earlier AGéd
junction. Any collision is prevented by AGV's auto-pefore cell process completed on the previous wedep

driving, auto-braking, and safety distance system. There is a second option to add an egress buffee¢che
working area of the cell as soon as possible.
Multiple path allocation We run a detailed test with the following options

We have an opportunity to further optimize the patk’egarding ingress/egress buffer options:
allocation by enabling multiple requests on theesavay . without ingress/egress (00),
policy. All paths consisting of partly or complstel . jngress only (10),
identical directional vectors can be grouped arabkd. egress only (01),
The path allocator controller records distinct dess ingress and egress (11)
for all path segments: '

* zero if unallocated (free to any direction), The Table 5 showed the results for the layout
* positive integer if rightward or downward allocated  ‘ppdcfdeeagha’ with 10 randomized product lists, \AG
* negative integer if leftward or upward allocated. number between 18 and 28. The time values arelative

) _ to the buffer option (11).
The value of integers counts the actual allocation The results show significant decrease in total

number. One AGV reached its destination deallotade manufacturing time if ingress buffer is activatéche

complete path on segment-by-segment basis. egress buffer adds additional minor boost to provity:
The further run time test is with activated ingrassl
Path deallocation on junction crossing egress buffers from now on.

Table 5 Theimpact of the lack of buffer areas on manufacturing time [additional minutes

18 0C 930.4: 925.4¢ 927.1% 907.0¢ 921.7: 915.8¢ 921.0¢ 925.1¢ 922.1¢ 938.21
18 10 31.41 21.84 31.59 28.01 24.85 33.47 21.02 30.12 29.48 20.10
18 01 529.7¢ 535.5¢ 530.5¢ 518.7( 522.3¢ 531.7: 526.9¢ 534.6" 533.5¢ 536.2(
18 11

18 0C 976.2¢ 944.7: 968.8! 977.4: 969.0¢ 985.0: 958.0¢ 980.2¢ 987.5¢ 981.4!
18 1C 43.8% 34.0¢ 38.4¢ 44.0C 44.3 45.45 31.91] 34.4¢ 47.1¢ 43.4C
19 01 573.97 583.54 589.78 576.16 597.34 58097 .8269 582.30 584.48 588.66
18 11

20 00 1014.72 | 1000.37 | 1015.23 | 1003.46 | 1010.43 | 1009.81 | 993.21 | 1010.45| 997.78 1009.89
2C 1C 63.4% 51.2¢ 55.9¢ 62.7¢ 65.0¢ 57.2¢ 518335 57.7¢ 66.8¢ 52.9(
2C 01 614.1¢ 609.4( 620.5¢ 604.3% 621.7¢ 612.6% 616.7¢ 616.6¢ 634.0¢ 612.9!
20 11

21 0C 1020.2¢ | 1016.6« | 1020.4: | 1010.7: | 1035.9¢ | 1022.1¢ | 1004.17 | 1024.0° | 1009.3( 1018.9!
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21 1c 76.8¢ 74.8: 75.4¢ 69.9: 70.3¢ 72.7: 69.7: 68.2: 71.8¢ 78.61
21 01 637.6¢ | 621.4. | 632.1! | 631.5¢ | 644.4( | 646.3: | 627.7. | 6345. | 640.47 | 652.2¢
21 | u oo | ooc | oo | oo | ooc oo | ooc | ooc | ooc | ooc |
22 00 | 1014.10 | 1018.82 | 1009.65 | 1017.94 | 1029.42 | 1021.67 | 1008.44 | 1035.88 | 1018.27 | 1041.54
22 1C 84.0¢ 83.0¢ 67.81 80.0¢ 79.97 81.4¢ 76.8¢ 77.7C 77.51 78.91
22 01 635.11 | 642.39 | 652.57 | 639.59 | 631.88 | 640.18 | 634.40 | 631.36 | 637.98 | 643.74
22 11 | ooc | oo | oot | oot | oo | oo | 0oc | oot | oo | ooc |
23 00 | 1015.70] 1019.27 1012.08 1020.F7  1029(08  4@21.1012.03| 103558 1026.69  1040.1p
23 1C 83.5] 85.0: 68.9: 73.3( 82.5¢ 87.5: 85.7¢ 87.8: 81.0 79.2:
23 01 650.5. | 644.5. | 638.3: | 642.2¢ | 631.3¢ | 633.9: | 644.6¢ | 649.6. | 6515 | 633.5:
25 | 11 | 000 | 000 000 | 000 | 000 000 | 000 000 | 000 | 000 |
24 0C | 1011.7: | 1017.3¢ | 1017.4; | 1021.7: | 1027.5 | 1023.0( | 1010.3 | 1032.7¢ | 1030.5. | 1040.9
24 10 7950 | 6772 | 8127 | 8870 | 7883 | 86.32 | 80.68 | 72.48 | 86.07 72.80
24 01 630.17 | 639.2: | 650.3: | 657.9( | 635.8t | 659.1( | 629.4. | 648.8. | 660.2: | 647.1¢
24 11 | 00C | 00C | 00C | 00C | 00C _ 00C | o00c | o0oc | ooc | ooc |
25 oc | 1018.8: | 10225 [ 1017.5. | 1020.1¢ | 1031.9- | 1018.8! | 1016.6: | 1036.5( | 1026.8! | 1043.6
25 1C 83.4( 79.01 89.8: 72.4: 79.7¢ 82.71 91.5¢ 83.3: 74.0¢ 85.8:
25 01 660.85 | 647.23] 638.95  644.8% 64951 63847 9837 642.06 | 664.44| 640.11
2 | 1 oo | ooC | ooc | oot | oo oo | o0oc | 0ot | oo | oo |
26 00 | 102255 1020.92 | 1017.77 | 1014.09 | 1030.38 | 1025.49 | 1010.81 | 1035.33 | 1020.03 | 1041.01
26 1C 85.8( 74.6¢ 76.6( 69.8¢ 91.1¢ 85.6¢ 80.6: 83.6: 85.3¢ 79.7¢
26 01 649.31 | 649.80 | 644.61 | 637.55 | 63553 | 639.22 | 638.22 | 644.89 | 632.03 | 646.48
26 11 | oo | oo | ooc | ooc | oo | oo | 0oc | oot | oot | oo |
27 0C | 1016.7. | 1019.1¢ | 1023.5¢ | 1020.7* | 1032.5! | 1022.4! | 1007.3( | 1035.7: | 1026.6: | 1044.3:
27 1C 89.5¢ 77.8( 88.67 78.91 87.8¢ 94.5¢ 79.8¢ 87.3: 82.1¢ 78.8
27 01 632.9! | 642.17 | 637.1f | 629.1: | 655.7. | 647.6. | 629.7¢ | 646.2( | 653.8t | 648.4
27 | 11 | 000 | 000 000 | 000 | 000 000 | 000 000 | 000 | 000 |
28 0C | 1017.9° | 1024.6( | 1017.5¢ | 1023.8( | 1025.3( | 1022.2¢ | 1011.2' | 1041.6( | 1024.3. | 1039.6¢
28 10 83.20 | 80.30 | 8285 | 8189 | 7645 | 86.42 | 81.06 | 82.73 | 83.51 81.63
28 01 646.4. | 647.5! | 642.8: | 635.3¢ | 643.5¢ | 640.5! | 641.0. | 657.1C | 645.9( | 644.1(
28 11

Prioritization of AGVs » AGV with highest priority gets path first (P(+)),

Each AGV manages its path allocation by calling the AGV with lowest priority gets path first (P(-)).
centralized controller. In the course of allocatieqquests
occurring at the same time, the AGV with lower 1Bty According to the results there is only a slight6.to
priority. _ o 0.5%) alteration on gross time using P(+) or P(iQry.
The cell's operation statistics showed a frequemtt the same time there is significant decreaseronlation
obstruction of AGV heading the following cell due t run speed due to the constant priority calculatibmat
failed path allocation. This blocked AGV is holding the makes P(+) or P(-) method worthwhile only in case o
cell production for the next workpiece and thusugdg abundant simulation hardware which capacity cafeot
the available workload. This situation gives anaide utilized for some other simulation goals.
prioritize the AGVs based on their blockage geriegat
quality instead of their ID. We created the follogi Number of AGVs
priority calculating method for AGVs with failed tha Minimal AGV number = 12 provides a dedicated

allocation: transport device to feed each cell with necessankiaad.
The base priority is 0 and can be set up to 3. Batite  Depending on the layout additional AGV increases

following conditions increase the priority by 1: productivity to a particular level. With activatéagress

* AGV heading to the cell, and egress buffers the optimal AGV number is ardhd

* AGV present in ingress buffer, and 23. Using higher AGV may not add significant

« AGV waiting in work area with a finished workpieceimprovement but causes elevated waiting time dupét)
operation. allocation and higher maintenance costs on a sstbify.

Using a L(R) product list, the layout ‘bbdcfdeeagimws
We did three measurement and compare their resulke following manufacturing time depending as ecfiom
for layout ‘bbdcfdeeagha’ and maximal AGV numbeiswaof AGV number (Table 6).
27:
« without priority calculation (AGV path allocation
based on their ID) (P(0)),
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Table 6 The n’anufacturii times as a function of the number of AGVs

12 3412.6: 22 2433.7¢ 32 2432.2!
13 3187.0 23 2435.2: 33 2434.3.
14 3004.9( 24 2434.3: 34 2438.0¢
15 2851.5¢ 25 2431.6t 35 2430.7:
16 2725.7¢ 26 2434.3: 36 2428.5:
17 2624.0t 27 2431.0: 37 2435.5!
18 2547.6: 28 2435.6: 38 2434.8(
19 2493.2¢ 29 2429.3( 39 2432.5¢
20 2463.6: 30 2431.0¢ 40 2439.2:
21 2438.9¢ 31 2432.9¢
3420.00

=5

£ 3220.00

(]

£

= 3020.00

£

5

§ 2820.00

5

C

S 2620.00
2420.00

121314151617 18 192021 222324252627 28293031323334353637383940
Number of AGVs

Figure 4 The manufacturing times as a functiorhefriumber of AGVs

The columns in Table 7 are as follows: PROD.TIMEPATH: average of total route waiting time per AGV;
time required to produce 3000 products; WORKCNTWAITING FOR ROAD: average of road waiting time tota
average number of products deliver by the AGV dutie  per truck; MOVING TIME: total time of AGVs with
process; WORKSTEP: average of the sum of loadimly amaterial handling; WORKING TIME: total time spent b
unloading times, technical time in AGV-POOL, tinpeat  AGVs on work; WAITING TIME: total time spent by
in production cells per AGV; MOVING: average of AGVs with waiting.
material handling time total per AGV; WAITING FOR

Table 7 Manufacturing process characteristics for different numbers of AGVs

56.8< | 250.0( | 44.7¢ | 7.3t 0.7¢ 3.9( 88.2( 536.9( 56.21
53.1f | 230.8( | 41.3( | 6.81 0.9¢ 4.01 88.51 536.9( 64.81
50.0¢ | 214.3( | 38.3t | 6.3¢ 1.17 4.1¢ 89.3( 536.9( 74.3¢
47.47 | 200.0( | 35.7¢ | 5.9¢ 1.42 4.27 89.8¢ 536.9( 84.7¢
45.4¢ | 187.5( | 33.5¢ | 5.6¢ 1.8¢ 4.3¢ 90.2¢ 536.9( 99.8¢
43.8¢ | 176.5( | 31.5¢ | 5.3¢ 2.4z 4.57 90.7: 536.9( 118.1:
42.6¢ | 166.7( | 29.8: | 5.07 3.0¢ 4.72 91.3( 536.9( 140.1(
41.7¢ | 157.9( | 28.2¢ | 4.8¢ 3.7¢ 4.9¢ 91.6¢ 536.9( 165.3¢
41.07 | 150.0 | 26.8¢ | 4.61 4.3¢ 5.2t 92.1¢ 536.9( 192.5
40.6€ | 142.9( | 25.57 | 4.41 5.1¢ 5.5( 92.71 536.9( 224.4:
40.5¢ | 136.4( | 24.4C | 4.2¢ 6.0¢ 5.8¢ 93.2¢ 536.9( 262.4(

40.4¢ | 130.4( | 23.3¢ | 4.0¢ 6.8¢ 6.1¢ 93.4¢ 536.9( 300.6¢
40.51 | 125.0( | 22.37 | 3.91 7.7¢ 6.51 93.7¢ 536.9( 342.0¢
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40.4¢ | 120.0C | 21.4¢ 3.7¢ 8.4F 6.81 94.4¢ 536.9( 381.6¢
40.52 | 115.4(C | 20.6¢ 3.6¢ 9.1¢ 7.0¢ 95.0¢ 536.9( 422.3:
40.5¢ | 111.2C | 19.8¢ 3.5¢ 9.8( 7.35 95.2¢ 536.9( 463.1:
40.5z | 107.1C | 19.1% 3.4< 10.4: 7.52 96.02 536.9( 502.6¢
40.4« | 103.4( | 18.5] 3.32 10.9( 7.7¢ 96.3 536.9( 540.6¢
40.4: | 100.0C | 17.9( 3.2¢ 11.3¢ 7.9¢ 96.91 536.9( 580.3¢
40.3( 96.8( 17.3: 3.1¢ 11.73 8.0¢ 97.9( 536.9( 615.7(
40.0¢ 93.8( 16.7¢ 3.0¢ 12.01 8.2¢ 98.0¢ 536.9( 647.8¢
40.4¢ 90.9( 16.2i 3.0C 12.81 8.41 99.0¢ 536.9( 700.3¢
40.17 88.2( 15.7¢ 2.9¢ 13.01 8.45 99.7¢ 536.9( 729.0¢
39.9¢ 85.7( 15.3¢ 2.8¢ 13.31 8.4¢ 100.1¢ 536.9( 762.6(
38.6¢ 83.3( 14.91 2.7¢ 12.7¢ 8.2¢ 99.9¢ 536.9( 757.4+
39.6¢ 81.1( 14.51] 2.7t 13.8¢ 8.5¢ 101.1¢ 536.9( 830.1%
38.9¢ 78.9( 14.1: 2.67 13.7i 8.4( 101.4! 536.9( 842.7¢
38.3¢ 76.9( 13.7i 2.61 13.8( 8.2¢ 101.6° 536.9( 860.1¢
37.1¢ 75.0( 13.4- 2.5¢ 13.2¢ 7.97 101.1¢( 536.9( 850.1(

The Table 7 shows no significant decrease imaterial handling, product list and cell worklo&bme
manufacturing time for more than 23 AGVs. Using enormethods give only a slight improvement, whereagnsth

and more AGVs causes steadily raising values iritinga
for path’ status which is not desired. Scaling A@ynber
up increases ‘moving time’ since more AGVs allocsed

choose more complex and longer path because of the By simultaneously optimizing

congestion caused by the number of AGV itself.
Production time of the x-th workpiece (1):

m+2 ki

o= ) | the + thos + )t ) ()
i=0 j=0

Where:

* m is the number of items in the production prodisss
of the x-th workpiece,
e th,, is the working time at the i-th point,

* typ, is the waiting time for the route at the i-th goin
i,i+1
t;liRi,x
journey at the i-th point and on the route to thelith
point,
i,i+1

thx
and (i+1)-th points,

could make high boost on total productivity andsoimg

a ‘good enough’ solution instead of the best onmeszve
tremendous resources.

layout, production
sequence, and AGV route selection, we can provide a
holistic solution that we have not encountered he t
literature search.

6 Conclusions
In manufacturing companies that use Industry 4.0

technology, real-time availability of information
continuously provides the current status of orcdamsl
resources. Classic line-based assembly is unseitail
meeting future diversified production requirementsle
maintaining high economic efficiency. The objectiséo
maintain the smoothness of the production procdske w
eliminating equal cycle times. Matrix productiorfest a

are the elements of the waiting times for theitaply flexible solution. In our study, we preththe

elements of optimal logistics system design throthgh
example of a model factory using custom simulation

is the material movement time between the i-tgoftware.

Focus areas for future development could include:

. the zeroth point is the AGV-POOL, the first is thetXtending the range of stochastic effects consitere
ENTRANCE, the (m+2)-th is the EXIT, the (m+3)_threducmg the number of constraints, exploring and

is the AGV-POOL,
» the loading and unloading times were defined a

incorporating algorithmic options for faster runs,

s 12deveraging the potential of intra-day rescheduingi re-

while the technical time to be spent in AGV-POOLswa°0ling, extending the model by increasing the sizéhe

defined as 60}, tm+2,t9 ).

5 Discussion

Creating a complex production system requiregl]

considering several factors and parameters. Segrdbr
the optimal solution, we shall pay regard to fagtasout
boundaries, financial considerations, hardware ness
and computing power limitations. In the sectionwg
showed methods and solutions which can help tonogsi

production list and the number of production cells.
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