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ABSTRACT

MASTER’S THESIS

DEVELOPMENT OF ONTOLOGY BASED MULTITASKING MOBILE ROBOT
SYSTEM: AN INDUSTRY 4.0 APPLICATION

Sezer UGUZ
Advisor: Assoc. Prof. Dr. Baris OZYER

Purpose: This thesis has two aims, first to develop a solution to the large productivity losses in
the production stage of the smart factory environment with the aid of mobile robot technology,
one of the Industry 40 applications. In accordance with the standart scenarios, the objective is
for the mobile robot to reach the targets accurately and carry out the tasks at the most affordable
cost. The second aim is to observe the research trends in respect of mobile robots, which hold
an important place in Industry 4.0 applications. In this endeavour, topic modeling and
bibliometric analyses were carried out.

Method: The present thesis develops a new framework named Ontology Based Mobile Robot
System for Industry 4.0 (OMRIi40) which can be used in Industry 4.0 applications. This
framework consists of three main layers: Cloud Computing Services, Ontology and Algorithm,
and Simulation Environment. Cloud Application Tools, Firebase Realtime Database, Apache
Jena Fuseki, and Python were used in the Cloud Computing Services part of the OMRi40. OWL
Ontology, Multi-task Planning Algorithm and Task Planning Algorithm were created in
Ontology and Algorithm part of the OMRIi40. The Simulation Environment section of the
OMRIi40 was built using CoppeliaSim software. Topic modeling analyses were carried out
using both LDA and LDA with the MALLET model for both periods of the study. Python
programming language was used in all analyses of the study. Topic modeling analyses were
carried out using both models for both periods: the LDA with MALLET model gave better
results than LDA model for both periods. The LDA with MALLET model was selected for
analyses in this study. Google Colaboratory was preferred as integrated development
environment (IDE) for Python. Natural Language Toolkit (NLTK), LDA and MALLET
libraries were used in the topic modeling (text mining) phase, Pandas and Numpy libraries for
bibliometric analysis, and Matplotlib and Plotly libraries for data visualization.

Findings: The testing phase of the OMRIi40 framework was completed successfully. RFID and
QR code tags were successfully read by the sensors (RFID and QR code readers) integrated
into the simulation environment of the mobile robot and communicated to the cloud computing
services. During the multi-tasking of the mobile robot, the target points that the mobile robot
should go to first were established by the task priority algorithm and ontology. Topic modeling
and bibliometric analyses were examined in detail. The top five research topics that came to the
fore in each of the two periods were observed. Image Recognition and Object Detection,
Localization Sensors, Path Planning Algorithm and Trajectory Motion Control were among the
popular research topics that come into prominence in both periods. Regarding the top five most
cited research topics for the two periods, the most striking situation here is that the Path
Planning Algorithm research topic is in first place in terms of the number of citations in both
periods. It is also noteworthy that the research topic Automated Guided Vehicles in Industry
emerged in the second period as one of the most cited research topics. In addition, the top five
most productive countries for both periods were analyzed. When the productivity of the
countries with which the authors' academic studies are affiliated were examined, China and the
United States were seen to have risen to prominence by taking first and second places in both



periods. India did not figure in the first period, but did so in the second period, and as such was
the country that attracted attention.

Results: The OMRIi40 Framework developed within the scope of this thesis has been tested on
dummy data using wo different usage scenarios with the same task list. Both QR Code Scanner
and RFID Tag Reader, were tested. According to these results, data transactions made with QR
Code Scanner were faster in seconds compared to RFID Reader. The results of these analyses
are included as a part of this thesis and can contribute to future studies as a guide. These analyses
revealed the current research trends in the field of mobile robots, so that it can be said that the
present study sheds light on future prospects in this field.

2023, 74 pages

Keyword: Mobile Robot, Industry 4.0, Smart Factory, Textile Manufacturing, Multi-Tasking,
Path Planning, Ontology, Cloud Computing, Algorithm, Topic Modeling, Data Analysis



OZET

YUKSEK LiSANS TEZI

ONTOLOJI TABANLI COKLU GOREV MOBIL ROBOT SiSTEMININ
GELISTIRILMESI: BIR ENDUSTRI 4.0 UYGULAMASI

Sezer UGUZ
Damsman: Doc. Dr. Baris OZYER

Amag: Bu tezin iki amaci vardir; birincisi akilli fabrika ortaminin iiretim agsamasindaki biiyiik
verimlilik kayiplarina Endiistri 40 uygulamalarindan biri olan mobil robot teknolojisi
yardimiyla bir ¢oziim gelistirmek, ikincisi ise Endiistri 4.0 uygulamalarinda 6nemli bir yer tutan
mobil robotlarla ilgili aragtirma egilimlerini gozlemlemektir.

Endiistri 4.0 uygulamalariin gelismesiyle birlikte tekstil fabrikalarin ulusal ve uluslararasi
pazarlarda rekabet gii¢lerini siirdiirebilmeleri i¢in iiretim siireclerinin yiiksek verimlilige ve kisa
degisim siirelerine sahip olmasi gerekmektedir. Bu rekabetin en 6nemli kriteri zaman kaybini
minimuma indirirken verimliligi maksimuma ¢ikarmaktir. Uretim hatlarmdaki {iriin
parcalariin bir araya getirilerek dikildigi dikim atdlyesi, tekstil tiretiminde uygulanan is akis
sirecinin en 6nemli asamalarindan biridir. Dikim atdlyesinde verimlilik ve zaman kayiplarina
neden olan en Onemli etkenlerden biri de depodan iiretim hattina getirilen c¢esitli iiriin
aksesuarlarinin teslimidir. Bu aksesuarlarin (diigme, etiket vb.) zamaninda depodan temin
edilememesi, bir tekstil fabrikasinin dikim atolyesi boliimiindeki rutin igleri aksatmakta ve
iretim hatlarindaki operatorler dikisi teslim almadiginda Onemli Ol¢lide zaman
kaybedilmektedir.

Bu tezin ilk amaci, Endiistri 4.0 uygulamalarindan biri olan mobil robot teknolojisi ile fabrika
ortamindaki biiyiik verimlilik kayiplarina ¢6ziim gelistirmektir. Boylece kullanim senaryolarina
uygun olarak mobil robotun hedeflere dogru bir sekilde ulagmasi ve gorevleri en uygun
maliyetle gerceklestirmesi amaglanmaktadir. Ontoloji ile Endiistri 4.0 uygulamalarinin bir
pargast olan Nesnelerin Interneti (IoT), Bulut Bilisim ve Mobil Robot, bu ¢alismada rol
oynayan dort ana unsurdur. [oT sayesinde mobil robot, ¢evresiyle veri aligverisi yapabilir ve
iletisim kurabilir. Coklu gorev yapabilen mobil robot, aksesuar stogundaki malzemelerin dikim
atolyesine getirilmesinden kaynaklanan zaman kaybmnin Oniline geg¢ilmesini miimkiin
kilmaktadir. Mobil robot sisteminin fabrika ortamindaki goérevler igin bulut bilisimde
olusturulan gorev 6nceligi (oncelik faktorii) algoritmasini kullanarak en uygun rotalar1 segerek
verilen gorevleri en iyi sekilde gerceklestirmesi tezin en 6nemli amaglarindan bir tanesidir. Bu
amac¢ dogrultusunda, mobil robotun hareket planinin olusturulmasi ve karar destek sistemine
bagli olarak mevcut gorevin yerine getirilmesi agsamasinda ontoloji tabanli bir anlamsal yap1
gelistirilmistir. Bu, tekstil fabrikas1 ortaminda ¢ok gorevli bir mobil robot sistemi i¢in yenilik¢i
bir yaklagimdir. Mobil robotun sorumlu oldugu ¢oklu gorevlerin yerine getirilmesi, yapilan
islemlerin [oT tizerinden bulut bilisim sistemine raporlanmasini ve gorevlerin tamamlanmasini
saglar.

Bu tez ¢aligmasinin ikinci amaci ise Endiistri 4.0 uygulamalarinda 6nemli bir yer tutan mobil
robotlarla ilgili aragtirma egilimlerini gozlemlemektir. Mobil robotlar, robotik alanda yapilan
caligmalarin basinda gelmektedir. Hem akademik olarak hem de endiistri alaninda teorik ve
uygulamali ¢aligmalarin yapildigt mobil robot alanina olan ilgi her gegen giin daha da
artmaktadir. Ik kez Alman konsorsiyumu tarafindan 2011 yilinda Hannover Fuari’nda sunulan
Endiistri 4.0 terimi, Avrupa iilkelerinin sanayideki {iretim siireg¢lerinde meydana gelen
zorluklara yeni nesil ¢ozlimler liretmek ve teknolojik diizeyini artirmak i¢in yeni bir devrin



baslamasina yol agmistir. Dordiincii sanayi devrimi olarak da bilinen endiistri 4.0, bulut biligim,
siber-fiziksel sistemler, biiyiik veri, nesnelerin interneti ve otonom robotlar dahil olmak tizere
dokuz ana teknoloji boliimiinden olusur. Gelisen teknolojilerle birlikte endiistriyel ortamlardaki
cihazlar arasinda kablosuz iletisim biiyiik 6nem kazanmuistir ve bu sayede cihazlar arasinda bilgi
aligverisi daha hizli gergekleserek iiretim siiregleri daha verimli ve akilli hale gelmistir. Endiistri
4.0’1n ortaya ¢ikmasiyla birlikte glinlimiize kadar birgok akademik ¢alisma gergeklestirilmistir.
Buna ek olarak, endiistri 4.0 ¢ercevesinde yazarlarin yapmis oldugu yayilarin performansini,
kavramsal gelisimini ele almak ve gelecekteki arastirmalarin iggoriilerine ve bakis agilarina
katki saglamak icin Scopus veri tabani kullanilarak birtakim bibliyometrik ¢aligmalar yer
almaktadir. Ayrica yapilan c¢alismalarin birinde endiistri 4.0 alaninda yapilan g¢alismalarin
kuantumunun her y1l 2 kat arttig1 gézlemlenmistir.

Yontem: Tezin ilk amact i¢in bu bdliimde, Endiistri 4.0 i¢in Ontoloji Tabanli Mobil Robot
Sistemi (OMRi40) olusturulmustur. Bu sistem, OMRi40 i¢in Bulut Bilisim Hizmetleri,
OMRi40 i¢in Ontoloji ve Algoritma ve OMRi40 i¢in Simiilasyon Ortam1 olmak tizere 3 baslik
altinda ele alinmistir. OMRi40 i¢in Bulut Bilisim Hizmetleri (CCS) dort alt baglik altinda
toplanmistir. Bunlardan ilki, dikis makinesi operatorlerinin malzeme istekleri igin bir kullanici
arayiiziine sahip olan OMRi40 i¢in Bulut Uygulamas1’dir. ikinci alt baslik, bulut uygulama
verilerinin saklandigt OMRi40 i¢in Gergek Zamanli Veritabani’dir. Bunlarin ii¢ilinciisii, mobil
robotun mevcut gorevini sorgulamak i¢in RDF (Resource Description Framework) {iglii
gorevlerini depolayan OMRi40 i¢in Apache Jena Fuseki'dir. Dordiincii ve son alt baslik, hem
Gergek Zamanli Veritabant hem de Apache Jena Fuseki ile iletisim kuran OMRi40 i¢in Python
Betik Dosyalar1'dir.

OMRi40 i¢in Bulut Bilisim Hizmetleri boliimiinde tekstil atlyesinde calisanlarin malzeme
gereksinimleri bulut uygulamasi {izerinden kayit altina alinmistir. Bulut uygulamasit HTML
(HyperText Markup Language), JS (JavaScript), CSS (Cascading Style Sheets), PHP
(Hypertext Preprocessor) ve MySQL bilesenlerinden olugsmaktadir. Bu bulut uygulamasina
erisim, tekstil atOlyesinin iiretim hatlarinda bulunan tabletler iizerinden saglanmaktadir.
Kullanicidan istek bilgisi olarak Malzeme Cinsi, Malzeme Cinsi Detay1 ve Miktar bilgileri
alinmustir. Bunlara ek olarak bulut uygulamasinin arka yiiziinde Zaman Damgasi, Analiz Edildi
Mi, Malzeme Oncelik Degeri, Kisisel Kimlik, Uretim Hatt1 Noktas1 verileri olusturulmus ve
OMRi40 sistemindeki coklu gorev analizleri i¢in Gergek Zamanli Veritabani’na kaydedilmistir.
OMRIi40 icin Ger¢ek Zamanli Veritabani boliimiinde ise Firebase Ger¢ek Zamanli Veritabani
kullanilmaktadir. Giiniiniimiiz teknolojisinde, endiistri fabrikalarinin veya sirketlerinin ¢esitli
bulut uygulamalari, NoSQL veri depolamanin buluta aktarilabilmesi ve hizli veri erisimini
destekleyebilmesinden dolay1 popiiler olan “Not Only SQL” (NoSQL) kullanilmaktadir. Bu
tezin kullanim senaryosu, Endiistri 4.0 yetkinlikleri ile biiylik veri iireten akilli bir tekstil
fabrikasini igermektedir. Dolayisiyla NoSQL veritabani, buluta anlik veri aktarimi 6zelligi,
bulutta veri okuma ve yazma islemi ve i¢ ice gecmis veri yapisi ile bu ¢alisma i¢in oldukca
kullanighidir. Bu ¢alismada Firebase Realtime Database (RTDB) kullanilmis ve OMRi40 i¢in
OMRi40 RTDB adinda bir veritabani olusturulmustur. OMRi40 i¢in Apache Fuseki Server
bolimiinde ise bir SPARQL (SPARQL Protocol and RDF Query Language) sunucusu olan
Apache Jena Fuseki yer almaktadir. Apache Jena Fuseki, http (Hypertext Transfer Protocol)
tizerinden cesitli SPARQL sorgularinin RDF verilerine erismesini saglar. Fuseki, RDF
verilerini depolamak ve sorgulamak i¢in iiclii bir magaza yapisina sahip olan Jena'nin bir
bileseni olan TDB ile siki bir sekilde entegredir. TDB'nin tek bir makine iizerinde yiiksek
performansl bir RDF deposu olarak kullanilabilecegi belirtilmistir. OMRi40 i¢in Python Betigi
boliimiinde, Python programlama dilinde yazilan betikler yer almaktadir. Bu betikler, OMRIi40
catist iginde Onemli bir yere sahiptir. Python, firebase admin ve SPARQLWrapper
kitapliklarin1 kullanarak hem Firebase Gergek Zamanli Veritaban1 hem de Apache Fuseki
Sunucusu tarafindan veri aligverisi saglar. Ayrica bu verilerin analizini yaparak gorevleri
sirastyla mobil robota iletir. OMRi40 i¢cin Ontoloji ve Algoritma boliimiinde ise gelistirilen



OWL modeli, Coklu Gorev Yol Planlama ve Gérev Onceligi algoritmalar1 yer almaktadur.
OMRi40 i¢in Simiilasyon Ortami boliimiinde ise mobil robotun baslangi¢ noktasindan hedef
noktaya Ornek bir yolculugu olusturulmustur.

Konu modelleme ve bibliyometrik analiz calismasinda Scopus veri tabaninda yayimlanmis
mobil robot alanindaki 13404 adet makale ele alinmistir. Son 20 yildaki (2002-2021) ele alinan
bu makalelerde, Endiistri 4.0 kavraminin ortaya ¢iktigi 2011 yilinin 6ncesinde ve sonrasindaki
hem akademik camianin hem de sanayide yapilan teorik ve uygulamali ¢aligmalarin ne yone
evrildigi, nasil degisiklik gosterdigi ve hangi egilimlerin 6ne ¢iktig1 incelenmistir. Boylelikle
Endiistri 4.0’1n yam sira gelisen teknolojiyle birlikte mobil robot alanindaki yol planlama,
navigasyon ve gorev planlama gibi temel aragtirma konularinda meydana gelen degisimler konu
modelleme teknigiyle gézlemlenmistir. Buna ek olarak LDA (Latent Dirichlet Allocation)
MALLET (Machine Learning for Language Toolkit) modelleriyle olusturulan konu modelleme
basliklarinin atif dagilimi da eklenerek arastirmalarin ne yonde ilgi ¢ektigi incelenmistir. Bu
calisma Konu Modelleme, Bibliyometrik Analiz ve Metin Madenciligi bilesenlerini
icermektedir.

Bu calisma kapsaminda toplanan makaleler igerisinden sadece Konferans bildileri ve Dergi
makaleleri ele alinmistir. Bunun i¢in uygulanan filtreleme sonucunda geriye 13414 adet makale
kalmistir. 13414 adet makalenin Baslik ve Ozet siitunlarinda eksik veri (nan value) olup
olmadigna bakilmistir. Daha sonrasinda Baslik ve Ozet siitunlarinda tekrarlayan aymi
makalelerin olup olmadigi kontrol edilmistir. Ayni olan makale bilgilerinin kaldirilmast
sonucunda geriye 13404 adet makale kalmistir. 2002-2011 yillart arasinda 3556’°s1 Konferans
bildirisi ve 1131’1 Dergi makalesi olmak tizere toplam 4687 adet makale mevcuttur. 2012-2021
yillar1 arasinda ise 5775’1 Konferans bildirisi ve 2942’si Dergi makalesi olmak iizere toplam
8717 adet makale mevcuttur. Bu bilgiler 1s181inda, son 10 yildaki makale sayisinin 6nceki 10
yila gore yaklagik 2 kat arttig1 goriilmektedir.

Endiistri 4.0 Devrimi’nin 2011 yilinda ortaya ¢ikmasiyla birlikte mobil robotlarin kullanim
alanlar1 daha da genislemistir ve bu alanda yapilan hem akademik hem de endiistrideki
Arastirma&Gelistirme ¢alismalart giin gectikce artmaya baglamistir. Bu calisma Konu
Modelleme, Bibliyometrik Analiz ve Metin Madenciligi analizlerinden olugmaktadir ve
analizlerin ¢iktilar1 bu makalenin Sonuglar kisminda detayli olarak yer almaktadir. Bu
calismanin biitiin analizlerinde Python programlama dili kullanilmistir. Python i¢in tiimlesik
gelistirme ortami1 (IDE) olarak Google Colaboratory adli web IDE’si tercih edilmistir. Konu
modelleme asamasinda LDA ve MALLET kiitiiphaneleri, bibliyometrik analiz kisminda
Pandas ve Numpy kiitiiphaneleri, metin madenciligi asamasinda Natural Language Toolkit
(NLTK) kiitiiphanesi ve veri gorsellestirme kisminda ise Matplotlib ile Plotly kiitiiphaneleri
kullanilmistir.

Bulgular: Tezin bu boliimiinde, gelistirilen OMRi40 gergevesinin testleri yapilmistir. Testler,
Endiistri 4.0 konseptinde bir akilli tekstil fabrikasi i¢in gelistirilen kullanim senaryolarindan
olusmakta ve OMRi40 cercevesinin simiilasyon ortaminda ¢alisir hale getirilmesi icin
saglanmigtir. Simiilasyon ortaminin gelistirilmesi halen devam etmektedir. OMRIi40
cercevesinin simiilasyon ortam stabilize edildikten sonra gergek bir mobil robot ortaminda da
test edilecektir. Bu tez kapsaminda gelistirilen OMRi40 cergevesi, yapay veriler {izerinde test
edilmistir. Aym1 gorev listesinin, QR Code Tarayict ve RFID Etiket Okuyucu’nun iki farkl
kullanim senaryosu uygulanmistir. Bu sonuglara gére QR Code Tarayici ile yapilan veri
islemleri RFID Etiket Okuyucu’ya gdre saniye bazinda daha hizli gerceklesmistir. Islem siiresi
+/- %10'luk bir hata pay1 igcermektedir.

Bu tezin konu modelleme ve bibliyometrik analiz kisminda LDA ve LDA MALLET modelleri
olusturulmustur. Bu modellerin tutarlilik degerlerinin sonucuna gore her iki donem i¢in de LDA
MALLET modelinin tutarlilik degerleri daha iyi sonug¢ vermistir. Bu analizler, Endiistri 4.0’1n
ortaya ¢iktig1 2011 yil1 géz oniine alinarak gerceklestirilmistir. 2002-2011 ve 2012-2021 olarak
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iki 10 yillik zaman diliminde incelenmistir. Her iki donemde de 10 ortak konunun oldugu
goriilmektedir. Bu konular sunlardir: Sinir Ag1 Ogrenme, Arazi Ortaminda Mobil Robot,
Y oriinge Hareket Kontrolii, Otonom Arag¢ Gelistirme, Maliyet ve Verimlilik Problemleri, Mobil
Robotlarin Engel Ortamlari, Otonom Mobil Robot Navigasyonu, Konumlandirma Sensérleri,
Goriintii Tanima ve Nesne Tespiti ve Yol Planlama Algoritmasi. 2002-2011 periyodunda yer
alan ancak 2012-2021 periyodunda yer almayan konular sunlardir: Cevre Haritalama ve I¢
Mekan Lokalizasyonu, Mobil Robot Lokalizasyonu i¢in Genetik Algoritmalar, Mobil Robotta
Insan Robot Haberlesmesi ve Endiistriyel Uygulamalar. 2002-2011 periyodunda yer alan ancak
2012-2021 periyodunda yer almayan konular ise sunlardir: Mobil Robotik Sistemlerin Yazilim
Mimarisi, I¢ Ortamlar i¢in Semantik SLAM (Simultaneous Localization and Mapping), Mobil
Robotta Insan Robot Etkilesimi, Robotik Etmenlerde Coklu Gorevler, Verimlilik Algoritmalar
ve Endiistride Otomatik Yonlendirmeli Araglar.

2012-2021 periyodunda yeni arastirma konular1 oldukga ilgi ¢ekici goriinmektedir. Bununla
beraber Endiistride Otomatik Yonlendirmeli Araglar ile ilgili ¢alismalarin yeni bir trend olarak
artmas1 muhtemel goriinmektedir. Ciinkii bu yeni akim son 10 yilda giindeme gelmistir. Ayrica
bu yeni trend, ilk 10 yillik dénemde 4. sirada yer alan Yoriinge Hareket Kontrolii yerine 4.
sirada yer almigtir. Endiistri 4.0 ile birlikte ortaya ¢ikan akilli fabrika doniistimiiniin, Endiistride
Otomatik Yonlendirmeli Araglar’in 6n plana ¢ikmasinda 6nemli bir faktor oldugu ifade
edilebilir. Bununla birlikte yine son 10 yillik donemde Yol Planlama Algoritmasi adli konu ilk
siraya yerlesmistir. Bu konunun ilk siraya yiikselmesinde Endiistride Otomatik Y6nlendirmeli
Araclar konusuyla ilgili yapilan caligsmalarin katkist oldugu belirtilebilir. Ciink{i otomatik
yonlendirmeli araglarin is akisindaki gorevleri yerine getirebilmesi i¢in en uygun giizergaha
sahip olmasi gerekmektedir. Bu nedenle otomatik yonlendirmeli araglarr i¢in yol planlama
Onemli bir yere sahiptir.

Bibliyometrik analiz ile 2002-2011 ve 2012-2021 donemleri arasinda arastirma konularina,
yazarlara, kurumlara ve iilkelere iligkin ¢esitli sonuclara ulagilmistir. Bu analiz sonuglari, mobil
robot alaninda yapilan ¢alismalar ile ilgili onemli goriisler sunmaktadir. Ozellikle atif sayilari
bilimsel yayinlarin n plana ¢ikmasinda énemli bir rol oynamaktadir. Ilk dénemde en yiiksek
atif sayilarina sahip ilk 3 baskin arastirma konusu sirasiyla Yol Planlama Algoritmasi, Ortam
Haritalama ve I¢ Mekan Lokalizasyonu, Goriintii Tanima ve Nesne Tespiti'dir. Ikinci ddnemde
en yiiksek atif sayilarina sahip ilk 3 baskin arastirma konusu ise sirasiyla Yol Planlama
Algoritmasi, Goriintii Tanima ve Nesne Tespiti ve Konumlandirma Sensérleri olmustur. Ayrica
her iki déneme ait en iiretken ilk 5 yazar tespit edilmistir. ilk dénemdeki yazarlar sirastyla Yang
S. X., Burgard W., Parhi D. R., Siegwart R., ve Savkin A. V. dir. Son dénemdeki yazarlar ise
sirastyla Parhi D. R., Mohanty P.K., Savkin A. V., Burgard W. ve Chung W. dir. Burgard W.,
Parhi D.R. ve Savkin A.V. her iki donemde de yer almay1 basarmistir. Buna ek olarak her iki
doneme ait en iiretken ilk 5 iilke incelenmistir. Ilk dénemdeki iiretken iilkeler sirasiyla Cin,
ABD, Japonya, Giiney Kore ve Almanya’dir. Son donemdeki iiretken {ilkeler ise sirastyla Cin,
ABD, Hindistan, Almanya ve Japonya’dir. Cin ve ABD sirasiyla 1. ve 2. siradaki yerlerini
korumustur. Hindistan'in son 10 yildaki yiikselisi ise olduk¢a dikkat ¢ekmektedir.

Sonuc¢: Bu tez calismasinda, Endiistri 4.0 uygulamalarinda kullanilabilecek, Endiistri 4.0 icin
Ontoloji Tabanlt Mobil Robot Sistemi adl1 yeni bir ¢ergeve gelistirilmistir. Bu ¢ergeve, Bulut
Bilisim Hizmetleri, Ontoloji ve Algoritma ve Simiilasyon Ortami ana katmanlarindan
olusmaktadir. OMRi40 ¢ercevesinin test asamasi basariyla tamamlanmistir. RFID (Radio
Frequency Identification) ve QR (Quick Response) kod etiketleri, mobil robotun simiilasyon
ortamina entegre edilen ve bulut bilisim servislerine iletilen sensorler (RFID ve QR kod
okuyucular) tarafindan basariyla okunmustur. Mobil robotun ¢oklu gorevleri sirasinda, mobil
robotun ilk gitmesi gereken hedef noktalar, gorev Oncelik algoritmasi ve ontolojisi ile
olusturulmustur.

OMRi40 cergevesi, mobil robot ve dikis atdlyesindeki personel tarafindan anlik verilerin
iiretilmesine ve kaydedilmesine olanak tanir. Islenen veriler, Python betikleri kullanilarak
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analize hazir hale gelir. Verilere Gérev Onceligi algoritmasi uygulanir ve veriler Fuseki
Sunucusunda tutulur. Mobil robotun bir sonraki gorev talebi dogrultusunda Coklu Gorev Yol
Planlama algoritmasi kullanilarak RDF sorgusu calistirilir ve mevcut yol bilgisi sunulur. Tiim
bu islemler OMRi40 ¢ergevesi tarafindan test edilmis ve basariyla gerceklestirilmistir.

Bu tez ¢alismasinda ii¢ sinirlama mevcuttur. Bunlardan ilki, gelistirilen OMRi40 ¢ergevesinin
gercek bir veri seti ile test edilmemis olmasidir. Veri seti gergek olsaydi, OMRi40'taki
algoritmalarin hem etkinligi hem de kullanimi, kullanim senaryolarina bagli olarak daha iyi test
edilebilirdi ve OMRi40 cercevesinin performansi ¢ok sayida gorev iizerinde test edilebilirdi.
Ikinci smirlama, kullanilan kullanim senaryolarmin dikis atdlyesinde yalmzca bir mobil
robotun test edildigini dikkate almasidir. Hedef noktalara ulasmak icin ¢oklu mobil robotlar
tarafindan coklu gorevlerin paylasilmasi bu calismada gergeklestirilmemistir. Ucgiincii
sinirlama, gérevler yerine getirilirken yol planlamasinin dinamik olmasi yerine statik bir sekilde
gerceklesmesidir. Mobil robot gorevlere baslamadan 6nce gorev listesi analiz edilmis ve gorev
oncelik algoritmasina gore siralanmistir. Mobil robot géreve basgladiktan sonra dikis atdlyesinde
okudugu her etiket i¢in Oncelik algoritmasi tekrar tekrar hesaplanmamaktadir. Bu nedenle
mobil robot baslangic noktasindan hareket etmeye basladigi andan itibaren gorevleri statik
olarak yerine getirmektedir.

Gelecekteki c¢alismalarda, OMRi40 cergevesi kullanilarak, algoritmalarin gercek gorev veri
setleri ile kullanilmasi, simiilasyon ortaminda kullanim senaryolarinin olusturulmasi ve gercek
diinyada yer alan ¢oklu mobil robotlara uygulanmasi planlanmaktadir. Ayrica mobil robotun
statik olarak gerceklestirdigi gorevler dinamik hale getirilebilir. Bu durum, gorevlerin statik ve
dinamik gerceklestirilmesindeki olusabilecek farkliliklarin gozlemlenmesini saglayacaktir.
Zamanla biiylik veriye doniisecek olan gercek gorev veri setlerine uygulanabilecek makine
O0grenmesi algoritmalar1 ile gorev siirecinin tamamlanma siiresi tahmin edilebilir. Bu da
Endiistri 4.0 konseptinde akilli fabrikalarin iiretim asamalarinda verimliligin artirilmasina ve
zaman kaybinin en aza indirilmesine katki saglayabilir.

Konu modelleme galismasinda Scopus veri tabanindan toplanan 13404 adet makalenin &zeti,
2002-2011 ve 2012-2021 yillart arasinda 10 yillik periyotlar halinde iki donem olarak ele
alimustir. Endiistri 4.0’1n ortaya ¢iktig1 2011 yili bir doniim noktas1 olarak belirlenmistir. Bu
nedenle endiistri 4.0 kavraminin ortaya ¢ikmadan dnceki ve sonraki zaman igerisinde mobil
robot alaninda yapilan ¢alismalarin hangi dogrultuda ilerledigi ve ne gibi degisiklikler meydana
geldigi incelenmistir. Elde edilen analizler sonucunda mobil robot alaninda yapilan ¢caligmalarin
endiistri 4.0 alaninda meydana gelen gelismelerle iliskili oldugu gozlemlenmistir. Bu
calismadaki analiz sonuglari 1s181inda arastirma sorularina cevaplar verilmistir.

Oncelikle bu calismada her iki donem icin LDA MALLET modeli kullanilarak konu modelleme
analizleri ortaya ¢ikarilmistir. Her iki donemde 6ne ¢ikan ilk 5 arastirma konusu incelenmistir.
Gortintii Tanima ve Nesne Tespiti, Konumlandirma Sensorleri, Yol Planlama Algoritmasi ve
Yoriinge Hareket Kontrolii konulart her iki donemde de 6ne ¢ikan popiiler arastirma konulari
arasinda yer almistir. Buna ek olarak Endiistride Otomatik Y6nlendirmeli Araglar adli arastirma
konusu ikinci periyotta 6n planda yer almasinin sebebi endiistri 4.0’1n ortaya ¢ikmasi ile
meydana gelen gelismelerden kaynaklandigi sOylenebilir. Bu nedenle bu arastirma konusu
olduk¢a goze carpmaktadir. Endiistride Otomatik Yonlendirmeli Araglar ile birlikte ilk
donemde yer almayip ikinci donemde yer alan Mobil Robotik Sistemlerin Yazilim Mimarisi,
Kapali Ortamlar icin Semantik SLAM, Mobil Robotta Insan Robot Etkilesimi, Robotik
Etmenlerde Coklu Gorevler ve Verimlilik Algoritmalar1 arastirma konular1 da son 10 yillik
periyotta dne ¢ikan yeni trendler olarak belirtilebilir.

Her iki doneme ait en ¢ok atif alan ilk 5 arastirma konusu incelenmistir. Burada dikkat ¢eken
en 6nemli durum ise Yol Planlama Algoritmasi arastirma konusunun her iki donemde de atif
sayisinda ilk sirada yer almasi olarak belirtilebilir. Ayrica Endiistride Otomatik Y6nlendirmeli
Araclar arastirma konusunun ikinci periyotta ortaya c¢ikmasi ve en c¢ok atif alan arastirma
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konularindan biri olmasi dikkat cekmektedir. Her iki donemde de ¢aligmalariyla 6n plana ¢ikan
yazarlar Burgard W., Parhi D. R. ve Savkin A. V. d1r. Parhi D. R. son 10 yillik donemde mobil
robot alaninda yaptigi ¢alismalarla 6n plana ¢ikmistir. Ayrica her iki doneme ait en iiretken ilk
5 iilke de incelenmistir. Burada yazarlarin akademik ¢alismalar yapmakta oldugu kurumlarin
bagli oldugu iilkelerin tiretkenligi ele alinmistir. Bunun sonucunda her iki donemde de Cin ve
ABBD sirasiyla birinci ve ikinci sirada yer alarak 6n plana ¢ikmistir. Buna ek olarak Japonya ve
Almanya da her iki donemde yer almayi basarmistir. Hindistan ilk dénemde olmay1p ikinci
donemde yer alarak dikkat ¢eken iilke olmustur.

Bu calismada endiistri 4.0 Oncesi ve sonrasi ¢ergevesinde mobil robot alanindaki arastirma
konularinin ne yone evrildigi incelenerek bu alanda gelecek calismalar yapacak olan akademi
ve enddistri camiast ile paylasilmistir.
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1. INTRODUCTION

1.1. Motivation and Objective

Mobile robots are at the forefront of studies in the field of robotics. Interest in the field of mobile
robots, where theoretical and applied studies are carried out both academically and in the

industry, is increasing day by day.

The term Industry 4.0 (i40) (Meindl, Ayala, Mendonga, & Frank, 2021; Lopez-Robles, et al.,
2020; Liao, Deschamps, Loures, & Ramos, 2017), which was presented for the first time by the
German consortium at the Hannover Fair in 2011 (Meindl, Ayala, Mendonga, & Frank, 2021;
Lopez-Robles, et al., 2020; Liao, Deschamps, Loures, & Ramos, 2017), has led to the beginning
of a new era in order to produce new generation solutions to the difficulties occurring in the
industrial production processes of European countries and to increase their technological level
(Lopez-Robles, et al., 2020; Gonzalez, Alves, Viana, Carvalho, & Basilio, 2017). Industry 4.0,
also known as the fourth industrial revolution, consists of nine major technology segments,
including cloud computing, cyber-physical systems, big data, internet of things, and
autonomous robots. With the developing technologies, wireless communication between
devices in industrial environments has gained great importance, and thus, information exchange
between devices has become faster, making production processes more efficient and smarter
(Gonzalez, Alves, Viana, Carvalho, & Basilio, 2017; Andersen, et al., 2017; Wang, Jiang,
Meng, Xie, & Ding, 2021; Fellan, Schellenberger, Zimmermann, & Schotten, 2018).

With the development of i40 applications, production processes must have high efficiency and
short changeover times in order for textile factories to maintain their competitiveness in national
and international markets. The most important criterion of this competition is to maximize
efficiency while minimizing time loss. The sewing workshop where the product parts on the
production lines are brought together and sewn is one of the most important stages of the

workflow process applied in textile production.

One of the most important factors that cause efficiency and time losses in the sewing workshop
is delivery of the various product accessories brought to the production line from the warehouse.
The inability to supply these accessories (buttons, labels, etc.) from the warehouse on time

disrupts the routine work in the sewing workshop section of a textile factory, and considerable



time is lost when the operators on the production lines do not receive the sewing materials

(needles, thread spools, etc.) quickly when they need them, greatly reducing productivity.

The aim of this thesis is to develop a solution to the large productivity losses in the factory
environment with mobile robot technology, which is one of the i40 applications. Thus, in
accordance with the usage scenarios, the aim is for the mobile robot to reach the targets
accurately and carry out the tasks at the most affordable cost. The Internet of Things (10T),
Cloud Computing and Mobile Robot which are part of 140 applications, with Ontology, are the
four main elements that play a role in this study. Thanks to the 10T, the mobile robot can
exchange data and communicate with its environment. The mobile robot that can perform
multitasking makes it possible to prevent loss of time caused by bringing the materials from the
accessory stock to the sewing workshop. The intention is for the mobile robot system to carry
out the given tasks in the best way by choosing the most suitable routes using the task priority

(priority factor) algorithm created in cloud computing for tasks in the factory environment.

In the present thesis study, an ontology based semantic structure has been developed in the
phase of drawing up the motion plan of the mobile robot and performing the current task
depending on the decision support system. This is an innovative approach for a multitasking
mobile robot system in the textile factory environment. Fulfillment of the multitasks for which
the mobile robot is responsible ensures that the operations performed are reported to the cloud
computing system via the 10T and that the tasks are completed.

1.2. Methodology

The mobile robot system in this thesis was run in the CoppelaSim simulation environment by
communicating with the Python Programming Language and Apache Jena Fuseki Server. The
study includes both software and hardware components. QR (Quick Response) code and RFID
(Radio Frequency Identification) tag reader devices in the mobile robot provide different usage
scenarios. The data processed by the mobile robot was taken from the physical environment by
QR code and RFID tag readers and sent to the cloud computing side for analysis. These two
sensors were tested and their results were interpreted with comparative analyses such as latency
time, processing speed, positioning and routing performances. As a result of these analyses, it

was determined which method was more efficient.

In addition, an ontology based semantic structure has been developed for guiding the mobile
robot, determining its route and performing the next task. In this way an innovative solution
with a mobile robot system that can perform multiple tasks has been developed to amend the

efficiency and time losses experienced in the textile factory. The ontology based semantic



structure was implemented in the Apache Jena Fuseki Server which is a SPARQL Protocol and
RDF Query Language (SPARQL) server. Various queries were made to the data repository in
cloud computing, and the results were produced for the decision support system and sent to the
SPARQL server. The next step was to query the SPARQL server with the RDF (Resource
Description Framework) Query Language in line with the request of the mobile robot. These
processes were repeated until completion of the multitasking, thus rectifying the loss of
efficiency and time in textile factories.

1.3. Contribution

The outputs of this thesis study are intended to aid the formation and technological development
of startup companies by implementing various Research&Development (R&D) projects in the
field of mobile robots, creating an important industry-oriented value within the framework of

Industry 4.0. The contributions of this thesis in this context are as follows.

1. Topic modeling and bibliometric analyses were carried out to observe the research
trends of mobile robots, which have an important place in Industry 4.0 applications. The
results of these analyses are included as a part of this thesis and contribute to future
studies as a guide.

2. A cloud-based robotic simulation environment is created according to the mobile robot
usage scenarios. In addition, a new cloud-based software system is developed to access
the robot simulator for path planning and navigation of the mobile robot. This process
was carried out successfully by providing tests and controls.

3. It has been ensured that RFID and QR code tags are successfully read by the sensors
which are RFID and QR code readers integrated into the mobile robot simulator and
communicated with the cloud computing system and ontology. During the multi-tasking
of the mobile robot, which target points the mobile robot will go to first have been
realized by the task priority algorithm and ontology to be developed. The stability and
accuracy parameters of the mobile robot system were tested. It has been ensured that
RFID and QR code tags are successfully read by the sensors, i.e. RFID and QR code
readers integrated into the mobile robot simulator and in communication with the cloud
computing system and ontology. The multitasking of the mobile robot, establishing
which target points the mobile robot will go to first was realized by the task priority
algorithm and ontology to be developed. The stability and accuracy parameters of the
mobile robot system were tested.

4. The software system created with cloud computing and ontology; permits the data
produced by the mobile robot and the employees in the factory to be stored instantly.



The data examined during the preprocessing stage come ready for analysis. The
prepared data are analyzed in the task priority algorithm. The order of multitasking is
kept in the Fuseki Server. In line with the mobile robot's request for the next task, the
RDF query is run and the current route information is presented. All these processes

have been tested and successfully carried out by cloud computing and ontology.



2. THEORETICAL FOUNDATIONS

In this study, the literature survey was gathered under three main subtitles. The first of these is
Theoretical Foundations of the Mobile Robot within the Scope of Internet of Things and Cloud
Computing, which examines studies in the literature in the field of mobile robots in which both
the 10T and cloud computing are used. The second main subtitle is Theoretical Foundations of
the Mobile Robot within the Scope of Ontology, where the mobile robot and ontology are used
together. The third and last main subtitle is Theoretical Foundations of the Topic Modeling
Analysis for Mobile Robots within the Periods Before and After the Industry 4.0 Revolution. In
this section, studies of topic modeling and bibliometrics analyses in many areas, especially

Industry 4.0, and the tools used while making topic modeling analysis are mentioned.

2.1.Theoretical Foundations of the Mobile Robots within the Scope of Internet of Things
and Cloud Computing

The literature summary of this section was published in Proceedings of the Joint Ontology
Workshops 2022 within the scope of our study (Oztiirk, Uguz, Ozyer, & Coskuncay, 2022).
According to studies in the literature, textile factories should maximize efficiency by
minimizing time loss in order to maintain their competitiveness in national and international
markets (Kanat & Giiner, 2007; Dogan & Takci, 2015). Today, it is possible to prevent
efficiency losses in factories with mobile robot, 10T and cloud computing technologies in

Industry 4.0 applications.

There are many studies in the literature in which mobile robot, IoT and cloud computing are
used together. Analyses are performed by taking data from various sensors such as temperature,
humidity and air quality placed on the mobile robot and transmitting them to remote servers in
cloud computing. In addition, the mobile robot is moved by positioning and path planning
(Meena, Prabha, & Pandian, 2014; Prabha, Antony, Meena, & Pandian, 2014; Kumari, Kumar,
& Singhal, 2020; Jain, Saikia, Rai, & Ray, 2020; Durmus & Giines, 2019; Lopez-Alfaro, et al.,
2020). Various experiments and tests such as positioning and path planning were carried out

using the 10T and cloud computing in the fields of mobile robot.

In one study, the robot dynamically and automatically updated its navigation configuration by
providing access to the cloud service through certain environmental tags consisting of a number
of Augmented Reality Tags (ARTag) and QR code (Limosani, Manzi, Fiorini, Cavallo, &
Dario, 2016).



In another study, a mobile robot platform was designed and produced for industrial use. The
robot is controlled to move from one location to another using the line tracking mechanism.
RFID tags are used to identify user-predetermined locations. The results showed that the
prototype could follow the line and reach any pre-registered location from the application via
loT (Kamarudin, 2019).

In yet another study, a mobile robot platform has been created in the field of agriculture. This
platform collected data from agricultural areas by using mobile robot and 10T, analyzing and
tracking the collected data by sending them to cloud servers (Durmus & Giines, 2019).

A further study presents the design of a mobile robot using 10T architecture to be controlled
remotely. The machine learning algorithms in this study recognize two classes of objects in
landscape images: agave plants and stones. A convolutional neural network is used for object
detection known as You Look Only Once (YOLO), which provides 81.2% accuracy in
recognizing both classes (Lopez-Alfaro, et al., 2020).

Examination of the literature reveals many studies on the use of IoT and cloud computing in
the field of mobile robots in recent years. Most of the studies perform analyses by receiving
data from various sensors and transmitting them to the cloud computing side, as well as moving
the mobile robot by positioning and path planning (Meena, Prabha, & Pandian, 2014; Prabha,
Antony, Meena, & Pandian, 2014; Kumari, Kumar, & Singhal, 2020; Jain, Saikia, Rai, & Ray,
2020; Durmus & Giines, 2019; Lopez-Alfaro, et al., 2020). It emerges from these studies that
the mobile robot is open to new approaches in terms of system, design and algorithm
development according to its usage areas. We may state with confidence that loT and cloud
computing-based mobile robot applications and usage areas will become more widespread with
the developing technology in the oncoming years.

2.2. Theoretical Foundations of the Mobile Robots within the Scope of Ontology

The literature summary of this section was presented at 12th International Conference on
Industrial Technology and Management (ICITM 2023) within the scope of our study (Uguz,
Ozyer, & Coskungay, 2023). This section deals with research topics and software tools that
have been investigated utilizing ontology techniques for robotics over the last decades. In
numerous robotics studies, semantic knowledge representation has been used. Various studies
used Web Ontology Language (OWL) or RDF, which provide appropriate resources for the
definition of information in a form intelligible for software systems (Radakovi¢, Vrba, &
Obitko, 2010), as the format for the knowledge description. Before examining OWL and RDF,
it is useful to review the use of Description Logic (DL). DL can be used to signify the robot’s



information about its own world in formulated form (Al-Moadhen, Packianather, Setchi, & Qiu,
2014).

One of the key areas of study in the domain of robotics is task planning. The variety and
complexity of control parameters in task planning were highlighted by Xia et al. They created
ontologies for robot manipulators and used Web OWL and RDF to evaluate the advantages of
ontology and semantic web services for the robot control system. According to their research
findings, the method of the Semantic Web Service based on Ontologies boosted the system's
adaptability. Additionally, it enhanced the knowledge validity and increased the real-time based

application of remote robot control systems in industrial settings (Xia, Liu, Song, & Tan, 2007).

Radakovic et al. created an intelligent manufacturing system utilizing ontology languages such
as OWL and RDF. Their study covers the most recent application-oriented aspects of agent-
based intelligent production control systems that are reusable, durable, and adaptable. They also
sought to integrate information description methodologies with the application of ontologies as

multi-agent system control in the industrial area (Radakovi¢, Vrba, & Obitko, 2010).

In another study, Al-Moadhen et al. specified that the Semantic-Knowledge Based (SKB) plan
generation for uncertainty in existing of objects. Additionally, they suggested a new approach
to build task plans using Markov Logic Networks (MLN) which is based on probabilistic
values. They also used the OWL model to apply test scenarios for a mobile robot (Al-Moadhen,
Packianather, Setchi, & Qiu, 2014).

RDF and OWL are frequently used languages with knowledge representation structures that
can be suitable to specify robot environments via ontologies. In addition, they have eXtensible
Markup Language (XML)-based file format to store formal definitions. OWL is a syntactical
extension of RDF, a tool for semantically describing knowledge on the Semantic Web (SW)
and providing an expressive and reasoning ability of Description Logic in the SW (Radakovic,
Vrba, & Obitko, 2010; Al-Moadhen, Packianather, Setchi, & Qiu, 2014; Saeed, Fathi, &
Kuhnert, 2018). Knowledge in DL is consisted of two key components. The first of these are
known as terminological components (T-Box) which describe ontology and defined the
concepts, i.e. information that never changes, and the second known as assertional components
(A-Box) which define knowledge base and make note of its instances, i.e. information that may
change with respect to their real-world state and is continually updated (Radakovi¢, Vrba, &
Obitko, 2010; Al-Moadhen, Packianather, Setchi, & Qiu, 2014; Saeed, Fathi, & Kuhnert, 2018;
Eich & Hartanto, 2014). In addition, ontologies simplify the automatic generation of axioms

through a process known as reasoning (Yahya, Breslin, & Ali, 2021).



Saeed et al. presented a novel approach for utilizing RDF in the robotics field (Saeed, Fathi, &
Kuhnert, 2018). RDF is one of the essential tools for creating machine-readable data
representations on the semantic web, as advised by the World Wide Web Consortium (W3C).
An obligatory characteristic of this form is that it includes a subject, a predicate, and an object.
XML is the language which has been used to describe RDF, which is an easy to figure out and
human legible form (Yilmaz, Yazici, & Cinar, 2021; Saeed, Weber, Fathi, & Kuhnert, 2019;
Mohammed Saeed, Fathi Kazerouni, Fathi, & Kuhnert, 2020). As part of Saeed et al.’s approach
they simulated a mobile robot and its surrounding environment, as well as a camera sensor to
assist the robot in navigating. Additionally, they used the SPARQL to retrieve data from
pertinent sources. The SPARQL protocol is proposed to be used with RDF, and is similar to the
Structured Query Language (SQL) structure. SPARQL is a well-known query language and a
protocol for collecting data (Mohammed Saeed, Fathi Kazerouni, Fathi, & Kuhnert, 2020). A
SPARQL query, which allows users to search for specific data in RDF, provides path finding

and navigation for robots.

Eich et. al have two scout robots and a mobile manipulator for space scenario. They proposed
an approach using spatial features and fuzzy logic-based reasoning to specify objects and
transfer the objects to a base station with ontology. In addition, their study describes T-Box and
A-Box (Eich & Hartanto, 2014). Yahya et. al. also described T-Box and A-Box in their study.
These are very important for intelligent manufacturing such as controlling knowledge related
to resource optimization, equipment maintenance, and various types of production and services
which are on-demand. They investigated the usage of the Semantic Web and Knowledge
Graphs for Industry 4.0 and recommended an improved Reference Generalized Ontological
Model (RGOM) based on the Reference Architecture Model for Industry 4.0 (RAMI 4.0). Their
aim is to highlight major problems and opportunities that could originate from the association

of these existing technologies for Industry 4.0 (Yahya, Breslin, & Ali, 2021).

Like Yahya et. al (Yahya, Breslin, & Ali, 2021), Yilmaz et. al also conducted a study in the
Industry 4.0 domain. They composed a semantic ontology using RDF to monitor different types
of representative faults such as environmental, mechanical, and software errors in an
Autonomous Mobile Robot (AMR). AMR is one of the major components for the progress of
the smart manufacturing field, and their usage in Industry 4.0 improves regularly. The Ontology
API serves as the base for the knowledge layer in their study and they used SPARQL for
querying the machine that supplies the order conditions. The ontology model is established with

Jena Fuseki Server which is SPARQL endpoint server. A SPARQL query that runs the ordering



criteria is realized on the basis of the ontology. Consequently, they stated the importance of
RDF for Industry 4.0 (Yilmaz, Yazici, & Cinar, 2021).

Saeed et al. used RDF to describe navigation of a mobile robot semantically in an ontology.
They suggested a recent and fruitful way of expressing semantic relationships within the
navigation ontology by using RDF helper nodes in real-time (Saeed, Weber, Fathi, & Kuhnert,
2019).

In another study, Saeed et al. suggested a system called Robot Semantic Protocol
(RoboSemProc). RoboSemProc has ensured the application of semantic technology from
scratch for the handling of semantic knowledge generation, real-time ontology population and
natural language communication within human-robot interaction. They used the Semantic Web
Technology components OWL, RDF, SPARQL and Jena in their study (Mohammed Saeed,
Fathi Kazerouni, Fathi, & Kuhnert, 2020).

Wan et al. proposed an ontology-based resource reconfiguration method for resource usage.
They utilized OWL, RDF, SPARQL and Jena components for their smart device ontology
which describes the smart manufacturing resource, and composed a smart manufacturing
resource integration architecture based on their ontology. Subsequently, they investigated the
reconfiguration of the intelligent manipulator as an practice case based on the ontology, and
they confirmed its applicability in smart manufacturing. As a result, their study is now
maintained as a recent technique for the reconfiguration of production resources (Wan, et al.,
2018).

Ji et al. built a semantic knowledge ontology for representing two primary types of knowledge,
environmental description and robot primitive actions. Their method combined the
representation of semantic knowledge with classical approaches in Artificial Intelligence (Al)
to build an elastic framework which can help service robots in respect of task planning (Ji, et
al., 2012).

Li et al. proposed to help robots to handle objects with semantic constraints such as grasp
location, grasp type, trajectory limitation that are learnt from human manipulation behaviors.
They proposed a representation of human manipulation behaviors in machine comprehensible
semantics and a collaborative reasoning concept and stated that the robot manipulation can be
completed with consciousness and in an appropriate manner for the object and task (Li & Tian,
2020).

Kunze et al. presented Semantic Robot Description Language (SRDL) and deduction

mechanisms for defining robot components, capabilities and actions. SRDL utilizes OWL for



modeling knowledge and authorizes illations in respect of the ability of robots to carry out

specific actions (Kunze, Roehm, & Beetz, 2011).

Bouguerra et al. defined a recent smart execution monitoring approach for mobile robots using
semantic knowledge in indoor environments. The primary idea is to compute prospects side by
semantic domain knowledge, that can be accurately tracked at application time by the robot.
Thus, they offered a representation of the semantic information that is used to monitor execution

for a real mobile robot (Bouguerra, Karlsson, & Saffiotti, 2007).

2.3.Theoretical Foundations of the Topic Modeling Analysis for Mobile Robots within the
Periods before and after the Industry 4.0 Revolution

Coniderable academic research has been conducted to date regarding Industry 4.0, as have
several bibliometric analyses utilizing the Scopus database to examine the effectiveness and
conceptual growth of publications generated within the context of 140 and to provide insights
and views for future research (Lopez-Robles, et al., 2020; Kipper, Furstenau, Hoppe, Frozza,
& lepsen, 2020). In addition, it was noted in one of the publications that every year, the number

of studies on the subject of 140 doubles (Kipper, Furstenau, Hoppe, Frozza, & lepsen, 2020).

With respect to bibliometrics, there have been numerous studies done in the area of topic
modeling. By undertaking data exploration in texts in a particular field, topic modeling is a
powerful text mining technique that produces highly relevant coding categories among text
documents (Mohr & Bogdanov, 2013; Ala & Uguz, 2021; Jelodar, et al., 2019). Overview of
the studies in the literature indicates that the Latent Dirichlet Allocation (LDA) model, which
offers efficient results in the field of topic modeling, is extremely popular (Jelodar, et al., 2019).
It is used in various fields including software engineering (Tokdemir, 2021), health (Paul &
Dredze, 2014), culture (DiMaggio, Nag, & Blei, 2013), communication (Maier, et al., 2018),
social media (Zhao, et al., 2011) and regional development (Ala & Uguz, 2021). Additionally,
several studies (Ala & Uguz, 2021; Tokdemir, 2021) have reported better results using
MALLET (A Machine Learning for Language Toolkit) (McCallum, 2002), a software package

based on the Java programming language, along with LDA.
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3. MATERIAL AND METHOD

In this study, the Material and Method part was collected under two main subtitles. The first of
these is Material and Method of Ontology Based Mobile Robot System for Industry 4.0
(OMRi40), where the 10T, Cloud Computing, Mobile Robot, and Ontology are used together.
The second main subtitle is Material and Method of the Topic Modeling Analysis for Mobile
Robots within the Periods Before and After the Industry 4.0 Revolution. This section gives

details of the research methods and tools of the topic modeling and bibliometrics analyses.

3.1. Material and Method of Ontology Based Mobile Robot System for Industry 4.0
(OMRi40)

In this section, Ontology Based Mobile Robot System for Industry 4.0 (OMRIi40) was created
for this thesis study. The system is grouped under 3 headings: Cloud Computing Services for
the OMRIi40, Ontology and Algorithm for the OMRi40, and Simulation Environment for the
OMRIi40. A general overview of the OMRIi40 is shown in Figure 3.1. It consists of three layers:
Cloud Computing Services Layer, Ontology and Algorithm Layer, and Simulation

Environment Layer.
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3.1.1. Cloud Computing Services for the OMRIi40

In this part, the Cloud Computing Services (CCS) were collected under four subheadings, and
the CCS Layer of the OMRIi40 is shown in Figure 3.2. The first of these is Cloud Application
for the OMRIi40, which has a user interface for requests for materials by sewing machine
operators. The second subheading is Realtime Database for OMRi40, where cloud application
data are stored. The third of these is Apache Jena Fuseki for OMRIi40, which stores RDF triples
of the tasks for querying the current task of the mobile robot. The fourth and last subheading is
Python Scripts for OMRIi40, which communicates both Realtime Database and Apache Jena

Fuseki.
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Figure 3.2. Cloud Computing Services Layer of the OMRIi40
3.1.1.1. Cloud Application for the OMRIi40

In this section, the material requirements of the employees in the textile workshop were
recorded through cloud application. The cloud application consists of HTML (HyperText
Markup Language), JS (JavaScript), CSS (Cascading Style Sheets), PHP (Hypertext
Preprocessor) and MySQL components. Access to this cloud application is provided via tablets
that are available in production lines of the textile workshop. Material Type, Material Type
Detail and Quantity information were received from the user as request information. In addition
to these, Timestamp, Is Analyzed, Material Priority Value, Personal 1D, Production Line Point
data were created on the backend of the cloud application and recorded in the Realtime Database

for some analyses in the OMRIi40 system.
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The name of the materials requested by the user is shown in the Material Name column of Table
1, where detailed information on the materials prepared as a sample can be found in the Material

Type Detail (Sample) column.

Table 1. Description of the Sample Materials by Category Name

Material Name Material Type Detail (Sample)

YTYID_AX_001
YTYID_DX_001
YTYID_CY_002
YTYID_TZ 003
Yarn Type YTYID_WZ 005
YTYID_LY 007
YTYID_YY_007

CTID_A 002
Company Tag CTID_B_001
CTID_C_003
LTID_X_005
LTID_X_003
LTID_Y_002
Laundry Tag LTID_Z_001

LTID_Z 007

In the Material Type Detail (Sample) column, the abbreviations YTYID, CTID and LTID
represent Yarn Type Identification, Company Tag Identification and Laundry Tag
Identification, respectively, followed by the underscore “ ” symbol, and a unique
alphanumerical code to facilitate requesting product materials and ascertaining the stock status.
Moreover, Figure 3.3 provides a more detailed explanation of the abbreviations in Table 1.

Thus, it is a simple matter to request product materials and to examine the stock status.
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YTYID AX 001
- o i

——> Sample Unique Code
— Yarn Type Identification

CTID A 002
=

——— Sample Unique Code
—> Company Tag ldentification

LTID X 005
=

——> Sample Unique Code
= Laundry Tag Identification

Figure 3.3. Explanation of Abbreviations - |
The data in each column of Table 1 are used in the Cloud Application for OMRi40 framework

and shown in Figures 3.4, 3.5 and 3.6. A sample request by the sewing machine operator is

shown in Figure 3.7.

OMRIi40: Ontology-based Mobile
Robot System for Industry 4.0

Request Material Platform

Material Type ; VSVelr:edri v\

Material Type Detail | Select v

Quantity}

Submit

Figure 3.4. Cloud Application (Request Material Platform) for the OMRi40 — |
Figure 3.4 shows the state before data entry is made in the Cloud Application.
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Request Material Platform

Material Type | Select \{l

Material Type | Select
Quantityi Yarn 4
Company Tag

Laundry Tag

Figure 3.5. Cloud Application (Request Material Platform) for the OMRi40 — Il
Figure 3.5 shows selection of the Material Type variable in the Cloud Application.

Request Material Platform

Material Type | Yarn v

Material Type Detail | YTYID_AX_001 VI

Quantity L | YTYID_AX_001
YTYID_DX_001
YTYID_CY_002
YTYID_TZ_003
YTYID_WZ_005
YTYID_LY_007

YTYID_YY_007
et

—
Figure 3.6. Cloud Application (Request Material Platform) for the OMRi40 — 111
Figure 3.6 shows selection of the Material Type Detail variable in the Cloud Application.
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OMRIi40: Ontology-based Mobile
Robot System for Industry 4.0

Request Material Platform

Material Type Yarn v
Material Type Detail YTYID?AX_Q01 24|

Quantity 3

Submit

Figure 3.7. Cloud Application (Request Material Platform) for the OMRi40 — IV
Figure 3.7 shows a data entry of the Quantity variable in the Cloud Application. Clicking on
the Submit button in Figure 3.7 sends these data directly to the Realtime Database and instantly

recorded successfully.

3.1.1.2. Realtime Database for OMRIi40

In today's technology, various cloud applications of the industry factories or companies are
using the “Not Only SQL” (NoSQL) database, very interesting and popular because NoSQL
data storage can be transferred to the cloud and can support fast data access (Sachdeva & Gupta,
2019).

The use case scenario of this thesis includes a smart textile factory that produces big data with
Industry 4.0 competencies. So, NoSQL DB is a very useful database for this study with its
instant data transfer to the cloud feature, data reading and writing operation in the cloud and
nested data structure.

In this study, Firebase Realtime Database (RTDB) was used and a database was created for the
OMRI40 in the name of OMRi40_RTDB. Figure 3.8 shows the Nested Data Structure for the
RTDB of the OMRI40.
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OMRIi40_RTDB

taskCounter

tasks

—
|
taskCounterValue l taskl l task2 l l taskN

Figure 3.8. Nested Data Structure for the RTDB of the OMRIi40

The data collected by the sewing machine operator’s data entry are recorded with NoSQL data
structure. Figure 3.9 contains two main parts under OMRi40_RTDB: taskCounter and tasks.

test v

Realtime Database
Data Rules Backups Usage ¥ Extensions XD

GD https://test-5bd36-default-rtdb.firebaseio.com

https://test-5bd36-default-rtdb.firebaseio.com/
~  OMR148_RTDB

> taskCounter

> tasks

Figure 3.9. Realtime Database for OMRi40 — |
In Figure 3.10, task numbers and task information are located under the tasks section, within

which the variable taskCounterValue below taskCounter records the total number of tasks.
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v OMR140_RTDB

v taskCounter
taskCounterValue: 6

v tasks

» task1

» task?2

> task3

> task4

» taskb

> task6

Figure 3.10. Realtime Database for OMRi40 - 11
When a new task is added on the cloud application side, this taskCounterValue information is

obtained and the updated value is saved by adding +1 to the taskCounterValue variable.

Table 2. Description of the Realtime Database for OMRi40

Variable Name Data Type Data Sample

timestamp DateTime 17/11/2022 10:07:24.94164
isAnalyzed Boolean 0

materialPriorityValue Integer 1

material Type String Yarn

material TypeDetail String YTYID_AX 001
personallD String SMOID_212

guantity Integer 3

productionLinePoint String PLPID_B2 5

The abbreviations SMOID and PLPID in Table 2 represent Sewing Machine Operator
Identification and Production Line Point Identification respectively, followed by the underscore
“ ” symbol. In addition, Figure 3.11 contains a more detailed explanation of these

abbreviations.
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SMOI 212

|—'Sample Unique Number

— Sewing Machine Operator ldentification

PLPID B2 5
—

L Shortest Distance Value of QR or RFID Nodes
between Current Position to the Warehouse

"B" means band name,
"2" means second row of the B band

=P Production Line Point Identification

Figure 3.11. Explanation of Abbreviations - II
In Figure 3.12, the material request made by an employee (e.g. SMOID_212) in the textile
workshop is recorded as task1. Along with the data variables appearing in the sample material
request in Figure 9, the important data parameters in Table 2 have been added to the Firebase
Realtime Database via the cloud application.
r OMR148_RTDB
» taskCounter
v tasks
v taskl
isAnalyzed: 0
materialPriorityValue: 1
materialType: "Yarn"
materialTypeDetail: "YTYID_AX_001"
personallID; "SMOID_212"
productionLinePoint: "PLPID_B2_5"

quantity: 3

Figure 3.12. Realtime Database for OMRIi40 — 111
These data were used by the Fuseki Server after being analyzed with the Python application

developed in cloud computing services.
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3.1.1.3. Apache Jena Fuseki for OMRIi40

Apache Jena Fuseki, a SPARQL server, enables various SPARQL queries over HTTP to access
RDF data. Fuseki is tightly integrated with TDB, a component of Jena, which has a triple store
structure for storing and querying RDF data. It has been stated that TDB can be used as a high-
performance RDF store on a single machine.

We visited https://jena.apache.org/download to install the latest released version of Apache
Jena Fuseki, version 4.7.0. The downloaded apache-jena-fuseki-4.7.0.zip file was extracted and
moved to the C directory. Then, Command Prompt is opened as in Figure 3.13 to run the Fuseki
Server. On the command line cd C:\apache-jena-fuseki-4.7.0 and then fuseki-server --update -

-mem /ds was run.

\shiro.ini

-4.7.8/run/configuration/tasks.ttl

Figure 3.13. Fuseki Server Running on MS Command Prompt
After running the commands in Figure 3.13, the Fuseki Server starts running locally at
http://localhost:3030/#/.

\‘J\Apachelena Fuseki @ datasets ®gmanage @ help server status .

Apache Jena Fuseki

name actions

Figure 3.14. Apache Jena Fuseki - Homepage

The Fuseki Server includes ds dataset as the default dataset as shown in Figure 3.14. A dataset
was created with the name tasks for the OMRIi40 system. Clicking on the query in the actions
section on the right brings up various queries for the triples in the tasks dataset. The SPARQL
Query field and default query text are shown in Figure 3.15.
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\‘4}\ Apache Jena Fuseki @ datasets g manage @ help server status .

/tasks
@query lLadddata Bedit Binfo

SPARQL Query

To try out some SPARQL queries against the selected dataset, enter your query here.

Example Queries Prefixes

Selection of triples  Selection of classes rdf rdfs owl xsd
SPARQL Endpoint Content Type (SELECT) Content Type (GRAPH)
frasks/ JSON ~ Turtle v

PREFIX rdf: <http://www.w3.org/1999/82/22-rdf-syntax-ns#>
PREFIX <http w3.0rg/2600/81/ rdf-schema#t> < ’
SELECT WHERE {

2sub ?pred ?obj

} LIMIT 10

Figure 3.15. Apache Jena Fuseki - SPARQL Default Query Text

A Python wrapper called SPARQLWT apper is used to execute queries remotely on the OMRi40
system. Thus, SPARQLWrapper helps to create the query call through the Python programming
language and transform the result into a more manageable format for different purposes. In
addition, the data on the Realtime Database side via Python are first passed through the data
preprocessing part, then the task priority algorithm is applied and saved on the Fuseki Server
side. The mobile robot is then enabled to query the current task from the Fuseki Server via

Python according to the priority value and to perform that task.

3.1.1.4. Python Script for the OMRIi40

Scripts written in the Python programming language have an important place in the OMRIi40
framework. Python provides data exchange by both Firebase Realtime Database and Apache
Fuseki Server using its libraries which are: firebase_admin and SPARQLWTrapper. It also
performs the analysis of these data and transmits the tasks to the mobile robot in order. A sample

of retrieving data in the Python using the firebase_admin library is shown in Figure 3.16.

import firebase_admin
from firebase_admin import credentials
from firebase_admin import db

if net firebase_admin._apps:

cred = credentials.Certificate( 'serviceAccountKey.json")
default_app = firebase_admin.initialize_app(cred, {
{ s 's 'https://test-5bd36-default-rtdb.firebaseio.com’,

- %.: {

b))

ref = db.reference('/0OMR148 _RT
snapshot = ref.order_by child( 'isAnalyzed').equal_to(@).get()
for key in snapshot:

print(key)

DB/tasks")

for key, value in snapshot.items():
if(value[ "isAnalyzed”] == 1):
ref.child(key).update({“isdnalyzed”: 1})

Figure 3.16. A Sample of Retrieving Data from the Firebase Realtime Database in Python
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An example of inserting data with a SPARQL query in Python using SPARQLWTrapper is

shown in Figure 3.16.

from SPARQLWrapper import SPARQLWrapper, JSON

sparql = SPARQLWrapper(“http://localhost:3036/tasks™)

sparql.setQuery ("""
PREFIX d: \hg~u./ﬁlccathcst:393@ftask:/datat>
PREFIX det: <http://localhost:3036/tasks/detail s#>

INSERT DATA{
d:task det:productionlLinePoint "PLPID A3 5" ;
det:priorityieight 6

1
J

rar -r)

sparql.setReturnFormat(JSON)
results = sparql.query().convert()

Figure 3.17. A Sample of Inserting Data to the Apache Jena Fuseki using SPARQL Query
In addition, a sample of filtering data with a SPARQL query in the Python using
SPARQLWrapper is shown in Figure 3.17.

import pandas as pd
from SPARQLWrapper import SPARQLWrapper, JSON

sparql = SPARQLWrapper("http://localhost:3030/tasks™)

sparql.setQuery("’
PREFIX d: \#ktn //localhost:3630/tasks/data#>
PREFIX det: <http://localhost:3036/tasks/details#>
SELECT ?productionlinePoint ?prioritylWeight
} § g
WHERE
2task det:productionlinePoint ?productionlLinePoint ;
det:priorityleight ?priorityleight .
}

D?JER BY ASC(’priorityWeight)
IMIT 1

sparql.setReturnFormat(JSON)
results = sparql.query().convert()

results_df = pd.json_normalize(results[ ‘results'][ 'bindings'])
print(results_df[[ 'productionlLinePoint.value’, 'priorityWeight.value']])

Figure 3.18. A Sample of Filtering Data in Apache Jena Fuseki using SPARQL Query
3.1.2. Ontology and Algorithm for the OMRIi40

This section describes the Ontology and Algorithm part developed for the OMRIi40 system.
Figure 3.19 shows the Ontology and Algorithm Layer of the OMRi40. In the Ontology part, an

23



OWL model was created. In the Algorithm part, Multi-task Path Planning (MPP) and Task
Priority (TP) algorithms were developed.

Ontology and Algorithm Layer

Ontology Algorithm
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v ﬁc.‘ﬂhfc :\\
I e =o offl]

aﬁﬁllﬂllljgﬁ§
]

H
'f“ O e
— Task Priority —

-1—

_z—

I ompanyTag

o Comnvio 3 —
I i —/
=

¥ Warehouse_Object
o

i
i
N N N S .

__-_J

B R I—
—
ks
i
H
P P e —

Figure 3.19. Ontology and Algorithm Layer of the OMRi40
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Figure 3.20. Classification Tree of Ontology Concepts for the OMRi40
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The Classification Tree of Ontology Concepts for the OMRI40 is shown in Figure 3.20, while
the conceptual diagram of the OMRIi40 Ontology is shown in Figure 3.21 in detail. Five
different papers were used to create the ontology structure in Figures 3.20 and 3.21. The Device
part of the mobile robot was in Figure 3.21 inspired by the study of Poza-Lujan et al (Poza,
Posadas, & Simo, 2009). SmartFactory Object and its  subcomponents,
CloudComputingService_Object and its subcomponents, SewingWorkshop_Object and its
subcomponents, Warehouse_Object and its subcomponents were in Figure 3.21 inspired by the
studies of Wan et al., Al-Moadhen et al. and Oztiirk et al. (Wan, et al., 2018; Al-Moadhen,
Packianather, Setchi, & Qiu, 2014; Oztiirk, Uguz, Ozyer, & Coskungay, 2022). In Figure 3.21,
MotionController part of the Device was inspired by study of Zeshan et al (Zeshan, Mohamad,
Ahmad, & Hussain, 2014).

The Warehouse Object requested by the Sewing Machine Operator in Figure 3.21 is managed
by the Warehouse Operator. Requesting and managing the warehouse object is done using the
Cloud Application running by the Tablet. Data created by cloud application are sent to Firebase
Realtime Database. After the data have been read by a Python Script, they are analyzed with
the algorithms developed, and the new data obtained by the analyses are written to Apache Jena
Fuseki. Warehouse object requested by the sewing machine operator is displayed by warehouse
operator. The warehouse operator puts the requested materials into the material case of the
mobile robot, and then activates the mobile robot to start the multi-tasks.
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Figure 3.21. Conceptual Diagram of the OMRi40 Ontology

Two algorithms have been developed for the OMRIi40. During the creation process of these two
algorithms of the OMRIi40 framework, the algorithms of the studies of Wan et al. and
Muhayyuddin et al. were examined (Wan, et al., 2018; Muhayyuddin & Rosell, 2018).

Algorithm 1 is developed for multi-task path planning of the mobile robot.

Algorithm 1. Multi-task Path Planning (MPP) Algorithm of the OMRi40.

Input: MPP()

Output: resultMPP

1: Workspacelnit();

2: terminateMPP = False;

3: While terminateMPP == False do

4: FindTagPoaint();
Peurr = ReadCurrentTagPoint();
Prarget = GetTargetTaskPoint();

5
6
7: if Peurr == Prarget then
8 DeliverMaterial();
9

e|Se if pcurr !: p[arget then
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10: continue
11:  else if prarger == NULL then

12: resultMPP = GoToWarehousePoint();
13: terminateMPP = True;

14:  endif

15: end While

16: return resultMPP

The Mobile Robot runs the FindTagPoint function in Algorithm 1 to find the nearest tag point.
After the tag point is found, the ReadCurrentTagPoint function is run and the current tag point
(pcurr) information is obtained through the sensor. Then, the GetTargetTaskPoint function is run
and a SPARQL query is made to the tasks pool on the Apache Jena Fuseki side with a Python
script. This tasks pool was created by Algorithm 2. As a result of the SPARQL query made
with a Python script, the current target task (prarget) information to be carried out at the moment
is obtained. If the tag point where the mobile robot is at the moment is the same as current task
point, the robot delivers the material, otherwise the FindTagPoint function is run again and the
process continues until it finds the current task point. Once the relevant current task point has
been found, the DeliverMaterial function is run and the information that the task has been
delivered is written in Apache Jena Fuseki. The mobile robot waits for the RFID tag which acts
as a digital signature of the sewing machine operator to be read to start the next task. Thus, the
sewing machine operator accepts that it has received the material. When the value from
GetTargetTaskPoint is NULL, it means there are no tasks left. Then GoToWarehousePoint
function is executed and the mobile robot returns to the initial point where it was operated by
the warehouse operator. In this way the multitasking process is completed successfully and
efficiently.

Algorithm 2. Task Priority (TP) Algorithm.

Input: TP()

Output: resultTP

1: Workspacelnit();

2: taskList = GetTaskList(notAnalyzed);
3: if taskList == NULL then

4: resultTP = 0;

5: break;

6: else

7: for each task in taskList do

8: task.timestampRanked = ApplyRank(task.timestamp);

9: p = task.timestampRanked;
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10: g = task.materialPriorityValue;

11: r = task.productionLinePointSDV;

12: task.priorityWeight = Calculate TaskPriorityWeight(p, g, r); //priorityWeight(cost)=p*v1+g*v2+r*v3

13: WriteProcessedDataToFusekiServer(task.tasklD, task.productionLinePoint,
task.priorityWeight, task.notAnalyzed);

14: end for

15: resultTP =1;

16: end if

17: return resultTP

Algorithm 2 is the task priority algorithm used to determine this multi-task path planning. The
data that have not been analyzed in Firebase Realtime Database via Python script by running
the GetTaskList function are included in the taskList variable. With the ApplyRank function,
the Timestamp information in the taskList is sorted and sent to the timestampRanked variable.
This variable is made available for use in the CalculateTaskPriorityWeight function. The
variables timestampRanked (p), materialPriorityValue (q), and productionLinePointSDV (r) in
the CalculateTaskPriorityWeight function are calculated in Formula 1 and the result is assigned
to the priorityWeight variable. SDV represents Shortest Distance Value of the
productionLinePoint variable. Then, the WriteProcessedDataToFusekiServer function is run
and the values in the taskID, productionLinePoint, priorityWeight, notAnalyzed variables
written to Apache Jena Fuseki with a SPARQL query in Python script.

priorityWeight(cost) = p * timestampRanked +
q * materialPriorityValue + 1)
r * productionLinePointSDV

In Formula 1: p, q and r are weighted numbers. priorityWeight value gives the cost of the task.
the mobile robot performs the tasks in the task pool in the order from minimum to maximum
cost. Formula 1 was inspired by study of Xiao-Long et al. (Xiao-Long, Chun-Fu, Guo-Dong,
& Qing-Xie, 2017).
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3.1.3. Simulation Environment for OMRIi40

Figure 3.22 shows the Simulation Environment Layer of the OMRi40 which includes a sample

journey of the Mobile Robot from Initial Point to Target Point.
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Figure 3.22. Simulation Environment Layer of the OMRi40

Figure 3.23 shows the Cloud Application (Monitoring Requested Material Platform) used by
the warehouse operator. The warehouse operator lists the tasks requested by the sewing machine
operators, prepares the requested materials, and deposits the materials into the material case of
the mobile robot.

OMRi40: Ontology-based Mobile Robot System for
Industry 4.0

Monitoring Requested Materials Platform

Copy csv Excel PDF Print Show 5 rows ~ Search:

Task ID *  Production Line Point Personal ID Material Type Material Type Detail Quantity

task1 PLPID_B2 5 SMOID_212 Yarn YTYID_AX_001 3
task2 PLPID_A2 4 SMOID_154 Laundry_Tag LTID_X_003 250
task3 PLPID B1 4 SMOID_312 Company_Tag CTID_A_002 200
taskd PLPID_A13 SMOID_202 Laundry_Tag LTID_Z_007 600
tasks PLPID_A3_5 SMOID_182 Yarn YTYID_WZ_005 2
Showing 1to 5 of 6 entries Previous f‘ 2 Next

Update Requested Materials

Figure 3.23. Cloud Application (Monitoring Requested Material Platform) for the OMRi40
The usage scenarios of the OMRIi40 system were realized with CoppeliaSim software as seen
in Figure 3.24. CoppeliaSim is a robot simulator for fast prototyping and verification in

industry, education and research (Coppelia Robotics, 2023).
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Figure 3.24. Simulation Environment of the OMRi40 - |

The CoppeliaSim environment in Figure 3.24 includes a mobile robot, a warehouse shelving
unit, 8 tables and 12 tags. The tags represent both QR tags and RFID tags. Figures 25 and 26
show images of the robot simulation environment from different angles.

Figure 3.25. Simulation Environment of the OMRi40 — Il
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Figure 3.26. Simulation Environment of the OMRi40 — 1|

The present study uses two different use case scenarios to test the performance of the QR and
RFID tags read by sensors. For this reason, both QR and RFID sensors are used analogously to
read the tags in the simulation environment. Four of the tags are check-points and eight of the
tags are production line points. With each tag read by the sensors on the mobile robot, the
location information is updated and it is checked whether the targeted production line point has
been reached. Information about the sensors is given below.

The Barcode/QR Code Scanner Module sensor in Figure 3.27 has a USB and UART
communication interface and can be connected directly to a computer or easily integrated into
embedded systems. It has the ability to read various common 1D/2D codes such as barcode or

QR code. It has an inbuilt light source so it works even in the dark.
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Figure 3.27. Barcode/QR Code Scanner Module (1D/2D Codes Reader)
The USB RFID Card - Tag Reader sensor in Figure 3.28 has a frequency of 13.56MHz and a
plug and play feature with USB cable connection. It also supports Mifarel S50, mifarel S70

mifare ultralight, mifare pro and mifare desfire card types.

|
USB Reader

Figure 3.28. USB RFID Card - Tag Reader
The results of the usage scenarios performed are in the Research Findings and Discussion

section of this thesis.

3.2.Material and Method of the Topic Modeling Analysis for Mobile Robots within the
Periods Before and After the Industry 4.0 Revolution

The methodology of this section was presented at 12th International Conference on Industrial
Technology and Management (ICITM 2023) within the scope of our study (Uguz, Ozyer, &
Coskungay, 2023). Here, a comprehensive analysis was made using the topic modeling method
on the basis of which academic studies in the field of mobile robots were carried out before and
after the emergence of Industry 4.0. These analyses revealed the current research trends in the
field of mobile robots, so that it can be said that the present study sheds light on future prospects
in this field.
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In this study, 13,404 articles in the field of mobile robots published in the Scopus database are
discussed. These articles, which appeared in the last twenty years (2002-2021), are split into
two groups: ten years before and ten years after 2011, when the concept of Industry 4.0
emerged. It has been examined how the theoretical and applied studies in both the academic
community and among industry stakeholders have evolved, how they have changed and what
trends have come to the fore. In addition to Industry 4.0, changes in research subjects such as
path planning, navigation, task planning and semantic ontology in the field of mobile robots
relating to the developing technology were observed via the topic modeling technique. In
addition, the topic modeling titles created with the LDA MALLET model were associated with
bibliometric analyses and research trends in this area examined within the framework of the

research questions.

At this stage, the effect of mobile robot studies in the period of the emergence of the Industry
4.0 revolution were examined. The trends in academic studies in the field of mobile robots
during the ten years before (2002-2011) and after (2012-2021) the emergence of Industry 4.0
were analyzed and shared with the academic community and industry stakeholders, aiming to

find answers to the following important research questions for each period:
RQ1: What are the popular research topics in each period?
RQ2: What are the new trends in recent decades?
RQ3: What are the top five most cited research topics in each period?
RQ4: Who are the top five most productive authors in each period?
RQ5: What are the top five most productive countries in each period?

To answer these questions, article data were collected from the Scopus database, the largest
peer-reviewed literature and citation database. Using the article query in Figure 3.29, a total of
14,581 papers were obtained:

Enter query string

TITLE-ABS(("mobile robot*" OR "automated guided vehicle" OR "autonomous mobile robot") AND ("industry*"
OR "industry 4*" OR "industrial" OR "internet of things" OR "cloud*" OR "cloud comp*" OR “task plan*" OR "path
plan*" OR "navigation" OR "ontology" OR "knowledge base" OR "semantic comp*" OR “semantic")) AND (LIMIT-
TO(PUBYEAR,2021) OR LIMIT-TO(PUBYEAR,2020) OR LIMIT-TO (PUBYEAR,2019) OR LIMIT-TO(PUBYEAR,2018)
OR LIMIT-TO(PUBYEAR,2017) OR LIMIT-TO(PUBYEAR,2016) OR LIMIT-TO(PUBYEAR,2015) OR LIMIT-
TO(PUBYEAR,2014) OR LIMIT-TO(PUBYEAR,2013) OR LIMIT-TO(PUBYEAR,2012) OR LIMIT-TO(PUBYEAR,2011)
OR LIMIT-TO(PUBYEAR,2010) OR LIMIT-TO(PUBYEAR,2009) OR LIMIT-TO(PUBYEAR,2008) OR LIMIT-
TO(PUBYEAR,2007) OR LIMIT-TO(PUBYEAR,2006) OR LIMIT-TO(PUBYEAR,2005) OR LIMIT-TO(PUBYEAR,2004)
OR LIMIT-TO(PUBYEAR,2003) OR LIMIT-TO(PUBYEAR,2002)) AND (LIMIT-TO(LANGUAGE,"English")

Figure 3.29. Scopus Query String

33



Among these papers, only the Conference Papers and Aurticles in the scientific journals were
discussed. As a result of this filtering, 13,414 articles remained. A check for nan values was
made in the Title and Abstract columns of 13,414 papers: no nan values were found.
Afterwards, it was checked whether the same papers were repeated in the Title and Abstract
columns. The removal of such duplicate information left 13,404 papers remaning. Between
2002 and 2011, 4,687 papers were published, 3,556 of which were Conference Papers and 1,131
were Articles. Between 2012 and 2021, there was a total of 8,717 papers, 5,775 of which were
Conference Papers and 2,942 of which were Articles. Thus, the number of papers in the last ten
years is approximately twice as large as that in the latter ten years. The distribution of papers

for the years 2002-2021 is shown in Figure 3.30.
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Figure 3.30. Distribution of Papers by Years

With the emergence of the Industry 4.0 Revolution in 2011, the usage areas of mobile robots
have expanded further, and R&D studies in this field, both academically and in the industry,
increased day by day. This study consists of text mining and bibliometric analyses. The outputs

of the analyses are discussed in detail in the Research Findings and Discussion section.

Python programming language was used in all analyses of this study. Google Colaboratory was
preferred as integrated development environment (IDE) for Python. Natural Language Toolkit
(NLTK), LDA and MALLET libraries were used in the topic modeling (text mining) phase,
Pandas and Numpy libraries for bibliometric analysis, and Matplotlib and Plotly libraries for

data visualization.
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4. RESEARCH FINDINGS AND DISCUSSION

The section Research Findings and Discussion is presented here under two main subtitles. The
first of these, Research Findings and Discussion of the Ontology Based Mobile Robot System
for Industry 4.0 (OMRI40), shows test results of the OMRIi40. The second main subtitle is
Research Findings and Discussion of the Topic Modeling Analysis for Mobile Robots within
the Periods Before and After the Industry 4.0 Revolution indicates the results of the topic

modeling and bibliometrics analyses.

4.1. Research Findings and Discussion of the Ontology Based Mobile Robot System for
Industry 4.0 (OMRi40)

In this part of the thesis, the tests of the OMRIi40 Framework, which was developed in the
Material and Method section, were carried out. The tests consist of usage scenarios developed
for a smart textile factory in the Industry 4.0 concept and were carried out to make the OMRi40
Framework workable in a simulation environment. The development of the simulation
environment is still continuing. Once the simulation environment of the OMRIi40 Framework
has been stabilized, it will also be tested in a real mobile robot environment. The OMRi40
Framework developed within the scope of this thesis was tested on dummy data in Figure 4.1

and the results are reported in this section.

- OMR146_RTDB

>

» task
> task4
> task5

Figure 4.1. Dummy Data on the Firebase Realtime Database
In Figure 4.2, the tasks data in the Firebase Realtime Database are read with the GetTaskList

function in the Python script.

def GetTaskList(notAnalyzed):
ref = db.reference(’'/OMR140 RTDB/tasks")
snapshot = ref.order_by child( "isAnalyzed').equal_to(®).get()

1 snapshot

Figure 4.2. Dummy Data on the Firebase Realtime Database
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As a result of the data preprocessing applied after the function is run, the tasklD, timestamp,
timestampRanked, materialPriorityValue, productionLinePoint and productionLinePointSDV

information shown in Table 3 were obtained.

Table 3. List of the Task Data - |

: timestamp  Material productionLine productionLine

tasklD timestamp Ranked PriorityValue Point PointSDV
17/11/2022

task1 10:07:32 60501 L 3 PLPID A2 4 4
17/11/2022

task2 10:07:3 26603 2 1 PLPID B1 4 4
17/11/2022

task3 0080145163 3 PLPID A1 3 3
17/11/2022

task4 10:07°57.78512 4 1 PLPID A3 5 5

task5 17/1 M2 3 2 PLPID B3 6 6
10:07:49.21467 ~

The information in Table 4 is used on dummy data using the Python script of the functions

specified in Algorithm 2.

Table 4. List of the Task Data - 11

taskID materialType initialPoint targetPoint priorityWeight gggLi;é/Weight
task2 Company_Tag CheckPointl PLPID_B1. 4 5 1
task4 Yarn PLPID B1L 4 PLPID A3 5 6 2
task5 Company Tag PLPID A3 5 PLPID B3 6 7 3
taskl Laundry Tag  PLPID B3 6 PLPID A2 4 9 4
task3 Laundry Tag  PLPID_A2 4 PLPID A1 3 11 5

The priorityWeight values in Table 4 are shown in order in the priorityWeightRanked column.
According to this order, the taskID order has changed. Thus, the multi-task path planning route

of the mobile robot is ready.
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Table 5. Analysis of the Task Data

. Processin i i
priority Number g processingTi

taskID I\R{\;(;ilggé initialPoint  targetPoint SZUI/‘Z%; nge é‘(’)"égh FET:eI I(DW':'t:g
Points Scanner) Reader)
task2 1 CheckPointl PLPID_ B1 4 4 162 sec. 198 sec.
taskd 2 PLPID B1 4 PLPID A35 3 80 sec. 99 sec.
task5 3 PLPID_A3 5 PLPID B3 6 1 12 sec. 13 sec.
taskl 4 PLPID B3 6 PLPID A2 4 2 18 sec. 21 sec.
task3 5 PLPID_A2 4 PLPID A1 3 1 11 sec. 29 sec.

In Table 5, two different usage scenarios of the same task list, QR Code Scanner and RFID Tag
Reader, were tested. According to these results, data transactions made with QR Code Scanner
were faster in seconds compared to RFID Reader. The processing time includes a +/- 10%

margin of error.

4.2. Research Findings and Discussion of the Topic Modeling Analysis for Mobile Robots
within the Periods Before and After the Industry 4.0 Revolution

The results of this section were presented at 12th International Conference on Industrial
Technology and Management (ICITM 2023) within the scope of our study (Uguz, Ozyer, &
Coskuncay, 2023). The results of text mining and bibliometric analyses reported here are

intended to find answers to the research questions.

4.2.1. Text Mining Analysis

In the text mining analysis part, topic modeling studies were carried out by first creating LDA
and LDA MALLET models. The coherence values of these models are shown in Table 6.
According to the results in Table 6, the coherence values of the LDA MALLET model give

better results for both periods.

Table 6. Coherence Scores of Models between 2002-2011 and 2012-2021

Periods LDA Score Results LDA MALLET Score Results
2002-2011 0.4576 0.4635
2012-2021 0.4618 0.4792

The coherence values of the LDA MALLET models in Table 6 are given in Figures 4.3 and
4.4,
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Figure 4.4. Number of Topics vs Coherence Score in 2012-2021
The highest coherence values in Figures 31 and 32 give the optimum number of topics (k value).
The distribution of the paper counts for each of these topic names is given in Figures 4.5 and

4.6 separately for each period.
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Number of Papers by Dominant Topics in 2002-2011
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Figure 4.5. Number of Papers by Dominant Topics in 2002-2011

Based on first ten keywords that are dominant for each topic, a topic inference was made about

the field to which the topics belong according to the keywords. Topic names for each keyword

group are included in Figures 4.5 and 4.6, with the number of papers.
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Number of Papers by Dominant Topics in 2012-2021
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Topic 10: Multiple Tasks in Robotic Agents

Topic 11: Image Recognition and Object Detection

Topic 15: Mobile Robot in Terrain Environment
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Topic 3: Software Architecture of Mobile Robotic Systems

Dominant Topics

Figure 4.6. Number of Papers by Dominant Topics in 2012-2021

Figures 4.5 and 4.6 show there to be ten common topics in both periods: Neural Network
Learning, Mobile Robot in Terrain Environment, Trajectory Motion Control, Autonomous
Vehicle Development, Cost and Efficient Problems, Obstacle Environments of Mobile Robots,
Autonomous Mobile Robot Navigation, Localization Sensors, Image Recognition and Object

Detection, and Path Planning Algorithm.

Topics that are included in Figures 4.5 but not in Figures 4.6 are as follows: Environment
Mapping and Indoor Localization, Genetic Algorithms for Mobile Robot Localization, Human

Robot Communication in Mobile Robot, and Industrial Applications.

Topics that are included in Figures 4.6 but not in Figures 4.5 are as follows: Software
Architecture of Mobile Robotic Systems, Semantic SLAM for Indoor Environments, Human
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Robot Interaction in Mobile Robot, Multiple Tasks in Robotic Agents, Efficiency Algorithms,
and Automated Guided Vehicles in Industry.

The new research topics in Figure 34 seem quite interesting. In addition, according to Table 7,
it seems likely that further studies on Automated Guided Vehicles in Industry will emerge as a
new trend that has come to the fore in the last ten years. Moreover, this new trend has ranked
4th, displacing Trajectory Motion Control, which was ranked 4th in the first 10-year period. It
may be concluded that the smart factory transformation that emerged with Industry 4.0 is an

important factor in the coming to the forefront of Automated Guided Vehicles in Industry.

Table 7. The Top 5 Research Topics in Each Period

2002-2011 2012-2021
No. Research Topic (P:Z%irt Research Topic (P:%%enrt
Image Recognition and 559 Path Planning Algorithm 1095
Object Detection
Localization Sensors 452 Image Recognition and Object Detection 906
Path Planning Algorithm 452 Localization Sensors 781

Trajectory Motion Control 426 Automated Guided Vehicles in Industry 729

gl |lw | N|PF

Neural Network Learning 401 Trajectory Motion Control 679

In addition, when Table 7 is continued to be examined, it seems that the Path Planning
Algorithm issue has taken first place in the last ten years. It can be stated that studies on the
topic of Automated Guided Vehicles in Industry contributed to the rise of this topic to first
place, because Automated Guided Vehicles need to have the most suitable route to perform the
tasks in the workflow. Therefore, the topic of Path Planning for Automated Guided Vehicles

has an important place.

4.2.2. Bibliometric Analysis

Bibliometric analysis provided various results were obtained regarding research topics, authors,
institutions and countries between 2002-2011 and 2012-2021 periods.

The results of these analyses provide important insights into the work done in the field of mobile
robotics. In particular, the number of citations plays an important role in bringing scientific
publications to the fore. Figure 4.7 and 4.8 show the Citation values according to the Dominant
Topic numbers. The first five dominant topics with high citation values for both the first ten

years and the last ten years are shown in Table 8.
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Figure 4.7. Number of Citation by Dominant Topic No. in 2002-2011

When Figure 4.7 is examined, the first three dominant research topic numbers with high citation
numbers are 14 (Path Planning Algorithm), 2 (Environment Mapping and Indoor Localization)
and 13 (Image Recognition and Object Detection), respectively. In addition, the top five

dominant research topics with the highest citation numbers are shown in Table 8 for the first

decade.

As shown in Figure 4.8, the top three dominant research topic numbers with high citation
numbers are 8 (Path Planning Algorithm), 11 (Image Recognition and Object Detection) and,
13 (Localization Sensors), respectively. In addition, the top five dominant research topics with

the highest citation numbers are shown in Table 8 for the second decade.

11,932
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Figure 4.8. Number of Citation by Dominant Topic No. in 2012-2021
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Considering the first three dominant research topics with the highest citation value in Figures
4.7 and 4.8, there are two dominant research topics that are common to both. These are Path
Planning Algorithm, and Image Recognition and Object Detection, respectively. These two
topics are included in the top five topics with the highest number of papers in both periods in
Table 7. There is an interesting situation here. Although the number of articles in the topic
Image Recognition and Object Detection was higher in the first 10-year period, this topic could
not take first place in respect of the number of citations. As seen in Table 8, the citation number
of the topic Path Planning Algorithm took first place. Moreover, another remarkable situation
is that the citation number of the topic Path Planning Algorithm in the first decade is high,
shedding light on the choice of studies to be carried out in these areas in the following years.
One of the most important proofs of this situation is that the number of studies conducted in the

field of Path Planning Algorithm rose to first place in the second decade.

Table 8. The Top 5 Most Cited Research Topics in Each Period

2002-2011 2012-2021

No. . Citation . Citation

Research Topic Count Research Topic Count
1 Path Planning Algorithm 9510 Path Planning Algorithm 11932

Environment Mapping and 9279 Image Recognition and Object 10961
2 Indoor Localization Detection

Image Recognition and Object 8101 Localization Sensors 6776
3 Detection

Trajectory Motion Control 7082 Automated Guided Vehicles in 6156
4 Industry

Human Robot Communication 6952 Obstacle Environments of Mobile 5907
5 in Mobile Robot Robots

Table 8 shows the research topics with the highest citation value in both periods. Three of the
research topics in the first 10-year period also figure in the research topics with the highest
number of articles in the first 10-year period in Table 7, as do four of the research topics in the
second 10-year period in the research topics with the highest number of papers in the second
10-year period in Table 7. Thus, there may be an increase in the number of citations on topics

with a high number of papers.
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Table 9. The Top 5 Most Productive Authors in Each Period

2002-2011 2012-2021
No. Author Total Contribution Rate  Author Total Contribution Rate
1 Yang S. X. 11.75 Parhi D. R. 14.48
2 Burgard W. 8.78 Mohanty P.K. 7.67
3 Parhi D. R. 6.18 Savkin A. V. 7.17
4 Siegwart R. 6.11 Burgard W. 5.93
5 Savkin A. V. 5.42 Chung W. 5.62

Table 9 includes the top five most productive authors and their total contribution rate in both
periods. Burgard W., Parhi D. R. and Savkin A. V. succeeded in taking part in both periods.
The productivity of Parhi D. R. has increased more and has taken first place in the second
decade. Mohanty P.K. and Chung W. are included instead of Yang S. X. and Siegwart R. in the
last 10-year period.

Table 10. The Top 5 Most Productive Countries in Each Period

2002-2011 2012-2021
No. Country Total Contribution Rate Country Total Contribution Rate
1 China 609.55 China 1909.82
2 United States 571.54 United States 675.05
3 Japan 423.33 India 607.10
4 South Korea 358.86 Germany 481.49
5 Germany 275.36 Japan 385.06

Table 10 shows the top five most productive countries in both periods. Four countries appear
in both periods. South Korea, which is among the top five countries in the first 10-year period,
has left its place to India in the last 10-year period. In addition, India ranked 3rd, ahead of Japan
and Germany. China and the United States retained their places, ranking 1st and 2nd,
respectively. Germany was ahead of Japan in the second decade. The rise of India in the last

ten years as shown in Table 10 is worthy of attention.

44



5. CONCLUSION AND RECOMMENDATIONS

In this part, the Conclusion and Recommendations are given under two main subheadings:
Conclusion and Recommendations of the Ontology Based Mobile Robot System for Industry 4.0
(OMRi40), and Conclusion and Recommendations of the Topic Modeling Analysis for Mobile
Robots within the Periods Before and After the Industry 4.0 Revolution.

5.1. Conclusions and Recommendations of the Ontology Based Mobile Robot System for
Industry 4.0 (OMRi40)

In this thesis, a new framework named Ontology Based Mobile Robot System for Industry 4.0
that can be used in Industry 4.0 applications, has been developed. This framework consists of
Cloud Computing Services, Ontology and Algorithm, and Simulation Environment main layers.
It has been successfully completed in the testing phase of the OMRi40 framework. RFID and
QR code tags were successfully read by the sensors (RFID and QR code readers) integrated
into the simulation environment of the mobile robot and communicated to the cloud computing
services. During the multi-tasking of the mobile robot, the target points that the mobile robot
should go to first were established by the task priority algorithm and ontology.

The OMRI40 framework permits instant data to be produced and recorded by the mobile robot
and the staff in the sewing workshop. The processed data come ready for analysis using the
Python scripts. The Task Priority algorithm is applied to the data, and the data kept in the Fuseki
Server. In line with the mobile robot's request for the next task using the Multi-task Path
Planning algorithm, the RDF query is run and the current path information presented. All these
processes have been tested and successfully carried out by OMRi40 framework.

This thesis study has three limitations. The first of these is that the OMRIi40 framework
developed has not been tested with a real data set. If the data set were real, both the efficiency
and use of the algorithms in OMRi40 would be better tested depending on the usage scenarios,
and the performance of the OMRIi40 framework could be tested on a large number of tasks. The
second limitation is that the usage scenarios employed consider that only one mobile robot in
the sewing workshop is tested. The sharing of multi-tasks by multi-mobile robots to reach the
target points was not carried out in this study. The third limitation is that path planning takes
place in a static rather than a dynamic manner. Before the mobile robot starts the tasks, the task
list was analyzed and sorted according to the task priority algorithm. Once the mobile robot has
started its task, the priority algorithm is not calculated over and over for each tag it reads in the
workshop. For this reason, the mobile robot performs the tasks statically from the moment it

starts moving from the initial point.
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In future studies, using the OMRIi40 framework, it is planned to use the algorithms with real
task datasets, to create use case scenarios in the simulation environment and apply them to real
multi-mobile robots in the real world. In addition, the tasks that the mobile robot performs
statically can be made dynamic. This would permit observation of the kind of differences
existing in the static and dynamic realization of the tasks. With machine learning algorithms
that can be applied to real task datasets, which will become big data, the estimated completion
time of the task process can be estimated. This can contribute to increasing efficiency and

minimizing time loss in the production stages of smart factories in the Industry 4.0 concept.

5.2. Conclusion and Recommendations of the Topic Modeling Analysis for Mobile Robots
within the Periods Before and After the Industry 4.0 Revolution

The conclusion of this section was presented at 12th International Conference on Industrial
Technology and Management (ICITM 2023) within the scope of our study (Uguz, Ozyer, &
Coskungay, 2023). Mobile robots are at the forefront of studies in the field of robotics, and the
situation has become more important with the increase in today's usage areas. With the
emergence of Industry 4.0, academic and industrial R&D studies in the field of mobile robots
continue to increase day by day. In the present study, the abstracts of 13,404 papers collected
from the Scopus database were examined over two 10-year periods between 2002-2011 and
2012-2021. The year 2011, when Industry 4.0 emerged, has been determined as a turning point.
For this reason, it has been examined in which direction the studies in the field of mobile robots
have progressed and what changes occurred in the time before and after the emergence of the
concept of industry 4.0. The analyses indicated the studies in the field of mobile robots are

indeed related to the developments in the field of industry 4.0.

Topic modeling analyses were carried out using the LDA MALLET model for both periods.
The top five research topics that came to the fore in both periods are examined. Image
Recognition and Object Detection, Localization Sensors, Path Planning Algorithm and
Trajectory Motion Control were among the popular research topics that come into prominence
in both periods. In addition, it was concluded that the research topic Automated Guided
Vehicles in Industry is at the forefront of the second period as a result of the developments that
occurred with the emergence of industry 4.0. Software Architecture of Mobile Robotic Systems,
Semantic SLAM for Indoor Environments, Human Robot Interaction in Mobile Robot, Multiple
Tasks in Robotic Agents, and Efficiency Algorithms research topics, together with Automated
Guided Vehicles in Industry can also be specified as prominent new trends in the second 10-
year period.
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The top five most cited research topics for both periods were explored. The most striking
situation here is that the Path Planning Algorithm research topic is in first place in respect of
the number of citations in both periods. It is also noteworthy that the research topic Automated
Guided Vehicles in Industry emerged in the second period and is one of the most cited research
topics. In addition, the top five most productive authors of both periods were examined. Those
whose work came to the forefront in both periods are Burgard W., Parhi D. R. and Savkin A.
V. The academic studies of Parhi D. R. in the field of mobile robots came to the forefront in the
second ten years. In addition, the top five most productive countries for both periods were
analyzed. When the productivity of the countries to which the authors' academic studies are
affiliated were examined, China and the United States were seen to have risen to prominence
by taking first and second places in both periods. In addition, Japan and Germany also
succeeded to take place in both periods. India did not figure in the first period, but did so in the

second period, and as such was the country that attracted attention.

In this study, the evolution of research topics in the field of mobile robots within the scope of
before and after industry 4.0 revolution was examined and shared with the academy and
industry community who will carry out future studies in this field. As a future comprehensive
study, a study of text mining and bibliometric analyses that only includes the keyword mobile

robot may be carried out.
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