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Executive Summary

Over the last years the complexity of warehouse operations has increased significantly
due to the increase of e-commerce, customer requests for frequent and low volume order
fulfillment as well as the need for faster response times. Although all warehouse
processes are critical and affect both customer service and the total logistics cost, order
picking process contributes highly (55% to 65%) to the total operational warehouse costs
and plays a pivotal role in customer service level. The development of information
systems during the last decades brought a remarkable number of applications in product
picking process such as RF-scanner, voice and light picking. Yet, there is still a need for
better productivity and less operational cost and vision picking through smart glasses and
augmented reality may be a promising technology. The latter uses wearable technology
and vision-guided picking to produce faster, hands-free and accurate picking solution for

industrial operations.

The aim of this thesis is to design and a vision picking system that can be used for product
picking in a warehouse facility. More specifically, the first objective of this thesis was to
review a set of parameters that can be taken into consideration for vision picking system
design, development and testing. The second objective focused on the selection of the
most appropriate parameters for testing vision picking system, while the third dealt with
the conduction of laboratory tests for the evaluation and assessment of vision picking

system in terms of order picking time (efficiency), accuracy and workload.

The review of parameters was conducted by using the Systematic Literature Review
(SLR) approach. The latter embraces, a three-step review phase and takes into
consideration a series of inclusion criteria for the identification of research articles.
Overall, 44 articles were reviewed, but the final corpus involved 20 of them. It is worth
mentioning that the number of published papers is limited in this research area and this
is may be a representative sign that the field is quite promising from a research point of
view. Based on the reviewed papers, 20 parameters were identified for vision picking

system design, development and testing. Subsequently, these parameters were
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classified into three categories, namely: a) system parameterization, b) operational
performance and, c) comparative assessment with other picking systems. The first
category deals with the device design and development and includes 14 reviewed
parameters. The second category comprises 3 parameters which concern the testing of
the performance of the vision picking system in the industrial environment and the third
category encompasses 3 parameters which are used for the comparison of vision picking
system with other picking systems in the industrial environment.

Due to the high number of parameters of the first category (system parameterization), the
14 parameters were classified into three different sub-categories. The first sub-category
deals with the ergonomic aspects and involves 4 parameters, the second focuses on
visualization aspects and includes 6 parameters, while the third sub-category is

associated with technical aspects and encompasses 4 parameters.

In order to select the parameters that would be tested in laboratory environment, the
Analytic Hierarchy Process (AHP) was adopted. The latter methodology was applied via
a questionnaire that was initially constructed by the research team and subsequently filled
in by 15 experts located in Greece who work in logistics service providers, as well as in
companies with in-house logistics. The aim of that process was to rank the parameters
that would be taken into consideration for system testing. Three parameters (i.e. Display
Holder, Field of View, Barcode Type) were initially selected from this process.
Furthermore, one more parameter (i.e. existence of confirmation) which deals with the
operational performance of vision picking process was considered based on the input
received by logistics executives. The latter was included in the set of parameters that
were tested in laboratory environment, since it affects both the acceptance of the system,

by the end users as well as the performance of the system.

The testing of vision picking system was accomplished via a series of laboratory tests
that were conducted by adopting the Design of Experiments (DoE) methodology. A full
factorial design has been used that incorporates 4 factors at two levels (24 full factorial
design). Eighty (80) tests were conducted in order to identify the optimal setup of the

proposed vision picking system both in terms of order picking efficiency and accuracy.
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Furthermore, the perceived workload of vision picking system was evaluated via NASA

TLX survey.

The results of the study revealed that the performance of vision picking system can be
affected significantly from certain factors. In terms of order picking time, the results
indicated that the only parameter that was statistically significant (based on the ANOVA
results) was the “existence of confirmation”. Indeed, vision picking process without
confirmation step can improve the order picking time, when compared to the vision picking
process with confirmation step. In terms of order picking accuracy, the results showed
that a 2-way interaction (i.e. “Field of View*Existence of confirmation”). In this case, the
best configuration for high levels of accuracy, is achieved when the display is set to “below
of line of sight” and confirmation step exists. In terms of perceived workload, the NASA
TLX score showed that the workload was adequate when compared with similar studies.
While focusing on the individual subscales of NASA TLX score, the physical demand and
frustration level have the highest score, followed by mental demand, temporal demand,

effort and performance.
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Executive Summary in Greek

(EmiTeAIk oUvown)

Ta TeAeuTaia xpovia n TTOAUTTAOKOTNTA KATA TN OIAPKEIX EKTEAEONG TWV OIODIKACIWY EVTOG
TWV ATTOBNKEUTIKWYV XWPWV £XEI augnBei onuavTikd, egaitiag Tng paydaiag augnong Tou
NAEKTPOVIKOU EUTTOPIOU, TWV ATTAITACEWY TWV TTEAATWV YIO CUXVEG KAl JIKPES TTAPAYYENIEG
KaBwg €TTioNG Kal TG aTTAiTNONG Yia TTOAU PIKPOUG XPOVOUG avTattokpiong. Mapd T1o
YeEYovog OTI OAEG 01 DIOBIKOTIEG EVOG ATTOBNKEUTIKOU XWPOU £ival £Ei00U ONUAVTIKEG KAl
eTnNPeddouv To ETTITTEDO €EUTTNPETNONG TWV TTEAATWY KABWG ETTIONG KAl TO AEITOUPYIKO
KOOTOG, €ival onuavtike va ava@epBei 011 n diadikaoia TNG CUANOYAG TTapayyeAIwY
atroTeAei TNV 10 akpIr dladikacia, dedopévou 0TI CUUPBAAEI OTO AEITOUPYIKO KOOTOG O€
TTO000TO TTOU ayyidel To 55% - 65% TOU OUVOAIKOU AEITOUPYIKOU KOOTOUG TTOU TTPOKUTTTEI
a1’ OAeg TIg dladikaoieg piag eykatdoTtaong logistics. H avaTTuén Twv TTANPOQOPIaKwWY
ouoTNUATWY KaTé TN dIGPKEIa TwV TEAEUTAIWY OEKAETILV, CUVEBAAE OTNV EUQAVION HIOG
o€IPAg agiOAOYwV TEXVOAOYIWV KAl CUCTNUATWY yia Tn CUAAOYHA Twv TTapayyeAIwV (TT.X.
OUAAOYN TTapayyeAIWV ME T XPron TEPMATIKWY CUCKEUWYV, ME TN XPRon ewvnTIKWV
EVTOAWV Kal PE TN XPAOoN QWTEIVWV evOEeiCewV). MNMap’ OAa auTtd, UTTAPXEI AKOUN N avaykn
yla TV uI00€Tnon piag TexvoAoyiag/ouotriuatog Tmou Ba €xel Tn duvaTtdTnTa va auénoel
TNV TTAPAYWYIKOTNTA KOl VA PEIWOEI TO TTOO00TO AaBWV KaTd Tn SIAPKEId CUANOYAG TWV
TapayyeAiwv. Me Baon tn BiBAloypagia kabwg etriong AauBdvovtag uttdywn dia ogipd
aTtro MEAETEG, DdlagaiveTal OTI N TEXVOAOYiIa TNG OUAAOYNG TTapayyeAIwyY YE TN XPNon Tng
opaong (Vision picking) atroteAei pia TTOAAG uttoo)OUEVN TEXVOAOoyia, dedouévou OTI
MTTOPEI VO TTPOCPEPEI TTIO YPriyopn aUAAoyr TTapayyeAiwy, JeE AlyoTepa AAON Kail e uwnAd

Babuo eAeuBepiag Twv XePIWV TWV pyaloueVwY GUANOYRG TTapayyeAIWV.

O BaoIkdG OKOTTOG TNG TTapouong SIMTAWMPATIKAG a@opd 0To oXedIAOUO EVOG CUCTANOTOG
ouA\oyNG TTapayyeAIwV, JE TN XPon TNG 6pacng, To OTToio Ba PTTopEi va XpNOoIKOTToIETal
oe eykaTaoTaoelg logistics. MNa tnv emiteuén Tou apxikou OKOTTOU €ival aTmapaitnTo va
EMTEUXOEI MO O€IPA aTTO ETTIPEPOUG OTOXOUG. O TTPWTOS OTOXOG APOPAE OTOV EVTOTTIONO

MIOG OEIPAC TTAPAPETPWY (MECW PIBAIOYPAPIKAG ETTIOKOTINONG), Ol OTTOIEG PMTTOPOUV va
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XPNOoIYoTToINBoUV KaTA T dIAPKEIX TWV OTAdIWV OXEDIAOUOU, AVATITUENG KAl agIoAOYynoNng
| eANéyxou NG ev AOyw Texvoloyiag/ouoTtriiuatog. O deUTEPOG OTOXOG, €0TIALEI OTNV
agloAdynon Kai TMAOYH UIAG OEIPAG TTAPAPETPWY, TTPOKEIMEVOU VA XPNOIUOTTOINBoUV yia
TNV agloAdynon Tng €v AOYyw TeEXVOAOYIOG, €V O TPITOG OTOXOG OXETICETAl PE TNV
agloAdynon TNG TEXVOAOYIaG JEOW MIOG OEIPAG EPYAOTNPIOKWY OOKIJWY OTA TTAQICIA TWV
OTTOIWYV Ba PeTPNBEI N ATTODOTIKOTATA TOU CUCTHATOG O€ ETTITTEDO ) XPOVOU OAOKARpwon

oUA\oYiG TTapayyeAiwy, B) akpiBeiag TTapayyeAiag Kal y) @OpToU £pyaciag.

H kataypa@ry Twv TTOPAUETPWY TTPAYPATOTIOINBNKE péow TnG peBodoloyiag Tng
ouoTNUIKAG BIBAIOYPA@IKAG €TTIOKAOTTNONG, KATA TNV £QApPoyr TNG otroia AauBdavovral
uTTOYn MIa O€Ipd aTTo KPITAPIO PJECW TWV OTTOIWV TTPAYUATOTIOIEITAI O EVTOTTIONOG TWV
OXETIKWV ApBpwv. Me Tn e@apuoyr TnG TTpoavapepBbeicag peBodoloyiag, evroTrionkav
OUVOAIKA 44 &pBpa oTn BiIBAIoypagia, woTdco uévo 1a 20 atrd autd Tav ouvagr JE To
QVTIKEIUEVO TNG €V AOYW BITTAWMATIKAG. Z€ auTd TO oneio gival onuavTikd va avagepOei
OTI O TTEPIOPIOPEVOG QPIOPOG ONPOCIEUPEVWY APOPWY OXETIKA UE TO QVTIKEIUEVO TTOU
MEAETATOI OTNV TTapoUca OITTAWMATIKY), OTTOTEAEI ONuUAdI OTI TO OUYKEKPIPEVO
QVTIKEIUEVO/TTEDIO €peuvag Oev €xel HEAETNOEI ETTAPKWG KAl €ival APKETA evOIQPEPOV KAl

TTOAAG UTTOOXOMPEVO VIO TTEPAITEPW EPEUVA KAl MEAETN TA ETTOMEVA £TN.

EoTmidlovrag ota amoTteAéopata NG PIBAIOYPAPIKNG ETTIOKOTTNONG KAl €QAPPOloVTaG TN
peEBodoAoyia TNG ouoTnUIKAS BIBAIOYPAQIKNAG ETTIOKOTINONG EVTOTTIOTNKAV CUVOAIKA 20
TTAPAPETPOI VIO TO OXEBIAOMO, AVATITUEN Kal afloAdynon Tng TexXVoAoyia / OUCTAPATOG
OUAAOYNG TTaPAYYEAIWV PE TN XPAON TNG OpACNG. ZTN CUVEXEIA, Ol €V AOYW TTAPAPETPOI
KaTtnyopliotroinenkav o€ TpeIg kKartnyopieg. O1 KaTnyopieg TTou XpnaoIJoTToINdnkav givar: a)
TTOPANETPOTTOINCN OuoTAUATOG, B) A€IToupylkfy aTTodOTIKOTNTA OCUCTAMATOS Kal Y)
OuyKPNTIKN agloAdynon COUCTANOTOG WE AAAa cuoTAPaTa GuAAoyng TrapayyeAiwyv. H
TTPWTN KaTnyopia OXeTi(eTal YE TO OXESIAOUO Kal TNV AVATITUEN TOU CUCTAPOTOC KAl
mepIAapBavel 14 Trapauétpoug. H Oeutepn katnyopia agopd otn afloAdynon Tou
OUOTAPATOG O€ TTPAYMATIKO TTEPIBGAANOV epyaciag kal TTepIAauBavel 3 TTAPAPETPOUG, EVW
n Tpitn kKarnyopia mepIAauBavel 3 TTAPAPETPOUG, OI OTTOIOI XPNOIKMOTTOIOUVTAl Yia TN
ouyKpNTIKN a&loAdynon Tou UTTO €£€Tacn ouoTAUATOG ME GAAQ ouoTAMOTa GUAAOYAG

TTapayyeAiwyv, o€ TTpayuatikd TepIBaAlAov epyaciag. EEaitiag tou uywnAou apiBuou

Master by Research in Financial and Management Engineering Vii



Design, development and testing of Vision Picking Technology

TTAPAUETPWY OTNV TTPWTN KATNyopia, ol 14 TTapduETPOI KATNYOPIOTTOINBNKAV TTEPAITEPW
oe 3 uTToKaTtnyopieg. H TTpwTtn uTtrokaTnyopia OXETICeTal PE BEPATA €PyOVOUIOg Kal
TepIAapBavel 4 TTapauETpPoug, N OeUTEPn €0TIACEl o€ Béuarta  aTTelKOVIONG  Kal
TTEPINAPPBAVEI 6 TTAPAPETPOUG, EVW N TPITN UTTOKATNYOPIO OXETICETAI JE TEXVIKA BEUOTA KAl

TTePINAPBAveEl 4 TTAPAPETPOUG.

MeTd TRV OAOKA\PWON TNG CUCTNUIKNAG BIBAIOYPAQPIKNAG ETTIOKOTTNONG, TO ETTOPEVO OTADIO
agopd oTn agloAdynon Twv TTAPAUETPWY TTOU EVTOTTIOTNKAV KOl OTNV €TTIAOYR Twv
ONMAVTIKOTEPWY  TTAPOUETPWY  YIa TNV afloAdynon Tou ouoTthuatog. [lpdyuari,
AauBdavovtag uttoyn TIG apxéG TNG OladIKaoiag avaAuTIKAG I1EpAPXNONG, OAEG ol
TOPAPETPOI  TNG  TIPWTNG  KaTnyopiag  aglohoynbnkav  PEOW  OUYKEKPIMEVWV
epwTtnuatoloyiwv ammé 15 oTeAéxn €TAIPILWY TTOU dPACTNPIOTTOUVTAI O €AANVIKEG
EMTTOPIKEG, TTAPAYWYIKEG KAl ETAIPIEG TTAPOXNS UTTNPECIWY logistics kal e€gidikelovTal O€
dladikaoieg logistics. Me Bdon Ta atroteAéopata TNG agloAdynong, MAEXONKAV OUVOAIKA
4 TTapPAUETPOI YIa TNV agloAdynon Tou oucTAUATOG CUAAOYAG TTapayyEAIWY HEow dpaong.
O1 TTapdaueTpol TTou eMAEXONKav €ival o1 €ENG: a) TUTTOG €COTTAICNOU OUYKPATNONG TNG
0086vng oTo KEPAAI Tou gpyaldpevou, B) Béon 0Bdvng oe OXEON WE TO OTITIKO TTEDIO TOU
epyagoépevou, y) TUTTOG YPAPMWTOU KWOIKA TTOU XpnoldoTrogital kal ) duvarotnta
utTTapéng empBeRaiwong TNG CUANOYAG TwV TEPAXiwV KATA TNV TOTTO0ETNON OTO KAPOTOI

OUAAOYNG.

To emouevo oT1ddI0O PETA TN afloAdynon Kal €TTIAOYN TwV TTAPAPETPWY, agopd oTnv
agloAdynon Tou UTTO €E£TAON OUOTHAPATOG CUAAOYNG TTapayyeAwy, PHECW MIAG OEIPAG
EPYAOTNPIAKWY OOKIYWYV Kal UIOBETWVTAG TN YeEBodOoAOYia Kal TIC apXEG TOU TTEIPANATIKOU
oXedlaopoU Kal TNG OTATIOTIKAG avaAuong. la 10 OXedIAUO Twv  TTEIPAPATWYV
xpnoiyotroinbnke évag TARpng TrapayovTikdg oxediaouog (full factorial design). O
TTAPAYOVTIKOG OXEDIQOUOC TTEpIEAdUBave 4 TTapAyovTeC / TTAPAUETPOUC O€ 2 eTTiTTeda (24
TTAAPNG TTAPAYOVTIKOG OXEDIAOUOG). AVOAUTIKOTEPA, KATA TN SIAPKEIA TWV TTEIPAUATWYV
agioAdbynong TOou OuCTAMATOG, Trpayuartorroindnkav 80 emavaAnTITIKEG OOKIUES
TTPOKEINEVOU Va KaBopIoToUV Ol IBaVIKOi CuvOUQC oI avApeoa OTIC TTAPAPETPOUG KAl OTA
ETTITTEDdA TOUG. Na TOoV KaBopPIoud Twv BEATIOTWY CUVOUACHWY TO cUoTnuUa agloAoyrnenke

oe emimedo a) xpodvou oAokAripwaon cuAloyng TTapayyeAiwy, B) akpifeiag TapayyeAiag
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Kal y) @opTou epyaciag. MNa Tnv agiloAdynon Tou QOpTOU £pyacia XPNOoIMOTTOINONKE N

peBodoAoyia Tou deikTn pETPNoNG Tou OpToug epyaciag (NASA-TLX).

Ta atmmoteAéopaTa 1O OTroia TTpoékuyav atmd Tn oTaTiIoTIKA avdAuon, META TNV
OAOKAApwON Twv TrEIpapdtwy, Ocixvouv OTI n amdédoon ToU CUCTAUATOG GUAAOYNG
TTOPAYYENIWY PTTOPEI VA ETTNPEACTE (OTATIOTIKA ONUAVTIKA) ATTO OPICPEVES TTAPAUETPOUG.
Ooov agopd 10 Xpdvo OAOKANPWONG TTAPAYYEAIWY, Ta aTToTEAETPATA £BEIEaV OTI N HOvN
TTOPAPETPOG TTOU ATAV OTATIOTIKA onuavTikh (Bdoel Twv amoteAeopdtwy TG ANOVA)
nrav n "duvarornta umapéng empeLaiwons”. NPAyPaTl, 0T TTEPITITWON OTTOU dEV UTTHPXE
empBePaiwon kard 1N didpkeia NG dladikaoiag CUANOYAG Twv TePayxiwv, o Xpdvog
OAOKAAPWONG TWV TTAPAYYEAIWY ATAV OPKETA OCUVTOUOTEPOG OE OXEON E TNV TTEPITITWON
OTTOoU KOTA TN OIAPKEIO CUAAOYNG TWV TEPAXIWV 0 £pyalOUEVOC ETTPETTE VA ETTIBERBAIWVEI
TN OUANOYI KABE Tepayiou TTou TOTTOBETOUCE OTO KAPOTOI CUAAOYNG. Z€ ETTITTEDO AKPIREING
(pUBPOS AaBwWV) KaTd TN dIApPKEIa TUANOYNG TWV TTAPAYYEAIWY, TA OTTOTEAECUATA £DEICOV
OTI UTTAPXEI au@idpoun aAAnAeTTidpaon avdaueoa oe duo TTapauéTpoug ("Béan 08ovng o€
oxéon ue 10 omTikO 1edio Tou gpyaloucvou * duvarotnta umapéng emBeBaiwonc’).
AapBdavovtag Ta armoTeEAEOPATA TA OTTOIO OXETICOVTAI WE TIG TTAPATTAVW TTAPAPETPOUG
KaBwg €TTioNg Kal PE Ta avTioTolxa eTTITTEdA TOUG, TTPOKUTITEI OTI TO UYNAOTEPO ETTITTEDO
akpiBelag TTapayyeAiwy TTITEUXONKE OTAV TO €TTITTEDO TNG TTAPANETPOU "Béon 086vNG o€
oxéon PE TO OTTIKO TTedio TOUu gpyadopevou” ATaV KATW OTTO TO OTITIKO TTEdI0 TOU
epyagoépevou Kai 1o eTTITTedO TNG TTapapéTpou " duvatoTnTa UTTapéng empBepaiwong” ATav
ME UTTapgn empBeaiwong. Ooov a@opd TO EKTIMWHEVO POPTO £pyaaiag Katd Tn didpKeia
OUA\OYNG Twv TTapayyeAlwy, cUP@wva Pe Tn PaBuoloyia Tou OcikTn ETPNONG TOU
@opToug epyaciag (NASA-TLX), TTpokUTITEl OTI 0 POPTOS EPYQTIAC ATAV OE IKAVOTTOINTIKO
ETiTTEdO 0€ OUYKPION WE TNV avTioToixn BabuoAoyia TTou TTapoucialeTal o€ TTAPOPOIES

MEAETEG.
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Chapter 1. Introduction

This chapter initially presents the rationale of this research as well as the importance of
order picking process in warehouse operations. Subsequently the aim and the objectives,
as well as the research methodology of this thesis are described. The chapter concludes

with the structure of this thesis.

1.1. Rationale

Warehousing constitutes a critical process of modern logistics and supply chains. Over
the last years the complexity and requirements of warehousing have increased due to a
series of factors such as an increase in e-commerce sales and international competition,
the demand for frequent and low volume order fulfilment and the customers’ need for
faster response time (Marchet et al., 2015; Lu et al., 2016). The main objectives of modern
warehouses include the ability to tackle the aforementioned challenges in order to
increase their productivity and agility, since underperformance may result in high cost and
lower customer service levels (van Gils et al., 2018). The optimization of warehouse
operations and the reduction of costs is a difficult task for the warehouse managers,
because most warehouses are manually operated, resulting in delivering labor-intensive

services to their customers (van Gils et al., 2018).

All warehouse processes such as receiving, put-away, order picking, packaging, and
shipping affect the logistics cost, but the order picking process has a significant impact
on both the overall logistics costs as well as on customer service (Marchet et al., 2015).
Order picking is the warehouse activity during which a number of goods are retrieved from
a warehouse system in order to fulfill customer orders (Goetschalckx and Ashayeri,
1989). For warehouses with manual systems?, order picking is the most labor-intensive
operation in warehouses and accounts for no less than 55% to 65% of the total
operational warehouse costs (Theys et al., 2010), while for warehouses with automated
systems?, order picking is a very capital intensive operation because of the high

investment costs (Tompkins et al., 2011; Chen et al., 2016). The main factors for this

1 Manual order picking systems are based on paper picking lists and/or barcode reading (Marchet et al., 2015)

2 Automated order picking systems deal with AR/AS systems, robotic mobile fulfilment systems (Azadeh et al., 2017; Calzavara et
al., 2019) and Automated Guided Vehicles (Roodbergen and Vis, 2009).
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increased cost include travelling time among the aisles, as well as the waiting time in front
of the pick faces (Richards, 2014). For these reasons, order picking is characterized by
professionals as the highest priority area for productivity improvements (de Koster et al.,
2007). Indeed, improvements in the efficiency of order picking could directly lead to time
and cost savings, and indirectly improve the customer service level and thus the entire
supply chain performance (Chen et al., 2016).

Taking into consideration the significance of order picking, a number of studies have dealt
with the optimization of the order picking process, focusing on layout design, storage
assignment, zoning, batching and routing methods (de Koster et al., 2007; Chen et al.,
2016). Furthermore, according to Dallari et al., (2009), the type and characteristics of
products, the number and size of orders, the types of functional areas, the material
handling equipment and the operating policies are also important parameters which have
been considered for the selection and optimization of a manual order picking system.
Apart from the manual order picking systems, during the last years the adoption of
automated order picking systems (e.g. AR/AS systems or Automated Guided Vehicles) is
another approach for time and cost savings as well as errors reduction (Hou et al., 2009).
Nevertheless, the investment cost, the interrupting warehouse operation during the
implementation period, the loss of flexibility in the long term and the fulfillment of safety
standards are some of the most common barriers for the development of automated or
semi-automated technical solutions in order to support picking operations (Hackman et
al., 2001).

Focusing on the pickers-to-goods system, which is the most widespread order picking
system in Western Europe (van Gils et al., 2018), the development of information
technologies during the last decades, has brought a remarkable number of ICT-based
applications and systems (e.g. Pick-by-Light Systems, Pick-by-Voice Systems, A-Frame,
etc.) which support the picking process. During the last decades, these systems have
managed to update the traditional order picking systems which are based on paper
picking lists or barcode reading (Marchet et al., 2015). Nevertheless, the recent trend in
logistics facilities (e.g. distribution centers) is the acceptance of late orders and the direct

delivery within tight time windows. This trend, has brought a series of challenges for
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logistics companies word-wide, since it led to the reduction of available time for order
picking and to an increased possibility for errors in terms of order accuracy and

completeness.

To this end, a growing number of companies have turned their interest to digitalization by
adopting novel systems and smart applications along their business processes in order
to handle the growing challenges of cost efficiency, flexibility, adaptability, stability,
customer service, and sustainability (Wang et al., 2016). This emerging trend of
automation technologies and the use of advanced Information Technology (IT) systems
and smart applications increase the productivity and provide a wide range of
opportunities and benefits for the logistics sector which represents an appropriate
application area for new technologies and applications (Olivares et al., 2015; Hofmann
and Rusch, 2017). Especially, in order picking process the use of vision picking through
smart glasses and augmented reality can support both time efficiency and picking
accuracy (Hanson et al., 2017).

Vision Picking with Augmented Reality (AR) which includes picking using wearable
technology combines the very best of vision-guided picking so as to produce a faster,
hands-free solution for industrial environments. The combination of real-world and virtual
information provides speed and accuracy beyond previous warehouse picking systems
(Stoltz et al., 2017). Vision picking is a promising order picking technology but is still at
an early stage. To this end, it is necessary to identify and investigate the key parameters
which will support vision picking system to become an attractive order picking technology

for industrial environments.

1.2. Scope and Objectives

The main aim of this thesis is the design, development and testing of vision picking

system. The objectives are as follows:

e Conduction of literature review for the identification of parameters which are taken
into consideration during the parameterization of the vision picking device, the
evaluation of the operational performance of the vision picking system, and the

comparative assessment of vision picking system with other order picking systems.
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e Evaluation, ranking and final selection of parameters which are taken into
consideration during the testing of vision picking system.
e Laboratory tests for the evaluation and optimization of the vision picking device by

following a series of operational performance.

1.3. Research Methodology

Based on the principle of Naslund, (2002) who argues that “it is necessary to use at least
two different research methodologies if somebody wants to develop and advance logistics
research”, it was decided to adopt a research methodology which combines three
different research methods. The first method is a systematic literature review (SLR) for
the parameters elicitation and system design and development. The second method
deals with Analytical Hierarchy Process (AHP) for the evaluation and ranking of identified
parameters laboratory, while the third method focuses on laboratory (Lab) tests for

system testing and evaluation.

The combination of three methods which is followed in this thesis, can overcome the
potential bias and sterility of single method approaches and is known as triangulation
(Collis and Hussey, 2003). More specifically, in this thesis the methodological
triangulation has been considered by taking into consideration the four different types of
triangulation (data, investigator, theory and mythological) which Denzin (1978) describes.
As it can be seen in Table 1.1, a three-phase methodologically triangulated research is

adopted in order to design, develop and testing the vision picking system.

Table 1.1 The three-phased triangulated research methodology

Phase Method Output

Systematic literature review (SLR) of parameters for

1 System parameterization, Operational performance,
Comparative assessment

Analytical Hierarchy Process (AHP) for the evaluation
and ranking of identified parameters of Phase 1

Parameters identification for system design
and development

Parameters Selection for system testing

Testing, evaluation and optimization of
3 Laboratory (Lab) Tests system by using the selected parameters
of Phase 2

Phase 1 - Systematic Literature Review (SLR)
In the first phase the systematic literature review (SLR) was selected as a research

method, combined with a series of research questions (RQ), which aimed at the
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identification, review and categorization of parameters in the field of vision picking system
design and evaluation. According to Khan et al., (2003), a systematic review based on
unambiguous formulated questions, identifies and evaluates similar studies and
summarizes the results of review by following a reliable methodology. Furthermore, the
SLR method provides a significant number of benefits in a field, aiming at identifying
research gaps (Tranfield et al., 2003; Crowther and Cook, 2007; Denyer and Tranfield,
2009; Saenz and Koufteros, 2015; Lagorio et al., 2016). Indeed the benefits of the SLR
method are wide known and as a result it is implemented in a series of research fields
such as logistics (Gligor and Holcomb, 2012), Urban and City Logistics (Lagorio et al.,
2016; Bjorklund and Johansson, 2018), manufacturing (Lightfoot et al.,, 2013),
sustainability (Gimenez and Tachizawa, 2012), etc.

Phase 2 - Analytical Hierarchy Process (AHP)

In the second phase, the evaluation and ranking of identified parameters was made by
adopting the Analytical Hierarchy Process (AHP). AHP is a well-established methodology
which was developed by Saaty in the 70’s (Saaty, 1987) and supports the decision makers
facing a complex problem with multiple conflicting and subjective criteria (Baswaraj et al.,
2018). AHP is one of the modern Multiple Criteria Decision Analysis (MCDA) tools which
was developed in order to assess, prioritize, rank and evaluate decision choices and
depends on the knowledge of experts (Baswaraj et al., 2018). AHP compares alternatives
solutions with reference to a criterion, in pair wise mode and resulting priorities may be
utilized to compare and rank alternatives. Also, it is important to mention that AHP checks
for consistency using consistency index (Kumar et al., 2015). The implementation of AHP
in real life scenarios does not require advanced knowledge of either mathematics or
decision analysis (Baswaraj et al., 2018), while the simplicity and versatility of AHP

accounts for its popularity (Promentilla et al., 2018).

Phase 3 - Design of Experiment (DoE) & Lab tests

In the second phase, a series of tests were designed and executed in laboratory
environment. More specifically, the Design of Experiment (DoE) methodology has been
adopted for the design of laboratory tests in order to assess the vision picking system'’s

performance. More specifically, a full factorial design has been used for the tests
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performed that incorporates 4 factors at two levels (2# full factorial design). All possible
combinations of these factors across their levels have been used in the design
(Montgomery, 2012). The main output of this phase was the testing and evaluation of

system in terms of order picking time, accuracy and workload.
1.4. Structure of thesis

The structure of this thesis is organized as follows:

Chapter 2 describes the features of the currently available order picking systems. A
comparative assessment between conventional and innovative order picking systems is
also conducted followed by a description of a series of similar studies which evaluate the
performance of vision picking systems in terms of order picking time and accuracy (error
rate).

Chapter 3 presents the results of the literature review conducted in vision picking design,
development and testing parameters via the adoption of the Systematic Literature Review
(SLR) methodology. Based on the results obtained, 20 critical parameters are identified
into three categories, namely: a) system parameterization, b) operational performance

and, ¢) comparative assessment with other picking systems.

Chapter 4 presents the ranking and selection of vision picking system design parameters
by adopting the Analytical Hierarchy Process (AHP) methodology. The chapter describes
the procedure as well as the results which are obtained by the evaluation of the proposed
parameters performed by 15 experts who work in logistics service providers, as well as

in commercial and manufacturing companies in Greece.

Chapter 5 discusses the evaluation results of the proposed vision picking system in terms
of order picking efficiency and accuracy via a series of laboratory tests that were
conducted by adopting the Design of Experiments (DoE) methodology. In this chapter,
the methodology as well as the intermediate steps of this evaluation are presented
followed by the selected factors and their levels that have been chosen for assessing the
performance of the proposed system. Subsequently, the experimental design that has

been used for the design and testing of the proposed system as well as the procedure for
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the execution of the experiment are analyzed. The remaining sections shows the
statistical analysis of the test results.

Chapter 6 presents the assessment of the proposed system in terms of perceived
workload. The chapter provides the theoretical background of NASA TLX technique, as
well as the proposed implementation steps for the calculation of the total NASA TLX
score. The chapter presents also the results obtained for our case and a benchmarking
exercise that was made by comparing the results obtained with the results of similar
studies.

Chapter 7 describes the managerial implications that stem from the adoption of vision
picking system, the gaps that currently exist which are crucial both for further investigation

as well as for insights into the needs of practitioners.

Finally, Chapter 8 presents the conclusions of this thesis as well as a future research

agenda in this topic.
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Chapter 2. Order picking systems: theoretical background

This chapter presents the currently available order picking systems with emphasis on
vision picking systems. During the first section the characteristics, the productivity rates,
the benefits as well as the inefficiencies of each available order picking technology are
presented. Subsequently, the vision picking system is described in detail. More
specifically, the importance as well as the operation and the types of vision picking
systems are descripted followed by the presentation of the results of a series of studies
which evaluate the vision picking system in comparison with other conventional order
picking systems.

2.1. Conventional Order Picking systems

Picking is the most time and cost consuming process in a warehouse (Richards, 2014).
Focusing on manuals order picking systems, as well as taking into account the Figure
2.1, it can be seen that the manual order picking systems can support pick rates of
between 400 to 500 order lines per hour.

20 -7 gy i
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_ © : Suitable for pallets T
3 1000 | ©:Suitable for boxes 'g s &
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Figure 2.1 Order picking productivity per type of equipment and technology, adapted from
(MWPVL, 2018)
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For this range of order lines, a remarkable number of order picking systems are available.
More specifically, a significant number of companies, continue to use paper picking lists,
keeping the complexity as well as the error rate of process in high levels (Gialos and
Zeimpekis, 2018). Typically, in a pick-by-paper system the picker uses a paper picking
list in order to identify the location of each type of item, the number of items to be picked
and the sequence in which the items will be picked (Weaver et al., 2010). By following the
guidelines which were described on the paper picking list, the picker collects the items
from the shelves (picking shelves) and transports them to specific work stations for further
processing (e.g. labelling, packaging, etc.). The use of paper lists is intuitive for human
beings but laborious to handle (Reif, 2009; Schwerdtfeger et al., 2009). Furthermore, the
use of paper lists does not give the ability to pickers to confirm a correct pick, while the
text-only picking lists can be difficult to read from pickers when product numbers are long
(Guo et al., 2015). Moreover, itis important to mention that the use of paper lists increased
order picking time and does not provide a hands-free operation (Guo et al., 2015), in order
to reduce the level of ergonomics. Based on the above, it seems that Pick-by-paper is
characterized by high percentage of errors and it is not a time efficient process (Weaver
et al., 2010), since 50% of a picker’s time is consumed travelling, 20% searching, 15%
picking, 10% in set up and 5% performing other tasks (Tompkins et al., 2011). On the
other hand, Pick-by-paper is a simple and easy to learn solution, while the implementation

cost is low (Guo et al., 2015).

In contrast to conventional systems, the modern systems do not involve any paperwork.
Indeed, paperless systems such as pick by RF Scanning, pick by light, and pick by voice
have been implemented in warehouses in order to increase the flexibility, efficiency and
effectiveness and also to reduce the error rate and the waste from the use of paper (Reif
and Gunthner, 2009). These modern systems include mobile data entry devices which
still have a remarkable handling effort but are usually connected in real-time to a
Warehouse Management System (WMS) processing the data (Reif and Glunthner, 2009).
Focusing on the pickers-to-goods system, which is the most widespread order picking
system in Western Europe (van Gils et al., 2018), it is worth taking into consideration the

features, as well as the advantages and disadvantages of such systems.
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Pick-by-RF Scanner is one of the most widespread order picking technology which can
be used in order to improve the traditional Pick-by-paper systems (Battini et al., 2015).
Instead of paper picking lists, handheld mobile data terminals (MDT) are used for the
accomplishment of order picking. More specifically, the MDTs are equipped with barcode
scanners and in most cases they are used to display the next pick and confirm a correct
pick as it occurs (Weaver et al., 2010), nevertheless there are some cases where this
technology can be combined with a paper picking list. The only prerequisite in order to be
apply this technology in a logistics facility is that all the stock keeping units (SKU) are
necessary to be tagged with a barcode that is scanned by the operator during the order
picking process (Battini et al., 2015). To this point, it is important to mention that according
to Battini et al., (2015), handheld radio frequency identification (RFID) scanners are also
available for more order picking time savings but in this case RFID tags should be placed
in each SKU. To this end, it seems that this technology provides a shorter order picking

time and reduced number of errors when compared with Pick-by-paper systems.

Alternatively, a Pick-by-voice system is a voice directed device that uses speech
recognition to allow pickers to communicate with the WMS and execute the order picking
process (Battini et al., 2015). In this technology, the pickers are equipped with a headset
and a microphone in order to receive and sent instructions which deal with the
intermediate steps of order picking process as well as their actions for confirmation. This
technology gives the necessary direction to the pickers in order to move from the previous
to the next pick, and provides usable information to pickers (e.g. type of item, amount of
items, etc.) (Starner, 2002). Furthermore, the primary advantages of this order picking
technology are that pickers are hands-free and a worth mentioning rise in productivity (i.e.
10% - 15%) may be achieved when this system is compared with traditional systems
(Marchet et al.,, 2015). Unfortunately, picking by voice has low training ability and
addresses difficulties in noisy industrial environments (medium ergonomics), as well as
its implementation causes nagging by workers because they claim that they have to listen

to a monotonous voice during their shift (Reif and Gunthner, 2009).

Compared to voice support systems, pickers that use Pick-by-light systems are guided

by lights that are installed on each storage compartment (Battini et al., 2015). In addition,
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there are some cases where the lights are installed on the pick bins, which in most cases
are mounted on carts (pick-to-cart) or are located, parametrically of a workstation (Guo
et al., 2015). Most Pick-by-light systems require that pickers have to press a button in
order to confirm the picked quantity which is shown on small displays installed on the
warehouse shelves or on the pick bins. Furthermore, in some more advanced systems,
proximity or weight sensors sense a picker’'s actions and automatically proceed to the
next pick or give a warn of an incorrect pick (Weaver et al., 2010). The light picking
approach is a costly solution (when compared to other methods), since there is a need
for installation of displays into the shelf construction (Reif and Guinthner, 2009). However
light picking decreases picking errors, provides high levels of productivity and has a low
training curve (Richards, 2014; Marchet et al., 2015), thus pikers are getting familiarized

with the system very quickly.

Despite the benefits of current systems, the development and the optimization of the
information systems is a critical factor for the improvement of order picking process
(Brynzér and Johansson, 1995). To this end, the emergence of the Internet of Things
(IoT) as a result of the Fourth Industrial Revolution (Industry 4.0) has urged a significant
number of industries to adopt smart systems and novel applications in order to digitalize
and integrate their business processes (Gialos and Zeimpekis, 2018). Focusing on order
picking process, the Vision picking (or Pick-by-Vision) technology is an innovative solution
which may produce improved performance and perceive workload as compared to current

order picking systems (Kim et al., 2019).

2.2. Vision Picking and Augmented Reality (AR) Technology

Augmented Reality (AR) is a technology which can support the human visual sense and
has a substantial potential for industrial applications (Reif et al., 2010). Indeed, companies
like Knapp, Picavi, Ittelligence and SAP, DHL, Generix and UBIMAX have initiated the
development of AR solutions (Stoltz et al., 2017; Kim et al., 2019). Logistics is one of the
most appropriate sector for the implementation of this technology (Cirulis and Ginters,
2013), while order picking is the most widespread warehouse operation wherein head-
worn display (HWD) use has received growing attention during the last years (Friedrich,
2002; Kim et al., 2019).
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The Pick-by-Vision system, which uses wearable technology combines the very best of
vision-guided picking to produce a faster, hands-free solution for industrial environments
(Schwerdtfeger et al., 2009). This order picking system uses smart glasses to merge
virtual images and information with an operator's surrounding environment. The operator
wears the glasses, follows the commands given, and scans product barcodes all within

the glasses' display (Figure 2.2).

Figure 2.2 Pick-by-Vision by using Smart glasses, (Baumann et al., 2011)

Furthermore, it is worth mentioning that Pick-by-Vision systems can be supported with
wearable AR or non-AR hardware platform such as Head Mounted Displays (HMDs) and
Smart Glasses (Schwerdtfeger et al., 2009; Weaver et al., 2010). In the case of AR
existence, the system can provide better guidance to pickers by using 3D arrows in order
to show the way to the storage location and point at the picking unit (Reif and Walch,
2008). On the other hand, the existence of AR in these systems poses a series of
problems, mainly due to the lack of adequate hardware, but also due to not yet resolved
usability issues (Livingston et al., 2005). Nevertheless, it is widespread that the
combination of real-world and virtual information provides speed and accuracy beyond

previous warehouse picking systems (Stoltz et al., 2017).

The importance as well as the potential benefits of this innovative order picking
technology, has led a significant number of researchers to conduct tests in order to
compare the conventional order picking systems with the Pick-by-Vision technology in

terms of order picking time, accuracy and workload. An indicative example are Reif and
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Gunthner, (2009) who evaluate a Pick-by-Vision system in a real storage environment.
The results show that Pick-by-Vision was 4% faster than a paper based picking system,
while the error rate for the paper list was seven times higher when compared to Pick-by-
Vision. Also Schwerdtfeger et al., (2009) mentions that Pick-by-Vision can increase the
performance of a picker in terms of time and error rate, but the discomfort questionnaire
shows that improvements of the display devices are necessary to reduce potential for
headaches. Furthermore, the study shows that about 20% of subjects had serious
problems using the HMD, an issue that was also observed in earlier studies. Recently,
Wu et al., (2015) have compared pick-by-light with pick-by-HUD (Head-Up Display). The
results of the comparison show that pick-by-HUD was significantly faster and more
accurate than pick-by-light. Apart from the lower time and error rate, pick-by-HUD had a

lower workload than pick-by-light, as a result the participants tended to prefer it.

Taking into consideration the above, it seems that Pick-by-Vision is an emerging
technology which has the potential to improve the order picking process with fewer errors
and faster picking speed. However, based on current studies and evaluations of these
systems it seems that the type of displays, as well as the User Interface (UI) design affect
the perceived workload, usability, visual discomfort and job performance (Kim et al.,
2019), while it often causes concerns which deal with visual discomfort, eye-strain,

headaches, dizziness, nausea, etc. (Patterson et al., 2006).

To this end, itis critical for the improvement and optimization of this innovative technology
to identify the parameters that can be taken into account by the researchers or other
stakeholders during the phases of Pick-by-Vision system design and development. Also
it will be useful to identify the parameters that could be used, in cases of comparative
assessments with other order picking systems. This parameter identification (via a
literature review process) will also contribute positively to the available literature which is
guite limited in the field of Vision Picking and Augmented Reality (AR) Technology (Stoltz
et al., 2017).

2.3. Summary

This chapter presented various available order picking systems such as pick by RF-

scanning, pick by voice, pick by light, etc. Subsequently, it was argued that despite the
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benefits of current picking systems, the development and the optimization of information
systems for product picking is critical for the improvement of order picking process. It this
thus concluded that there is a need for smart technologies and novel applications in order
to improve the productivity and accuracy of the product picking process. By taking into
consideration the current literature, vision picking (or Pick-by-Vision) systems seem to be
an innovative solution which may produce improved performance and perceive workload

as compared to current order picking systems.
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Chapter 3. Literature review in vision picking design and

development parameters

This chapter presents the results of the literature review conducted in vision picking
design, development and testing parameters. For the review the Systematic Literature
Review (SLR) methodology was adopted. Initially, the methodology for the selection of
the most appropriate literature review approach is presented. Subsequently, the
implementation steps as well as the procedure for implementing the SLR methodology
are presented. Then, the descriptive analysis of the reviewed articles is made, while the
chapter concludes with the presentation of the 20 critical parameters revealed by the
review that are classified into three categories, namely: a) system parameterization, b)

operational performance and, ¢) comparative assessment with other picking systems.
3.1. Selection of Literature Review method

In the current literature, not many articles are available regarding vision picking, especially
when the aim is to identify system design parameters. It was important thus to adopt a
specific literature review approach so as certain system design parameters to be
identified and reviewed. Different types of literature review techniques are available, such
as: systematic review, semi-systematic review, integrative review, etc (Snyder, 2019;
Maditati et al., 2018). Depending on the purpose of the review, all types of available
literature review techniques are helpful and suitable to reach a specific goal (Snyder,
2019). Table 3.1, presents the main criteria that can be taken into consideration for the

selection of the most appropriate literature review approach.

Systematic literature review approach is used to synthesize research findings in a
systematic, transparent, and robust way (Davis et al., 2014). Also this approach can be
adopted for identifying and critically appraising relevant research, as well as for collecting

and analyzing data from similar studies (Snyder, 2019).
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Table 3.1 Main features of literature review approaches, (Snyder, 2019)

Approach Systematic Semi-systematic Integrative

Overview research area

. Synthesize and Critique and
Typical purpose . and track development .
compare evidence . synthesize
over time
Research questions Specific Broad Narrow or broad

May or may not be

Search strate Systematic .
oy y systematic

Usually not systematic

Research articles,
Quantitative articles Research articles books, and other
published texts

Sample
characteristics

Analysis and

. uantitative ualitative/quantitative ualitative
evaluation Q Q q Q

On the other hand, the semi-systematic review approach is designed for topics that have
been conceptualized differently and studied by various groups of researchers within
diverse disciplines and that hinder a full systematic review process (Wong et al., 2013).
Last but not least, the integrative review approach used to assess, critique, and
synthesize the literature on a research topic in a way that enables new theoretical

frameworks and perspectives to emerge (Torraco, 2005).

By taking into account the features of the most common literature review approaches, as
well as by considering the objective of this research (i.e. Identification of relevant studies
in order to collect data which deal with the system design parameters), the systematic
literature review (SLR) was selected as the most suitable research method, coupled with
a series of research questions (RQ), which aim at the identification, detection and

categorization of parameters in the current scientific literature.

3.2. Implementation of Systematic Literature Review (SLR) method

The identification, detection and categorization of parameters for system design,
development and testing is accomplished by using the systematic literature review (SLR)
method. According to Khan et al., (2003), a systematic review based on unambiguous
formulated questions, identifies and evaluates similar studies and summarizes the results

of review by following a reliable methodology. To this end, taking into consideration the
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basic principles of the systematic literature review (SLR), as well as, the lack of available
systematic analyses of the topic which this study deals with, the objective of the first step
was to define the basic Research Questions (RQ).

The RQ1 addressed in this phase deals with the main parameters which are taken into
consideration during the design of a device that is used for vision picking in a logistics

facility. The RQ1 is presented below:

RQO1. Which are the main parameters which are taken into consideration for a vision

picking device parameterization?

Another important element is the evaluation of efficiency as well as the optimization of the
operation of this device. To this end, the RQ2 focuses on the parameters which are used
by practitioners in order to run operations performance and thus to evaluate and optimize

the vision picking system. Consequently, the RQ2 is described as following:

RO2. Which are the main parameters which are taken into consideration for the

evaluation _and optimization of vision picking systems in terms of operational

performance?

Finally, given the variety of order picking systems, the last objective of this phase is the
identification of parameters for the evaluation and comparative assessment of vision
picking system with alternative order picking systems in terms of the industrial

environment. Thus the RQ3 is:

R0O3. Which are the main parameters which are taken into consideration for the

evaluation and comparative assessment of vision picking system in terms of the industrial

environment?

In order to answer the above RQs we use the systematic literature review (SLR) method.
More specifically, we follow a three-step protocol based on previews prominent articles
(Tranfield et al., 2003; Touboulic and Walker, 2015; Lagorio et al., 2016), in order to come
up with a reliable and proven work. In particular, Figure 3.1 shows the steps of selecting

a protocol, as well as the results of the systematic literature review.
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m Determination of inclusion

criteria and search

Articles: 44

m Read and selection based on

title and abstract

Articles: 12

m Read and selection based on

full text & snowballing

Articles based on full text: 6
Articled based on snowballing: 12

Final selected articles: 20

Figure 3.1 The steps of selecting protocol and the results of SLR

The steps of selecting protocol are described below:

Step 1: Determination of inclusion criteria and search

In order to achieve a comprehensive research, a series of search terms / keywords and

induction criteria were determined during the first phase of this step. In this phase the

concept of vision picking system is described with a series of synonyms. Also, in this step

our research has focused on papers published in peer reviewed journals as well as in

international conferences in the field of logistics. The main reason for the inclusion of

articles from international conferences in this work is that the number of papers in peer

reviewed journals which deal with the objective of this work is limited. Furthermore, it is

worth mentioning that literature such as PhD dissertations, technical reports, etc. have

been excluded from this work. All the above inclusion criteria that have been used for our

search are presented in Table 3.2.

Table 3.2 Inclusion criteria for articles selection

Inclusion criteria

Description

Search terms / Keywords
Document types
Source types

Language

Vision picking, Pick-by-vision, Wearable technology, Wearable computers. Order
picking, Augmented reality, Head-mounted displays, Smart glasses, User interface

Articles
a) Peer-reviewed journals, b) International conferences

English
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Step 2: Read and selection based on title and abstract

In this step a review of selected papers (from step 1) has taken place based on the titles
and abstracts of papers. During this review a series of papers out of the research scope
were excluded from our list. More specifically, 32 papers focus on other issues than vision
picking system (i.e. resource dimensions, storage assignment, batching, routing, etc.) and
fields (i.e. vision picking for manufacturing, vision picking for health, etc.). After the
completion of this step, the remaining number of articles was 12.

Step 3: Read and selection based on full text and snowballing

During the last step of the protocol, the reading of full versions of available papers as well
the refining of our list took place. After the reading of full versions of candidate papers, 6
papers were excluded, because they were not in the scope of our research. In this phase,
by taking into consideration the remaining papers, we checked the references of the
selected papers and we added to our list the papers which met our inclusion criteria which
were identified during the first step of protocol. To this end, our final corpus involved 20

papers.

Considering the corpus of 20 papers some descriptive statistics were first applied and
then an analysis of papers took place, in order to classify the most important key
parameters for vision picking system design, development and testing, on three
categories: a) system parameterization, b) operational performance and, ¢) comparative

assessment with other picking systems.

3.3. Descriptive analysis of the reviewed articles

Table 3.3 presents the results in terms of the number of papers resulting from the
selection protocol in the systematic literature review (SLR). Based on this Table, 60% (12
papers) of the reviewed papers are conference papers, while only 40% (8 papers)
account for journal papers. The low number of published papers and therefore the limited
number of journal articles are representative signs, that the field is quite new from a
research point of view. This seems to be confirmed by taking into consideration the time

distribution of the reviewed studies.
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Table 3.3 Overview of the reviewed articles

Type of article

Journal Conference

(Schwerdtfeger et al., 2006) )
(Reif and Walch, 2008) [
(Tumler et al., 2008) °
(Schwerdtfeger and Klinker, 2008) °
(Reif and Ginthner, 2009) o
(Schwerdtfeger et al., 2009) )
(Iben et al., 2009) °
(Reif et al., 2010) [
(Weaver et al., 2010) o
(Grubert et al., 2010) )
(Schwerdtfeger et al., 2011) °
(Baumann et al., 2011) °
(Baumann et al., 2012) °
(Krajcovic et al., 2014) °
(Guo et al., 2015) °
(Wu et al., 2015) )
(Hanson et al., 2017) °
(Renner and Pfeiffer, 2017) °
(Brauer and Mazarakis, 2018) °
(Kim et al., 2019)

Total: 8 12

Figure 3.2, illustrates graphically the time distribution by year of the selected articles.
Based on the results of the figure below, it is evident that the years of publication among
the identified publications vary from 2006 to 2019. The number of articles considering the
design, development and testing of vision picking system has grown rapidly during the
last years. Half of the considered articles are published in the last eight (8) years,
indicating that the area is significantly expanding over the last few years. The peak in the
number of papers is observed during the three-year period from 2008 to 2010, where 9

papers (3 journal papers and 6 conference papers) were published.
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Total number of articles: 20

0
80% Peak Period
(9 papers)

Figure 3.2 Time distribution of the review articles

Focusing on articles that have been published on peer-reviewed journals and by taking
into consideration Table 3.4, it can be concluded that only seven journals have been used
for the publication of eight (8) scientific articles. Also, it is worth mentioning that there is
only one journal with more than one publication, while all the other journals have less than

one publication.

Table 3.4 Number of papers per journal

Journal No.

The visual Computer
Applied Ergonomics
Communications
Computer

Computer Graphics forum

Computer & Industrial Engineering

[ S S S i L )

Virtual Reality

3.4. Parameters for vision picking design, development and testing

This section introduces a classification scheme in order to categorize the content of the
selected articles. Figure 3.3 presents the three categories which are used in this overview

chapter to categorize the reviewed parameters.
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Reviewed parameters for design, development and testing of vision picking
technology

Category 1 Category 2 Category 3
Parameters for system Parameters for Parameters for
parameterization operational performance comparative assessment
Total humber of Total number of Total number of
parameters: 14 parameters: 3 parameters: 3

Figure 3.3 Classification scheme

The first category deals with the device design and development (Category 1: Parameters
for devise parameterization) and includes fourteen (14) reviewed parameters. The second
category comprises three (3) parameters which concern the testing of the performance
of the vision picking system in the industrial environment (Category 2: Parameters for
operational performance). Last but not least, the third category has to do with three (3)
parameters which are used for the comparison of vision picking system with other picking
systems in the industrial environment (Category 3: Parameters for comparative
assessment). All the reviewed parameters are described and analyzed in the sections

below.

3.4.1. Parameters for device parameterization

This section aims at identifying and classifying the parameters that are used for the design
and development of a vision picking system. According to the literature review, it is
observed that during the design and development of vision picking systems it is critical to
take into consideration a series of parameters which affect the performance of the system.
As it can be seen in Figure 3.4, these parameters can be classified in three different sub-
categories. The first sub-category deals with the ergonomic aspects and involves four
parameters (display type, interaction device, display holder and weight of equipment).
The second focuses on visualization aspects and includes seven parameters (field of
view, mounting option, information mode, information availability, display view, existence

of Augmented Reality and display settings) while the third sub-category is associated with
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technical aspects and encompasses four parameters (barcode type, scanning distance,

battery life and existence of tracking system).

Category 1: Parameters for device parameterization

Category 1.1 Category 1.2 1071 (=T [o] o ]
Ergonomic aspects Visualization aspects Technical aspects

1. Display type 1. Field of view 1. Barcode type
2. Interaction device 2. Information mode 2. Scanningdistance
3. Display holder 3. Information availability 3. Battery life
4.  Weightof equipment 4. Display view 4. Existence of tracking
5. Existence of AR system
6.

Display settings

Figure 3.4 Classification of parameters for devise parameterization

Ergonomic aspects

The ergonomic aspects of device parameterization play a critical role during the design
and development of the system because they deal with parameters which define how
comfortable a worker would feel while using the system. The most crucial requirement is
that the worker has to wear the equipment of vision picking during one shift. To this end,
the vision picking equipment is necessary to be light, ergonomically designed, safe and

with an eight-hour battery operation (Reif and Gunthner, 2009).

The first parameter which affects the ergonomic aspects is the display type. According to
Kim et al., (2019), there are two different available display types. The first type contains
binocular displays (Figure 3.5a) and the second type involves monocular displays (Figure
3.5b). By taking into consideration the results of Table 3.5, it can be concluded that
monocular displays are more preferable, because they are less intrusive and lighter. On
the other hand, some participants in tests support that the binocular displays are more

comfortable and easier to focus (Kim et al., 2019) but have a limited field of view.
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(a) (b)

Figure 3.5 a) Binocular head-worn display, b) Monocular head-worn display, (Kim et al., 2019)

Apart from the display type, one more important parameter is the interaction device, which
is necessary for the picks confirmation, as well as for the input of zero crossing (pick area
with out-of-stock). Considering the results of Table 3.5, there are two different devices
that could be used for the vision picking. The first alternative is an adjusting knob or
gesture control and the second one is speech input. An adjusting knob can be transferred
easily to the user interface and is more suitable for industrial environments. On the other
hand speech input provides a hands free interaction and is the most intuitive form of
interaction for humans, but this technical solution faces a series of implementation

difficulties in noisy environments (Reif and Gunthner, 2009; Reif et al., 2010).

One more parameter that has been mentioned is the type of display holder which depends
on the design of the equipment. According to investigated studies, as well as by taking
into consideration the available equipment that can be used for vision picking (Syberfeldt
et al., 2017), there are two different types of display holders. The first type is the glasses
(smart glasses), while the second type is the headbands, which are worn on the head,
using the suitable equipment (Stoltz et al., 2017). Some of the most well-known glasses
and headbands for vision picking are the followings: Google glasses, Vuzix M300, Epson
Moverio BT-300, Microsoft HoloLens, RealWear HMT-1, etc. (Brauer and Mazarakis,
2018). According to the results that are presented in Table 3.5, both types of display
holders have been evaluated in a series of tests and according to Stoltz et al., (2017),
they provide a hands-free solution for the execution of the order picking process. The type
of holder together with the total weight of equipment can affect the performance of pickers
and are responsible for a series of problems that pose various restrictions for pickers
when wearing the equipment. Indeed, some studies mention that heavy glasses pushed

too hard on the nose and as a result are uncomfortable to wear (Velamkayala et al., 2017,
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Brauer and Mazarakis, 2018) while some others support that the use of headbands are
not comfortable and cause headaches (Schwerdtfeger et al., 2009).

Table 3.5 Overview of parameters which deal with ergonomic aspects

Display Type Interaction Device Display Holder

5 B - o " é We_igh of
<_3 3 S5 5 § o S Equipment
3 o 0 <IN 1] T
= 5§ 8% =28 0 5
m S T
(Schwerdtfeger et al., 2006) ° °
(Reif and Walch, 2008) ° o . o
(Tumler et al., 2008) °
(Schwerdtfeger and Klinker, 2008) °
(Reif and Ginthner, 2009) ° °
(Schwerdtfeger et al., 2009) °
(Iben et al., 2009) ° °
(Reif et al., 2010) ° o
(Weaver et al., 2010) °
(Grubert et al., 2010) °
(Schwerdtfeger et al., 2011) ° °
(Baumann et al., 2011) ° °
(Baumann et al., 2012) °
(Krajcovic et al., 2014) ° °
(Guo et al., 2015) o o ° o
(Wu et al.,, 2015) °
(Hanson et al., 2017) °
(Renner and Pfeiffer, 2017) °
(Bréuer and Mazarakis, 2018) o
(Kim et al., 2019) ° ° ° °
Total tested parameters: 1 5 7 7 8 11 0
Total Non-tested parameters: 1 1 0 1 0 0 6

e : Tested parameter
o : Non-tested parameter

Focusing on the weight of equipment, it can be seen that the weight range of the used
glasses and headbands is big. Indeed, according to Syberfeldt et al., (2017), the weight
range of conventional equipment is between 70gr — 350gr, while some other studies
mention that the weight of some common AR glasses can reach up to 580gr (Brauer and
Mazarakis, 2018). Based on the available results (Schwerdtfeger et al., 2009; Syberfeldt
et al., 2017) the heavy equipment cause physical fatigue and headaches and do not allow
their use by pickers for extended periods. Thus, it is important to mention that the
equipment should be light and ergonomically designed in order to be used by pickers over
of a shift of eight hours (Reif and Gunthner, 2009). Despite the fact that the weight
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constitutes a critical factor for the acceptance of vision picking equipment, the reviewed
studies have not conducted a direct assessment in terms of weight.

Visualization aspects

According to the reviewed studies, the visualization aspects during the design and
development of vision picking system deal with the Graphical User Interface (GUI) of the
device. Indeed, one of the most important things of a vision picking system is the GUI,
because the virtual information must be displayed at the right time and at the right position
(Reif and Walch, 2008; Reif et al., 2010). Nevertheless, the display of necessary
information (i.e. stock location, article number, goods description, required quantities,
etc.) on pickers glasses or headbands is not always appeared efficiently, due to various
problems, such as eye strain, difficulties seeing the display image, eye pain, eye
concentration problems, and headaches, which are observed during the testing of vision
picking system (Baumann et al., 2012). Based on the results that are presented in Table
3.6, there are six key parameters that can be used by researchers in order to increase

the performance and improve the GUI of this emerging technology.

More specifically, the first parameter which affects the visualization aspects is the field of
view, as it defines the area in which the pickers can see the content while wearing their
glasses or headbands. According to Renner and Pfeiffer, (2017), the full field of view of a
human is 180°, however the use of vision picking equipment for the execution of order
picking process reduces the field of view of pickers. Indeed the display area of available
glasses or headbands covers a field of view of 20° to 90° (Renner and Pfeiffer, 2017;
Brauer and Mazarakis, 2018). To this point it is worth mentioning that a significant number
of vision picking devices has a really small field of view (Syberfeldt et al., 2017), and this
fact creates multiple problems that deal with the performance and the safety of pickers
when vision picking is adopted in industrial environments (Reif et al., 2010; Kim et al.,
2019). On the other hand, the larger fields of view, increase the satisfaction level of

pickers (Ok et al., 2015) as well as task performance (Kishishita et al., 2014).

Another factor that affects the field of view is the mounting options of equipment. When
an adjustable device is used the picker has two options. According to Guo et al., (2015),

the first option is the placement of display above of line of sight, while the second option
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is below the line of sight. This is a factor that depends on the preferences of each picker,
but it is worth mentioning that it has not yet been evaluated yet. Furthermore, one more
interesting factor that can be taken into account is the location of field of view when a
vision picking system is supported by AR. According to Renner and Pfeiffer, (2017), there
are two different options. In the first option, the AR field of view can be located in the
center of field of view of picker, while in the second option it may be located towards the

periphery.

The second parameter that affiliates with the visualization aspects is the information
mode. According to Kim et al. (2019), there are two different information modes. The first
is the text based (Figure 3.6a) and the second is the graphical-based user interface
design (Figure 3.6b). As it can be observed in Table 3.6, the most reviewed studies use
the graphical-based user interface design, because this mode reduces the task
completion time (Schwerdtfeger et al., 2006), the errors and the perceived workload (Kim
et al., 2019). This is justified, because it is easier and faster to read and understand the
tasks to be accomplished when a picker uses a graphical-based interface design (Kim et
al., 2019).

(a) (b)
Figure 3.6 a) Text-based user interface design, b) Graphical-based user interface design,
(Kim et al., 2019)

The third parameter focuses on the information availability on the display of pickers. This
parameter is evaluated only in one study, yet it seems to influence the system
performance. According to Kim et al., (2019), there are two levels of information
availability. In the first level, the information is constantly visible (always-on), while in the
second level the information appears only for a few seconds on the picker’s display and

then disappears. Also, it is important to mention that in the second case the picker has
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the ability to request to view the information again. So, taking into account these two
different levels of information availability, it can be assumed that the first level (always-
on) is more preferable (Kim et al., 2019). This happens because the first level of
information availability provides reduced order picking performance and also does not
force the pickers to memorize information (Kim et al., 2019).

The display view is one more parameter which affects the visualization aspects.
According to Guo et al., (2015), two different types of display views are identified. The
first type is the transparent display (Figure 3.7a), and the second type is the opaque
display (Figure 3.7b). As it can be seen in Table 3.6, in most cases opaque displays have
been used, since the authors argue that the opaque display is more efficient for the
execution of the order picking process. Indeed, by taking into consideration a direct
comparison between the transparent and the opaque display (Guo et al., 2015), it is
proven that the opaque display has reduced the order picking time (~2.7%) and the error
rate per pick (~2.3%) than the transparent display

(@) (b)
Figure 3.7 a) Transparent display, b) Opaque display, (Guo et al., 2015)

The fifth parameter deals with the existence of AR in a vision picking system. Based on
Table 3.6, most authors have recognized the benefits of AR and they have used itin order
to support the vision picking system. According to Reif et al. (2010), the use of AR may
lead to reduced order picking times because, the dead time as well as the time for
information search during the order picking process is reduced. On the other hand, some
other studies support that the existence of AR in a vision picking system has not yet
shown an improvement which is worth mentioning in either accuracy or speed over

traditional order picking systems (Guo et al., 2015).
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Table 3.6 Overview of parameters which deal with visualization aspects

Information Information Display  Existence of
mode availability view AR
Field " = c = Display
of 3 b o o o -
T % -_g g % § % ? 9 Settings
- 5§ & 2 § & 7
o) < =
(Schwerdtfeger et al., 2006) ° ° ° °
(Reif and Walch, 2008) . °
(Tumler et al., 2008) °
(Schwerdtfeger and Klinker, 2008) °
(Reif and Ginthner, 2009) o °
(Schwerdtfeger et al., 2009) ° ° °
(Iben et al., 2009) ° °
(Reif et al., 2010) ° °
(Weaver et al., 2010) ° °
(Grubert et al., 2010) °
(Schwerdtfeger et al., 2011) ° ° °
(Baumann et al., 2011) ° ° °
(Baumann et al., 2012) . ° °
(Krajcovic et al., 2014) °
(Guo et al., 2015) o ° ° ° ° o
(Wu et al., 2015) ° ° °
(Hanson et al., 2017) ° °
(Renner and Pfeiffer, 2017) ° °
(Bréuer and Mazarakis, 2018) o °
(Kim et al., 2019)
Total tested parameters: 2 5 8 2 1 1 5 15 6 0
Total Non-tested parameters: 2 0 0 0 0 0 1

e : Tested parameter

o : Non-tested parameter
In addition, Schwerdtfeger et al., (2009) argue that there are enough obstacles when
somebody tries to support a vision picking system with AR in an industrial environment,
while mention that most of the AR systems remain laboratory prototypes. Some of the
most common obstacles are the lack of adequate hardware, as well as some not yet
resolved usability issues (Livingston et al., 2005). Moreover, Schwerdtfeger et al., (2006)
argue that the AR vision picking systems display an increased number of errors, when
compared with traditional order picking systems. Last but not least, according to Stoltz et

al., (2017), the cost of AR solutions is one more obstacle and itis necessary to be reduced
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in order to be adopted. To this end, it can be concluded that the existence of AR in a
vision picking system is not yet a mature option for real life scenarios, as a result further

improvements and tests are required.

The last parameter which is related to the visualization aspects is the display setting. This
parameter is not yet tested but according to Guo et al. (2015) it can contribute to the
optimization of displays. The resolution, as well as a series of others characteristics of
displays such as brightness, contrast and color depth can be evaluated in order to
improve the GUI of available displays.

Technical aspects

Based on the results which are illustrated in Table 3.7, the technical aspects of the device
parameterization consist of four parameters. An initial finding is that this category of
parameters is not yet evaluated adequate when compared to the parameters that deal

with ergonomic and visualization aspects.

The first parameter which deals with the technical aspects is the barcode type. By taking
into consideration the results of Table 3.7, it can be seen that the barcode type is
mentioned in only one article. In the latter article, QR code labels are attached to items
and the pickers confirm their picks by scanning the QR codes of items (Baumann et al.,
2012). According to Stoltz et al., (2017) in most cases the use of barcodes and QR codes
has dominated the logistics sector, but further research is required. Furthermore, some
other studies highlight the need for linking the order picking systems with automatic

identification systems, such as RFID tags (Krajcovic et al., 2014).

Apart from the type of barcode, another important parameter is the scanning distance (the
distance between the label of item/box and the reader). The scanning distance depends
on the camera resolution, the size of printed code (label) (Stoltz et al., 2017), as well as

the ability of head mounted display for autofocus (Schwerdtfeger et al., 2009).

The third parameter of technical aspects is related to the battery life. Four studies mention
that the battery life of equipment plays an important role for the adoption of vision picking
in industrial environment. Indeed, most studies support that the equipment should be

rugged with eight-hour battery operations (Reif and Walch, 2008; Reif and Gunthner,
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2009; Reif et al., 2010). To this end, it is important to mention that the battery life of
available glasses / headbands ranges from 1 hour to 8 hours (Syberfeldt et al., 2017), but
the battery life of the most popular glasses / headbands is less than 4 hours (Brauer and
Mazarakis, 2018). Nevertheless, this problem can be dealt with by using external batteries

which can extend the duration of the current batteries.

Table 3.7 Overview of parameters which deal with technical aspects

Existence of tracking

Barcode  Scamning e jite system
type distance
9 o
N Z
(Schwerdtfeger et al., 2006) °
(Reif and Walch, 2008) fo) (]
(Tumler et al., 2008) °
(Reif and Gunthner, 2009) o o °
(Schwerdtfeger et al., 2009) o (]
(Reif et al., 2010) o o °
(Grubert et al., 2010) o
(Schwerdtfeger et al., 2011) L °
(Krajcovic et al., 2014) [
(Bréuer and Mazarakis, 2018) ° o [
Total tested parameters: 1 10 3
Total Non-tested parameters: 0 1 4 0 0

e : Tested parameter
o : Non-tested parameter

The last parameter which affects the technical aspects is the existence of a tracking
system within the vision picking system. A tracking system depends on a series of factors
such as resolution, degrees of freedom, range, update rate and accuracy (Rolland et al.,
2001; Reif and Gunthner, 2009; Reif et al., 2010). According to the literature review, there
are a lot of tracking systems available (electromagnetic, inertial, mechanical, optical,
radio-based and ultrasonic systems), but the most suitable choice for industrial
environments, is the optical tracking system (Reif and Guinthner, 2009; Reif et al., 2010).
By applying an optical tracking system, the performance of the vision picking process is
improved in terms of the number of errors, while the combination of a tunnel with a frame
seems to be the best solution for a vision picking system which is supported by a tracking

system (Reif et al., 2010). Also, according to Schwerdtfeger et al., (2011), the frame—
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based visualization (Figure 3.8b) in a vision picking system with tracking system, works
faster and without errors when compared with arrow-based (Figure 3.8a) and tunnel-

based visualizations (Figure 3.8c).

Figure 3.8 a) Arrow-based visualization, b) Frame-based visualization and c) Tunnel-based

visualization, (Schwerdtfeger et al., 2011)

3.4.2. Parameters for operational performance measurement

The implementation of the vision picking system in industrial environment requires the
evaluation of a series of parameters that affect the operational performance of the system.
According to the literature review, there are three critical parameters that must be taken
into consideration during the implementation of vision picking system in real life scenarios.
Based on the results of Table 3.8, the reviewed parameters are the picking strategy, the

handling unit of products and the existence of picks confirmation or not.

Focusing on the first parameter, the literature review shows that multiple order picking is
the principal picking strategy for the case of vision picking. Indeed, according to Hanson
et al., (2017) multiple order picking can improve the efficiency of order picking process,
when compared with the discrete picking. Also, most of the reviewed studies mention that
multiple order picking is supported by carts which can used for the picking of multiple
orders (four or more), simultaneously. Moreover, it is observed that a significant number
of studies use colorful plastic bins which are mounted on carts, in order to execute the

order picking process in a more efficient manner.

Another important parameter which has been evaluated from a series of studies, deals
with the handling unit of products. As it can be seen in Table 3.8, in the majority of articles

the vision picking system is used for item picking, while in a sole study it has also been
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sued for box picking. Moreover, it is worth mentioning that this technology has not been
adopted for the case of pallet picking. To this end, according to the results of the literature
review, vision picking is a technology that may improve the total performance of the order

picking process in terms of speed and accuracy, when implemented in micro-picking

operation.
Table 3.8 Overview of parameters for operational performance
Picking Strategy Handling Unit Existence of confirmation
oy 2 2o Item Box Yes No
picking plEs
(Schwerdtfeger et al., 2006) ° ° °
(Reif and Walch, 2008) o
(Schwerdtfeger and Klinker, 2008) ° )
(Reif and Gunthner, 2009) ° °
(Schwerdtfeger et al., 2009) ° ° °
(Iben et al., 2009) ° ° °
(Reif et al., 2010) ° °
(Weaver et al., 2010) ° ° °
(Schwerdtfeger et al., 2011) ° ° °
(Baumann et al., 2011) ° ° °
(Krajcovic et al., 2014) ° ° °
(Guo et al., 2015) ° ° °
(Wu et al., 2015) ° ° °
(Hanson et al., 2017) ° ° °
(Bréauer and Mazarakis, 2018) [ °
(Kim et al., 2019) ° °
Total: 9 2 15 1 12 2

The last parameter deals with the existence of pick confirmation during the order picking
process. As it can be seen in Table 3.8, most studies use a confirmation system, in order
to increase the accuracy of the process. The confirmation of picks can be done with
different ways. According to Brauer and Mazarakis, (2018), an effective way for the picks
confirmation is the scanning of items’ QR codes with an external QR code reader, while
Weaver et al., (2010) suggest the use of a RF scanner. Also, Reif et al., (2010),
Schwerdtfeger et al., (2011) and Hanson et al., (2017) mention that a voice confirmation
is a reliable solution, while other studies assess the use of a confirmation button for the

picks confirmation (Baumann et al., 2011; Krajcovic et al., 2014).
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Last but not least there are two reviewed articles that suggest smart and innovative
solutions for the pick confirmation. More specifically, Hanson et al., (2017) argue that
RFID technology is an effective alternative solution, while Iben et al., (2009) suggest that
RFID tags, accelerometers, proximity sensors, capacitive sensors, etc., could be used in
the years to come. On the other hand, there are quite a few studies which support that
the existence of a confirmation system during the order picking process reduces the
system performance and it is not necessary for the execution of process.

3.4.3. Parameters for comparative assessment

The last category related to parameters deals with the comparative assessment of vision
picking system with other conventional order picking systems in industrial environments.
As it can be seen in Table 3.9, there are various studies which compare vision picking
system with all the available order picking systems. Nevertheless, the majority of studies
focus their comparison between vision picking and Pick-by-vision or Pick-by-paper with
or without RF scanners. On the contrary, the number of studies which compare the vision

picking with the Pick-by-light and Pick-by-voice is limited.

Based on the results of Table 3.9, there are three key parameters for the comparison
assessment of vision picking with other order picking systems. More specifically, the
number of orders, the lines per order, as well as the items per order line are the key

parameters that are usually taken into consideration.

With regards to the first parameter, based on Table 3.9 the number of orders which is
executed for the evaluation and comparison of system ranges from 3 orders to 14 orders.
The second parameter deals with the lines per order and according to Table 3.9, the
number of lines per order ranges from 2 to 5 lines. Finally, the last parameter of this
category deals with the count of items per order line. As for the last parameter, according

to Table 3.9 the number of items per order line ranges from 1 item to 7 items.
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Table 3.9 Overview of investigated order picking systems and parameters for comparative

assessment
Investigated order picking systems Parameters
Pickby-  bit bovision  Pickby-Vision  Pick-by-Vison O w &, &2
Vision L3 o2 e
(Pamies Pick-lePaper Pick-t)/)?-Light Pick-l;/)fVoice EE 285 5%
comparison) > 4 =0
(Schwerdtfeger et al., 2006) °
(Reif and Walch, 2008) ° ° ° 5
(Tumler et al., 2008) °
(Schwerdtfeger and Klinker, 2008) ° 3
(Reif and Gunthner, 2009) . 14 2-6 1-6
(Schwerdtfeger et al., 2009) ° 6 5 2.03
(Iben et al., 2009) .
(Reif et al., 2010) . 14 3.7 2.3
(Weaver et al., 2010) . .
(Grubert et al., 2010) °
(Schwerdtfeger et al., 2011) ° °
(Baumann et al., 2011) . 3 1-5
(Baumann et al., 2012) °
(Krajcovic et al., 2014) .
(Guo et al., 2015) . ) 3 1-7
(Wu et al., 2015) °
(Hanson et al., 2017) .
(Renner and Pfeiffer, 2017) .
(Brauer and Mazarakis, 2018) .
(Kim et al., 2019) °
Total: 10 10 3 2

3.5. Summary

In this chapter the review of various design, development and testing parameters for
vision picking system took place via the use of Systematic Literature Review (SLR)
approach. Based on the reviewed papers, 20 parameters were identified that were
classified into three categories, namely: a) system parameterization, b) operational
performance and, c) comparative assessment with other picking systems. The first
category deals with the device design and development and includes 14 reviewed
parameters. The second category comprises 3 parameters which concern the testing of
the performance of the vision picking system in the industrial environment and the third

category encompasses 3 parameters which are used for the comparison of vision picking

Master by Research in Financial and Management Engineering 35



Design, development and testing of Vision Picking Technology

system with other picking systems in the industrial environment. Due to the high number
of parameters of the first category (system parameterization), the 14 parameters were
classified into three different sub-categories. The first sub-category deals with the
ergonomic aspects and involves 4 parameters, the second focuses on visualization
aspects and includes 6 parameters, while the third sub-category is associated with

technical aspects and encompasses 4 parameters.
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Chapter 4. Ranking and selection of vision picking design
and development parameters

This chapter presents the ranking and selection of vision picking system design
parameters by adopting the Analytical Hierarchy Process (AHP) methodology. Initially,
the theoretical background, as well as the implementation steps of AHP methodology are
presented. Subsequently, the procedure and the corresponding steps for the adoption of
AHP in the ranking process of proposed are described. The chapter concludes with the

presentation of the final results.
4.1. Analytical Hierarchy Process: Implementation steps

The AHP methodology is a decision support tool which compares criteria or alternatives
with reference to specified criterion in pair wise-mode. In order to achieve this
comparison, it is necessary to use a fundamental scale of numbers which has been
proven in practice and validated. By using this fundamental scale of numbers, the
individual preferences can be converted into a linear additive weight for each alternative
(Luthra et al., 2013). The results of this methodology can be taken into account by
decision makers in order to evaluate and rank the alternatives and make a proven choice.

AHP methodology includes the following three steps (Saaty, 2008):
Step 1: Establish the hierarchy structure

In this step the construction of hierarchy structure takes place. The first level of hierarchy
deals with the goal of the analysis. The second level includes the criteria or dimensions

of analysis while the last level focus on alternatives.
Step 2: Constructing the pair wise comparison matrix

During the second step, a set of pairwise comparison matrices is constructed. Each
element in an upper level is used to compare the elements in the level immediately below
with respect to it. In order to make comparisons, it is necessary to be used a scale of
numbers (see Table 4.1) that indicates how many times more important or dominant one
element is over another element with respect to the criterion or property with respect to
which they are compared. The standard numeric scale used for AHP is from 1 to 9 scale

which lies between “equal importance” to “extreme importance”, the value 9 indicates that
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one factor is extremely less important than the other, while value 1 indicates equal

importance.
Table 4.1 The fundamental scale of absolute numbers, (Saaty, 2008)
_IntenSIty of Definition Explanation
Importance
1 Equal importance Two activities contribute equally to the objective
2 Weak or slight
3 Moderate importance Experience and_ ]_udgement slightly favor
one activity over another
4 Moderate plus
5 Strong importance Experience and judgement strongly favor
one activity over another
6 Strong plus
7 Very strong or An activity is favored very strongly over
demonstrated importance another; its dominance demonstrated in practice
8 Very, very strong
9 Extreme importance The evidence favoring one activity over another

is of the highest possible order of affirmation

. If activity i has one of the above non-zero
Reciprocals numbers assigned to it when compared with
of above activity j, then j has the reciprocal value when
compared with i

A reasonable assumption

If the activities are very

11-19 Close

May be difficult to assign the best value but when compared
with other contrasting activities the size of the small numbers
would not be too noticeable, yet they can still indicate the
relative importance of the activities.

Step 3: Calculate the consistency

In the last step of the AHP methodology, the calculation of consistency takes place. More

specifically, in order to confirm that the priority of elements is consistent, the consistency

index (Cl) for each matrix, as well as the Random Consistency index (RI) can be

calculated by using equations 4.1 and 4.2. According to Saaty (2000), the Cl and CR are

defined as follows:

Cl = (Amax—n)/ (n-1)

CR=CI/RI

(4.1)

(4.2)

The value of RI varies depending upon the order of matrix. Table 4.2 shows the value of

the RI for matrices of order (n) 1 to 10.
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Table 4.2 Random index, (Saaty, 2008)

n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.90 112 1.24 1.32 141 1.45 1.49

The acceptable Consistency Ratio (CR) range varies as per the matrix size (Thomas L.
Saaty, 2000; Cheng and li, 2001; Luthra et al., 2013):

e Matrix size (3 x 3): Acceptable CR value <= 0.05
e Matrix size (4 x 4): Acceptable CR value <= 0.08

e Matrix size (n x n), n>=5: Acceptable CR value <= 0.1

If the value of CR is equal to, or less than that value, it means that the ranking is
acceptable (good level of consistency). On the other hand, if CR is more than the
acceptable CR value, the ranking process needs to be reviewed, re-evaluated and
improved. To this point, it is worth mentioning that an acceptable CR value can help the
decision makers to take a more reliable decision, during the evaluation process (Kumar
et al., 2009; Luthra et al., 2013).

4.2. Implementing AHP methodology for selecting and ranking vision

picking system design and development parameters

By taking into consideration the results of the SLR, 20 parameters have been identified
in total. From these parameters, only 14 of them dealt with vision picking system design.
The other 6 parameters focused on a) testing the performance of vision picking system
in industrial environment and b) comparing vision picking system with other picking
systems (e.g. RF-scanner). The 14 selected parameters were validated from experts’
opinions in three dimensions (ergonomic aspects, visualization aspects and technical

aspects).

In order to select and rank the aforementioned parameters, it was necessary to follow the
steps described in section 4.2. Following the recommended methodology by Saaty
(2008), during the first step, the construction of hierarchy structure took place. More
specifically, the AHP framework of evaluation of vision picking parameters was structured

in three levels (Figure 4.1).
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The firstlevel includes the goal (to prioritize vision picking design and development critical
parameters), the second level focuses on the dimensions of parameters (ergonomic
aspects, visualization aspects, technical aspects), while the third level deals with the

constructs of dimensions (14 design and development parameters).

Objective: To prioritize vision picking design and development critical parameters

Visualization aspects Technical aspects
(EA) (VA) (TA)

N Display Type N Field of View N Barcode Type
(D7) (FV) (BT)
l Interaction Device N Information Mode N Scanning Distance
(ID) (IM) (SD)
N Display Holder N Information Availability R Battery Life
(DH) (1A) (BL)
L Weight of Equipment N Display View N Existence of Tracking
(WE) (DV) System (TS)
N Existence of AR
(AR)
N Display Settings
(DS)

Figure 4.1 AHP based hierarchical model to evaluate vision picking design and development
critical parameters

During the second step of recommended methodology the necessary questionnaire with
the pair wise comparison matrices (PWCM) was constructed (Appendix A). For the
construction of the questionnaire, all dimensions and constructs of AHP based
hierarchical model have been taken into consideration, while the suggested by Saaty

(2008) scale of numbers (see Table 4.1) was used.

After the construction of the necessary questionnaire, the ranking of the selected
parameters was completed by experts. In this phase a series of interviews with logistics /

warehouse managers, specialist and executives took place. The questionnaire was filled
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by 15 experts who work in logistics service providers, as well as in commercial and

manufacturing companies (with in house logistics) in Greece.

The steps for filling up the questionnaire, were specific and common for all participants
and are presented below.

e Step 1: Presentation of the main aim and objective of this research

e Step 2: Detailed description of reviewed parameters to the participants (experts)
e Step 3: Specific instructions to participant on how to fill the questionnaire

e Step 4: Rating of vision picking system design parameters by experts (it was

completed via questionnaire).

After the completion of ranking, a short discussion with the participants was taken place
in order to give me their feedback about the vision picking system, the challenges and
inefficiencies as well as the potential benefits from its implementation in real life

scenarios.

After the completion of interviews and data collection (expert’s inputs), the data analysis
as well as the calculation of consistency were accomplished based on the recommended
methodology of Saaty (2008) (see section 4.2). In the last step, the priorities were
calculated based on the AHP methodology by taking into consideration the hierarchical
model as well as the ratings achieved through the questionnaire. Furthermore, for each
pair wise comparison matrix (PWCM), the maximum Eigen values (Amax), Cl and CR
were calculated and were presented in the tables of section 4.4. To this point, it is
important to mention that values of consistency ratio (CR) were in acceptable range for
all the Pair wise comparison matrices shown in Tables 4.3 to 4.6, ensuring reliability of

decision makers.

4.3. AHP methodology: data analysis and results

Based on the ratings obtained through the questionnaire, matrices were formed and the
priorities are synthesized using the methodology of Analytical Hierarchy Process (AHP).

All the results of ranking presented in Tables 4.3 to 4.6.
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Focused on the second level (2" level) of hierarchical model, Table 4.3 presents weights
given by experts to three dimensions (ergonomic aspects, visualization aspects, technical

aspects).
Table 4.3 Pair wise comparison matrix (PWCM) of criteria
Criteria EA VA TA Priority Rank
Weighting

EA 1.00 2.00 3.00 0.57 1st

VA 0.50 1.00 2.00 0.33 2nd

TA 0.33 0.50 1.00 0.10 3
Maximum Eigen Value = 3.009209
Cl =0.004604
CR = 0.007

According to the results of Table 4.3, the “Ergonomic Aspects — (EA)” was ranked as the
most important dimension (0.57) during the design and development of vision picking
system. The second place occupied by the “Visualization Aspects — (VA)” (0.33), while

the less important dimension dealt with the “Technical Aspects — (TA)” (0.10).

Based on the expert’s input the first two dimensions play an important role for the
acceptance of vision picking system by the industry users. Also, they support that the
third dimension (technical aspects) can be improved by the IT companies, if proven that
vision picking system has the potential to bring a series of benefits in order picking

process.

In the third level (3" level) of decision making, a significant number of parameters /
constructs have been ranked for each dimension. More specifically, Table 4.4 shows pair
wise comparison matrix (PWCM) indicating weights provides by experts to parameters /

constructs of “Ergonomic Aspects — (EA)” dimension.

As it can be seen, the “Interaction Devise — (ID)” has been found the most important
parameter (0.44) in the first dimension (ergonomic aspects), followed by “Display Holder
— (DH)” (0.25), “Display Type — (DT)” (0.22) and “Weight of Equipment — (WE)” (0.09).
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Table 4.4 Pair wise comparison matrix (PWCM) of ergonomic aspects dimension

Cones oo on we e gan

DT 1.00 0.60 0.80 2.00 0.22 3

ID 1.67 1.00 2.00 5.00 0.44 1st

DH 1.25 0.50 1.00 3.00 0.25 2nd

WE 0.50 0.20 0.33 1.00 0.09 4
Maximum Eigen Value = 4.024781
Cl = 0.008260
CR =0.009

In Table 4.5, constructs under the second dimension (visualization aspects) had been
checked for hierarchy. “Information mode — (IM)” was reported as the most important
(0.31) construct, followed by “Field of view — (FV)” (0.23) and Existence of AR” (0.18).
Then, follows “Display view — (DV)” (0.12), Display settings — (DS)” (0.08) and
“Information availability — (1A)” (0.07).

Table 4.5 Pair wise comparison matrix (PWCM) of visualization aspects dimension

i‘r’lgztrr{jg\ts FV IM IA DV AR DS WF;riig;)gi[%g Rank

FV 1.00 0.80 300 200 130  4.00 0.23 ond

IM 1.25 1.00 400 300 200  5.00 0.31 1st

A 0.33 0.25 100 080 050  0.30 0.07 6

DV 0.50 0.33 125 100 080  3.00 0.12 4t

AR 0.77 0.50 200 125 100  5.00 0.18 3

DS 0.25 0.20 333 033 020  1.00 0.08 5ih
Maximum Eigen Value = 6.479866
Cl = 0.095973
CR =0.073

Table 4.6 presents pair wise comparison matrix (PWCM) indicating weights provides by
experts to parameters / constructs of technical aspects dimension. According to the
results of Table 4.6, the “Barcode Type — (BT)” was reported as the most important (0.37)

construct of third dimension. The second place occupied by “Scanning Distance — (SD)”
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(0.32), followed by “Battery Life — (BL)” (0.16) and “Existence of Tracking System — (TS)”
(0.14).

Table 4.6 Pair wise comparison matrix (PWCM) of technical aspects dimension

Constructs Priority

under EA BT SD BL s Weighting Rank

BT 1.00 1.50 2.00 2.50 0.37 1st

SD 0.67 1.00 3.00 2.00 0.32 2nd

BL 0.50 0.33 1.00 1.50 0.16 3

TS 0.40 0.50 0.67 1.00 0.14 4t
Maximum Eigen Value = 4.087733
Cl =0.029244
CR =0.032

Taking into account the results of ranking presented in Tables 4.3 to 4.6, we can conclude
that the most important dimensions for the vision picking system design and development
are the “Ergonomic Aspects — (EA)” as well as the “Visualization Aspects — (VA)”. In terms
of “Ergonomic Aspects — (EA)” the “Interaction Devise — (ID)” and “Display Holder — (DH)”
were founded as the most important constructs, while, for the “Visualization Aspects —
(VA)” dimension, the “Information mode — (IM)” and “Field of view — (FV)” were ranked as
the most important constructs. Finally, it is important to mention that the “Technical
Aspects — (TA)” dimension was less important for the experts when compared with the

other two dimensions.

The complete ranking of critical constructs / parameters for vision picking system design
and development is presented in Table 4.7. More specifically, by considering the overall
weight of parameters the following results are revealed: the “Interaction Devise — (ID)”,
“Display Holder — (DH)” and “Display Type — (DT)” have been rated as the top three critical
parameters. On the other hand, the “Existence of Tracking System — (TS)”, as well as the
“Information availability — (I1A)” are the last two parameters, based upon overall weight

values of parameters.
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Table 4.7 Overall weighting and ranking of vision picking design and development critical

parameters
Dimension  Dimension Weight of Parameters Parameters L_ocal O\_/erall ngrall
S.N description  dimensions Rank S.N description weight of weight of ranking of
o p o p parameters parameters parameters
1.1 DT 0.22 0.116 3
Ergonomic 1.2 ID 0.44 0.236 1t
1 aspects 0.54 1t
nd
(EA) 1.3 DH 0.25 0.137 2
1.4 WE 0.09 0.050 gt
2.1 FV 0.23 0.069 5t
2.2 IM 0.31 0.093 4t
Visualization 23 1A 0.07 0.021 14th
2 aspects 0.30 ond
(VA) 2.4 DV 0.12 0.037 10"
2.5 AR 0.18 0.054 7
2.6 DS 0.08 0.024 12t
3.1 BT 0.37 0.061 6"
Technical 3.2 SD 0.32 0.053 gh
3 aspects 0.16 3rd
h
(TA) 3.3 BL 0.16 0.027 111
3.4 TS 0.14 0.022 13t
4.4, Summary

In this chapter the ranking of vision picking system design parameters took place. Based
on the ratings obtained through the questionnaire (expert’s input), Pair wise comparison
matrices (PWCM) were formed and the priorities were synthesized using the methodology
of Analytical Hierarchy Process (AHP). The ranking of parameters was performed by 15
experts who work in logistics service providers, as well as in commercial and
manufacturing companies (with in house logistics) in Greece. The results showed that the
most important dimensions for the vision picking system are the “Ergonomic Aspects —
(EA)” as well as the “Visualization Aspects — (VA)”, while the “Technical Aspects — (TA)”
dimension was less important for the experts when compared with the other two
dimensions. In terms of parameters, the five most important parameters were the

“Interaction Devise — (ID)”, “Display Holder — (DH)”, “Display Type — (DT)” “Information
mode — (IM)” and “Field of view — (FV)” respectively.
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Chapter 5. Design of Experiments for Vision Picking system

evaluation

This chapter presents the evaluation of vision picking system in terms of order picking
efficiency and accuracy via a series of laboratory tests that were conducted by adopting
the Design of Experiments (DoE) methodology. Initially the methodology as well as the
intermediate steps of this evaluation are presented followed by the selected factors and
their levels that have been chosen for assessing the performance of proposed system.
Then, the experimental design that has been used for the design and testing of system
as well as the procedure for the execution of experiment are analyzed. The remaining
sections shows the statistical analysis of the results from the tests as well as the

conclusions.

5.1. Design of Experiments: Implementation steps

In order to investigate a particular process or system, the investigators usually perform
experiments (Montgomery, 2012). An experiment can be defined as a test or a series of
tests in which determined changes are performed to the input variables of a process, thus
we may observe and identify the reasons for changes that may be observed in the output

response (Montgomery, 2012).

Design of Experiment (DOE) is a powerful technique to study the effects of a series of
factors in a process or system and also assists to determine the best settings of these
factors in order to improve the performance of process or system. In engineering, during
the development / evaluation of a process or system, it is important to adopt a robust
procedure with specific steps for planning and conducting experiments, data collection
and analyzing the resulting data in order to be achieved reliable, valid and objective
conclusions (NIST/SEMATECH, 2012).

Based on the principles of DOE methodology, the necessary steps for the planning and
execution of the experiment, data collection and analysis are presented below. The

following methodology and steps are proposed by Montgomery (2012).
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Step 1: Recognition of and statement of the problem

The first step of methodology is to understand the problem, to realize the need for
experimentation and to develop all ideas about the objectives of the experiment. Also, to
this point, it is important a clear statement of the problem, since it contributes significantly
to better understanding of the process or system being considered and the final solution
of the problem.

Step 2: Choice of factors, levels and ranges

For the evaluation of a process or system is important to take into account a series of
factors. These factors can be classified as either potential design factors or nuisance
factors. The potential design factors are those factors that the experimenters may wish to
vary in the experiment and can affect the output response. The nuisance factors may
have effects that must be accounted for, but usually not taken into account during the

execution of an experiment.
Step 3: Choice of experimental design

Choice of design involves the selection of experimental design technique (e.g. classical
experimental design, orthogonal array designs, etc.), the consideration of sample size
(number of replicates), the selection of a suitable run order from the experimental trials,
and the determination of whether or not blocking or other randomization restrictions are

involved.
Step 4: Performing the experiment

In this step the formulation of research hypothesis as well as the final check of process
take place. Before the run of experiment, it is important to monitor the process in order to
ensure that everything is being done according to plan and there are not errors. Also, in
this step and before the execution of experiment, it is important to have some trial runs

or pilot runs in order to check the experimental technique.

Step 5: Statistical analysis of the data
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After the completion of experiment and data collection, it is necessary to analyze the data
through statistical methods in order to export the results and conclusions. Moreover, it is
important to mention that graphical methods can be effective in data analysis and
interpretation. Furthermore, the hypothesis testing as well as the confidence interval
estimation procedure are useful in data analysis of a designed experiment, since a
significant number of the questions that must be answered can be cast into a hypothesis

testing-framework.
Step 6: Conclusions and recommendations

Once the data have been analyzed, practical conclusions must be drawn about the results
and a course of action should be recommended. Graphical methods are often useful in

this stage, particularly in presenting the experimental results.
5.2. Statement of the problem and choice of factors & levels

The objective of this research is to evaluate the performance of vision picking system via
laboratory experiments in terms of order picking efficiency and accuracy. To this end, a
series of experiments were performed by varying a number of factors in order to be
identified the most important factors / effects which affect the performance of the vision

picking system in terms of order picking time and accuracy.

For the selection of factors, the results from the Systematic Literature Review (SLR), and
the Analytical Hierarchy Process (AHP) were considered. However, the final selection of
parameters to be investigated was made by taking into consideration a series of technical
limitation we had in the laboratory. The latter deal with the available technical equipment,
the limited space for conducting tests (i.e. product picking), no available budget for further
development of multiple graphical user interphases (GUI) and limited time for performing

the tests.

To this end, the three (out of the 14 in total) factors which were selected, were: the display
holder, the field of view (mounting options) and the barcode type. The selected factors

are presented in Table 5.1 (highlighted in blue color).
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Table 5.1 Overall weighting and ranking of vision picking design and development critical
parameters

Local Overall Overall

Dimension Dimension Weight of Parameters Parameters

SN description  dimensions Rank SN description weight of weight of ranking of
parameters parameters parameters
1.1 DT 0.22 0.116 3¢
Ergonomic 1.2 ID 0.44 0.236 1t
1 aspects 0.54 1 -
(EA) 1.3 DH 0.25 0.137 2
1.4 WE 0.09 0.050 gt
2.1 FV 0.23 0.069 5th
2.2 IM 0.31 0.093 4t
Visualization 2.3 IA 0.07 0.021 14t
2 aspects 0.30 2nd "
(VA) 2.4 DV 0.12 0.037 10
25 AR 0.18 0.054 7
2.6 DS 0.08 0.024 12t
3.1 BT 0.37 0.061 6"
Technical 3.2 SD 0.32 0.053 gt
3 aspects 0.16 3 n
TA) 33 BL 0.16 0.027 11"
3.4 TS 0.14 0.022 13t

Furthermore, itis important to mention that apart from these factors, we decided to include
in our experiments, one more factor which deals with the operational performance of
vision picking process. This factor deals with the existence of confirmation during the
order picking process and according to the literature review conducted, it affects both the
order picking time as well as the accuracy of vision picking process. This factor was also
suggested by logistics experts, (during the filling of questionnaire for the ranking of vision
picking system design parameters) to be included in the Laboratory tests, since this
parameter apart from the critical effects on operational performance, affects the
acceptance of system by the end users. To this point, it is important to mention that this

factor was not ranked via the AHP which is presented in chapter 4.

According to Figure 5.1, the input of the experiment included 4 factors, while the outputs
were: a) the order picking efficiency (i.e. order picking time) as well as b) the accuracy of
the picker (i.e. number of picking mistakes). In literature, similar studies (Schwerdtfeger
et al., 2006; Reif and Walch, 2008; Tumler et al., 2008; Schwerdtfeger and Klinker, 2008;
Reif and Gunthner, 2009; Schwerdtfeger et al., 2009; lben et al., 2009; Weaver et al.,
2010; Reif et al., 2010; Grubert et al., 2010; Schwerdtfeger et al., 2011; Baumann et al.,
2011; Baumann et al., 2012; Krajcovic et al., 2014; Guo et al., 2015; Wu et al., 2015;

Hanson et al., 2017; Renner and Pfeiffer, 2017; Brauer and Mazarakis, 2018; Kim et al.,
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2019), use these outputs in order to assess the performance of vision picking systems
during the execution of laboratory and field tests, that is why we have also selected them.

— o
Display Holder —p
Field of View = . Order Picking Time
(Mounting Options) 5 Design of 2
o . [
Barcode Type —_— | Z Ex-pe”ments 8 —— | Error rate / Accuracy
Exisi.:ence' of
confirmation

{
_[

!

Noise

Figure 5.1 Model for order picking time and accuracy prediction

Moreover, a series of nuisance (noise) factors, that are taken into account include intra-
logistics noise, lighting of the room, etc. Since the experimental procedure took place in

a laboratory environment, the nuisance factors effects were not taken into consideration.

Table 5.2, presents the selected factors as well as their corresponding levels which were

used for the experiments.

Table 5.2 Selected factor and their levels

Factor Level 1 Level 2
Display Holder Glasses Headbands
Field of View (Mounting Options) Above of line of sight Below of line of sight
Barcode Type 1D 2D
Existence of confirmation Yes No

The first factor was the display holder. For this factor both glasses (level 1) and
headbands (level 2) were evaluated during the laboratory tests. According to the available
equipment that can be used for vision picking (Syberfeldt et al., 2017), there are two
different types of display holders. The first type is the glasses, while the second type is
the headbands, which are worn on the head, using the suitable equipment (Stoltz et al.,
2017). Some of the most well-known glasses and headbands for vision picking are the

followings: Google glasses, Vuzix M300, Epson Moverio BT-300, Microsoft HoloLens,
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RealWear HMT-1, etc. (Brauer and Mazarakis, 2018). Both types of display holders have
been evaluated in a series of tests and according to Stoltz et al., (2017), they provide a
hands-free solution for the execution of the order picking process. The type of holder
together with the total weight of equipment can affect the performance of pickers and are
responsible for a series of problems that pose various restrictions for pickers when

wearing the equipment.

The second factor was the field of view and can be affected from the mounting options of
the display (above of line of sight or below of line of sight), significantly. During the
laboratory tests both above of line of sight (level 1) and below of line of sight (level 2)
mounting options were concerned. More specifically, the field of view is the area in which
the pickers can see the working space while wearing their glasses or headbands.
According to Renner and Pfeiffer, (2017), the full field of view of a human is 180°, however
the use of vision picking equipment for the execution of order picking process reduces
the field of view of pickers. Indeed, the display area of available glasses or headbands
covers a field of view of 20° to 90° (Renner and Pfeiffer, 2017; Brauer and Mazarakis,
2018). To this point, it is worth mentioning that a significant number of vision picking
devices has a really small field of view (Syberfeldt et al., 2017), and this fact creates
multiple problems that deal with the performance and the safety of pickers when vision
picking is adopted in industrial environments (Reif et al., 2010; Kim et al., 2019). On the
other hand, larger fields of view, increase the satisfaction level of pickers (Ok et al., 2015)

as well as their task performance (Kishishita et al., 2014).

The third factor was the barcode type. For this factor both 1D barcode type (level 1) and
1D 2D barcode type (level 2) were evaluated during the laboratory tests. Based on the
results of our literature review, there are two different types of barcodes types. The first
type is the 1D barcode while the second one is the 2D barcode (QR code). More
specifically, barcode labels are attached to items and the pickers confirm their picks by
scanning the barcodes of items (Baumann et al., 2012). According to Stoltz et al., (2017)
in most cases the use of barcodes and QR codes has dominated the logistics sector, but
some other studies highlight the need for linking the order picking systems with automatic

identification systems, such as RFID tags (Krajcovic et al., 2014).
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The last factor was the existence of pick confirmation during the order picking process.
During the laboratory tests a series of tests were accomplished with confirmation step
(level 1), while some tests were executed without confirmation step (level 2). According
to the results of literature review, most studies use a confirmation system, in order to
increase the accuracy of the process. The confirmation of picks can be done with different
ways. According to Brduer and Mazarakis, (2018), an effective way for the picks
confirmation is the scanning of items’ QR codes with an external QR code reader, while
Weaver et al., (2010) suggest the use of a RF scanner. Also, Reif et al., (2010),
Schwerdtfeger et al., (2011) and Hanson et al., (2017) mention that a voice confirmation
is a reliable solution, while other studies assess the use of a confirmation button for the
picks confirmation (Baumann et al., 2011; Krajcovic et al., 2014). During the laboratory
tests, RFID technology was used for the picks confirmation, based on Hanson et al.,
(2017) recommendations. More specifically, RFID tags were placed on the picker’s hands
as well as on the plastic bins of the cart (each plastic bin was assigned to one order).
Each time a picker was placing a picked item into a bin, the system checked (via RFID
technology), if the picker placed them in the correct bin. If the putting of item in the plastic
bin was correct the system confirmed the movement of picker. On the other hand, if the
picker put the item in a wrong bin, then the system via the head-mounted display informed

the picker with an error message.
5.3. Choice of experimental design

Based on Antony (1999), the most preferably used experimental designs in industrial
processes and systems are the classical experimental design (full and fractional factorial
designs), especially when the experimenters want to evaluate the performance of a
system, by alternating the input variables (levels of factors). Nevertheless, the choice of
a suitable experiment design is a critical procedure that should be taken into consideration
before performing any experiment. Indeed, the choice of experimental design is one of
the most critical dimensions for the success of any experiments, and depends on the
objectives of the experiment and the number of factors to be investigated (Antony, 1999).

According to the Handbook of Statistical Methods, there are three main types of
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experimental designs, based on the objective which are presented below
(NIST/SEMATECH, 2012).

Type 1 - Comparative objective: This type of design can be used when the aim of the
experiment is to make a conclusion about one a-priori important factor. The adoption of
this type of design is more when the question of interest is whether or not one or more
factors are statistically significant”. To this end, the use of this design is preferable in order
to choose between alternatives, a) with narrow scope, suitable for an initial comparison

and b) with broad scope, suitable for a confirmatory comparison.

Type 2 - Screening objective: This type of design (are also termed main effects design)
used by the experimenters when they want to select or screen out the few important main
effects from the many less important ones. Therefore, this type of design suggested in
order to be identified which factors/effects are important.

Type 3 - Response Surface objective: This type of design is proposed when the
experimenters want to estimate interaction and even quadratic effects, and therefore give
them an idea of the (local) shape of the response surface they are investigating. This type
of design, can be used to reduce variation by locating a region where the process is easier
to manage, maximize or minimize a response, make a product or process more robust

against external and non-controllable influences.

Taking into consideration the 3 aforementioned types of experimental design as well as
the number of investigated factors, Table 5.3 presents the available experimental design

approaches.

Following the suggested guidelines, as well as by considering the objective of this
research (Objective: Identification of the most important factors / effects which affect the
performance of the vision picking system in terms of order picking time and accuracy),
we may conclude that the most suitable experimental design type is the screening. As a
result, the classical experimental design (factorial design) was selected for our

experiments.
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Table 5.3 Experimental design selection guideline, (NIST/SEMATECH, 2012)

Number of Comparative Screening Response Surface
factors objective objective objective
1-factor completely
1 . ) - -
randomized design
5.4 Randomized block Full factorial or Central composite or
design Fractional factorial Box-Behnken
Randomized block Fractional factorial or Screen first to reduce
5 or more .
design Plackett-Burman number of factors

A factorial design can be either full or fractional factorial. By taking into consideration the
number of selected factors (4 factors in our case) as well as by considering Antony’s
(2014) statement which argues that “when the number of factors is less than or equal to
4, the full factorial design is the most suitable choice”, the full factorial design was selected
for the conduction of our experiments. A full factorial designed experiment consists of all
possible combinations of levels for all factors and the total number of experiments for

studying k factors at 2-levels is 2k (Antony, 2014; Montgomery, 2012).

According to the analysis above, a full factorial design used for our experiments that
incorporates 4 factors at two levels (24 full factorial design). All possible combinations of
these factors across their levels have been used in the design and are presented in Table
5.4. By considering the 4 factors as well as their corresponding levels, there were fifteen

degrees of freedom between sixteen (24) different configurations.

Four degrees of freedom were associated with the main effects of Display Holder, Field
of View, Barcode Type and Existence of confirmation. Six degrees of freedom were
associated with 2-way interactions, one each with Display Holder*Field of View, Display
Holder*Barcode Type, Display Holder*Existence of confirmation, Field of View*Barcode
Type, Field of View*Existence of confirmation and Barcode Type*Existence of
confirmation. Four degrees of freedom were associated with 3-way interactions, one each
with Display Holder*Field of View*Barcode Type, Display Holder*Field of View*Existence
of confirmation, Display Holder*Barcode Type*Existence of confirmation and Field of

View*Barcode Type*Existence of confirmation and one degree of freedom was
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associated with 4-way interactions, one each with Display Holder*Field of View*Barcode

Type*Existence of confirmation.

Table 5.4 The design matrix

. Field of View Existence of
Run Display Holder (Mou_ntlng Barcode Type confirmation
Options)

1 Glasses Above of line of sight 1D Yes
2 Glasses Above of line of sight 1D No
3 Glasses Above of line of sight 2D Yes
4 Glasses Above of line of sight 2D No
5 Glasses Below of line of sight 1D Yes
6 Glasses Below of line of sight 1D No
7 Glasses Below of line of sight 2D Yes
8 Glasses Below of line of sight 2D No
9 Headbands Above of line of sight 1D Yes
10 Headbands Above of line of sight 1D No
11 Headbands Above of line of sight 2D Yes
12 Headbands Above of line of sight 2D No
13 Headbands Below of line of sight 1D Yes
14 Headbands Below of line of sight 1D No
15 Headbands Below of line of sight 2D Yes
16 Headbands Below of line of sight 2D No

Furthermore, the design of experiment that was developed included 5 replicates per run,

so the total number of sample was n = 80. It is also worth mentioning that the 80 runs

were performed in random order. In our case, the randomization has been ensured

through our Design of Experiments and the statistical processing of data in Minitab

software tool.
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5.4. Performing the experiment and analyzing the results

The objective in this experiment was to evaluate if and how the selected factors (Field of
view, Display Holder, Barcode type and Existence of Confirmation) affect the order
picking time as well as the accuracy of order picking process. Taking into consideration
the sixteen possible configurations, the aim was to test appropriate hypotheses about the

configurations effects and estimate them.

5.4.1. Formulation of Research Hypothesis

For the evaluation of vision picking system two parameters that affect the productivity,
performance as well as the customer service level, were measured as mentioned
previously. The first parameter was the order picking time and the second was the
accuracy of order picking process. The order picking time was measured with a common
stopwatch, while the accuracy was calculated by taking into consideration the error rate.

The error rate was counted manually after the completion of order picking process.

For these parameters as well for the four factors that have been taken into account for
the evaluation of vision picking system, certain null hypotheses were introduced. As it can
be seen below, there were four null hypotheses for the order picking time and four null

hypotheses for the order accuracy.

The first null hypothesis (Ho,1) states that the order picking time was the same when either

glasses or headbands were used:

Ho,1: tglasses = theadbands (5.2)

The second null hypothesis (Ho,2) states that the order picking time was equal when either

the display was above of line of sight or the display was below of line of sight:
Ho,2: tabove_of_Ls = thelow_of LS (5.2)

The third null hypothesis (Ho3) states that the order picking time was equal either when

the barcode type was 1D or the barcode type was 2D:

Ho 3! tharcode_1D = tbarcode_2D (5.3)
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The fourth null hypothesis (Ho,s) states that the order picking time was equal either when

there was confirmation during the order picking process or not:

H0,4: tconfirmation_yes = tconfirmation_no (5-4)

The fifth null hypothesis (Hos) states that the accuracy when glasses were used was the
same with the accuracy when headbands were used:

Ho,5: fglasses = fheadbands (5.5)

The sixth null hypothesis (Hos6) states that the accuracy when the display was above of

line of sight was equal with the accuracy when the display was below of line of sight:
Ho,6: fabove of LS = Toelow_of LS (5.6)

The seventh null hypothesis (Ho7) states that the accuracy when the barcode type was
1D was equal with the accuracy when the barcode type was 2D:

Ho,7: fbarcode_1b = fharcode_2p (5.7)

The eighth null hypothesis (Hos) states that the accuracy was equal either when there

was confirmation during the order picking process or not:

H0,8: fconfiramtion_yes = fconfiramtion_no (5.8)
5.4.2. Performing the experiments: subject’s features

As it can be seen in Figure 5.2, a total of 16 subjects took part in laboratory tests: nine
(9) male and seven (7) female, all in the ages between 23 and 58 years. The average
age of participants was 35.83 (standard deviation 10.35). Fifteen (15) subjects were right-
eye dominant and one (1) is left-eye dominant eye. Four (4) of them used prescription

glasses.

Subjects without previous experience of order picking process were selected to avoid
previous experience biasing the results of our experiments. To compensate the lack of

experience and minimize learning effects, the subjects attended a training session, where
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each of the subjects executed a series of orders’ picking in the laboratory, making

themselves familiar with vision picking system.

56% Participation of 4 4%
16 subjects

a Average age: 35.83 | Standard deviation 10.35 m

Minimum Maximum
age age

y

Dominant
Right-eye: 94% eye

10

Prescription
glasses

Yes : 25%

Figure 5.2 Subjects features

All subjects were native Greek speakers, so all instructions and survey instruments were
provided to the subjects in Greek during this study. All the data for this study were

collected via personal questionnaires.

5.4.3. Performing the experiments: experimental setup and equipment

The testing and evaluation of vision picking system took place in a dense-picking
laboratory environment which was hosted in the headquarters of Mantis Informatics S.A.
in Athens (Figure 5.3).

Our laboratory environment consisted of 24 pick bins divided between two shelving units
(light duty shelving system), A and B. Each shelving unit had four rows and three columns,
and each pick bin contained 10 — 15 items. The order cart, which was used during the
multiple order picking, had three storage levels and each level hosted two plastic bins
(totes). Each subject could pick up to 6 orders, simultaneously (each plastic bin was

assigned to one order).
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The subject had to finish 5 picking lists using vision picking system. Each picking list
contained six orders (6) while each order included an average of seven (7) order lines.
The average number of items per order line was two (2). The items were boxes in different

sizes and with different weights, while all items could be handled with one hand.

mAntis

(@) (b)

Figure 5.3 a) Dense-picking laboratory (Mantis Informatics S.A.) b) Photos from the execution
of laboratory tests

All the experiments were accomplished by using specialized equipment. Two different
types of head-mounted displays (HMDs) were used (Figure 5.4). The first HMD was the
VUZIX M300 (Fieldsmir of view: 20 degrees & Weight: 380 grams) and the second HMD
was the RealWear HMT-1 (Field of view: 16.7 degrees & Weight: 127 grams).

~ <<

(@) (b)
Figure 5.4 a) Vuzix M300 (Smart Glasses) and b) RealWear HMT-1 (Headbands)
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5.5. Statistical analysis of data

After performing the tests and collecting the necessary data (see laboratory test results
in Appendix B), a quantitative analysis of the order picking time and accuracy was
performed, by using ANOVA (Montgomery, 2012).

In order to evaluate the four main effects and their interactions, the P-value approach was
adopted. According to Montgomery (2012), the P value is defined as the smallest level of
significance that would lead to rejection of the null hypothesis. If the p-value is less than
or equal to a predetermined significance level (denoted by a or alpha), then you reject the
null hypothesis and claim support for the alternative hypothesis. On the other hand, if the
p-value is greater than a, then you fail to reject the null hypothesis and cannot claim
support for the alternative hypothesis. In our case, it is important to mention that the a-

value (level of significance) which was used for this analysis was set at 5% (a=0.05).

Moreover, in order to ensure the adequacy of the underlying model it is necessary to
analyze and assess a series of residual plots. More specifically, the normal probability
plot is used to detect non-normality. Points that approximately follow a straight line
indicate that the residuals are normally distributed. Also, the Histogram is used to detect
multiple peaks, outliers, and non-normality. The normal histogram should be
approximately symmetric and bell-shaped. Moreover, the residuals versus the fits is used
to detect non-constant variance, missing higher-order terms and outliers. In this plot it is
important to be observed residuals that are scattered randomly around zero. Furthermore,
the residuals versus order is used to detect time-dependence of the residuals. In this plot,
it is important to ensure that the residuals display no obvious pattern. Taking into
consideration the above, the statistical analysis in terms of order picking time and order

picking accuracy follows.

5.5.1. Order picking time: statistical analysis and results

In terms of order picking time, as it can be seen in Table 5.5 the results showed that only
for the case of parameter “existence of confirmation” the results of ANOVA showed that
there was statistically significant difference (p-values is less than 0.05). On the other

hand, for all the other cases, the ANOVA results shown that there were no statistically
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significant differences (p-values is more than 0.05). Thus, it was proved that for the cases:
Ho,1, Ho2 and Ho,3, the null hypothesis was accepted, while for the case of Ho4, the null
hypothesis was rejected. This means that the use of vision picking system with
confirmation step affects significantly the efficiency of order picking in terms of job
completion, when compared with the use of vision picking system with no confirmation

step.

Table 5.5 Results of statistical analysis (estimated effects) in terms of order picking time

Sou_rc_e of Terms P-Value
variation
Display Holder 0.810
Field of View 0.648
Main Effects
Barcode Type 0.083
Existence of confirmation 0.000
Display Holder*Field of View 0.384
Display Holder*Barcode Type 0.458
) ) Display Holder*Existence of confirmation 0.942
2-way interactions
Field of View*Barcode Type 0.116
Field of View*Existence of confirmation 0.596
Barcode Type*Existence of confirmation 0.662
Display Holder*Field of View*Barcode Type 0.675
Display Holder*Field of View*Existence of confirmation 0.343
3-way interactions : : : :
Display Holder*Barcode Type*Existence of confirmation 0.174
Field of View*Barcode Type*Existence of confirmation 0.598
4-way interactions Display Holder*Field of View*Barcode Type*Existence of confirmation 0.773

The results of ANOVA analysis can be confirmed in the Pareto chart (Figure 5.5). The
Pareto chart uses the same significance level as the normal plot to determine the
significance of effects, thus the “existence of confirmation” was the only statistically

significant case in terms of order picking time.
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Pareto Chart of the Standardized Effects
(response is Time, o = 0.05)

D : | Factor Name
A Display Holder

B Field of View
c Barcode Type
D Existence of confirmation

Standardized Effect

Figure 5.5 Pareto chart in terms of order picking time

In figure 5.6 the residual plots for order picking time are presented. As far as the normal
probability and the histogram of the residuals’ plots are concerned, it can be seen that the
order picking time distribution is normally distributed, since the plot follows a straight line.
Also, the residuals are scattered randomly around zero, while in the residual versus order
plot no clear pattern is observed.

Residual Plots for Time
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Figure 5.6 Residual Plots for order picking time

Based on the result of statistical analysis the levels of the fourth factor “existence of
confirmation”, affect significantly the job completion time of the vision picking. Indeed,
according to the results of figure 5.7, vision picking process without confirmation can
improve the order picking time on average by 19.3% (60.42 seconds reduction), when

compared to the vision picking process with confirmation step.
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Boxplot of Order Picking Time

450

400
309.77

350

249.35

300

Order Picking Time

250 | ‘

—

No Yes
Factor 4: Confirmation

Figure 5.7 Boxplot of order picking time for the factor “existence of confirmation”

The interaction plot for all the configurations in terms of order picking time are shown in

Figure 5.8.
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Figure 5.8 Interaction effects of Display Holder (glasses vs. headbands), Field of view /
mounting options (Above of line of sight vs. below of line of sight), Barcode type (1D vs. 2D) and
existence of confirmation (yes vs. no) on order picking time

Based on the results of Lab tests (see the detailed results in Appendix C), it can be seen
that the differences (in terms of order picking time) in the above configurations are not
statistical significant. Nevertheless, there are some configurations that provided low order
picking time, when compared with the other configurations. Indeed, the “best” system
configuration (set-up) in terms of order picking time (by taking into consideration all the
possible configurations among the investigated factors and their levels) incorporates

headbands, the display to be above of line of sight, 1D barcode and no confirmation step
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(Q1 = 173.5 seconds, Median = 188 seconds, Q3 = 256.5 seconds). The second-best
configuration includes headbands, the display to be above of line of sight, 2D barcode
and no confirmation step (Q1 = 178.5 seconds, Median = 200 seconds, Q3 = 370
seconds). On the other hand, the configuration with the highest order picking time
contains glasses, the display to be above of line of sight, 2D barcode and confirmation
step (Q1 = 292 seconds, Median = 375 seconds, Q3 = 418.5 seconds).

5.5.2. Order picking accuracy: statistical analysis and results

In terms of order picking accuracy, as it can be seen in Table 5.6 the results showed that
only the 2-way interaction “Field of View*Existence of confirmation” was statistically
significant (p-values is less than 0.05). In terms of main effects, it was proved that for the
cases: Hos, Hos, Ho,7 and Hog, the null hypothesis was accepted. Thus, it was concluded
that the accuracy of vision picking system can be significantly affected, only by the
configuration “Field of View*Existence of confirmation”; all the other configurations did not
provide statistically significant differences (based on the ANOVA results) in terms of order
picking accuracy.

Table 5.6 Results of statistical analysis (estimated effects) in terms of order picking accuracy

Sou'rcge of Terms P-Value
variation
Display Holder 0.200
Field of View 0.635
Main Effects

Barcode Type 0.498
Existence of confirmation 0.157
Display Holder*Field of View 0.177
Display Holder*Barcode Type 0.122
) ) Display Holder*Existence of confirmation 1.000

2-way interactions
Field of View*Barcode Type 0.635
Field of View*Existence of confirmation 0.045
Barcode Type*Existence of confirmation 0.379
Display Holder*Field of View*Barcode Type 0.224
Display Holder*Field of View*Existence of confirmation 0.200

3-way interactions
Display Holder*Barcode Type*Existence of confirmation 0.343
Field of View*Barcode Type*Existence of confirmation 0.177
4-way interactions Display Holder*Field of View*Barcode Type*Existence of confirmation 0.310
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The results of ANOVA analysis can be confirmed in the Pareto chart (Figure 5.9). The
Pareto chart uses the same significance level as the normal plot to determine the
significance of effects, thus the “Field of View*Existence of confirmation” configuration

was the only statistically significant case in terms of order picking accuracy.
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Figure 5.9 Pareto chart in terms of order picking accuracy

In figure 5.10 the residual plots for order picking accuracy are presented. As it can be
seen the underlying order picking accuracy distribution is somewhat thinner (on the left
side) than would be anticipated in a normal distribution. This tendency shows that the
negative (on the left side) residuals are not as large as expected.
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Figure 5.10 Residual Plots for order picking accuracy
The performance of order picking process in terms of accuracy can be affected
significantly by the configuration “Field of View*Existence of confirmation” (Figure 5.11).

Indeed, the interaction between the “Field of View” and the “Existence of confirmation”
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shows that when the existence of confirmation is “Yes” and the field of view (mounting
options) is “Below of line of sight”, the Vision picking process can be accomplished more

accurate when compared with the other configuration shown in the figure 5.11.

Interaction Plot for Accuracy
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Figure 5.11 Interaction plot of Field of view / mounting options (Above of line of sight vs. below
of line of sight) and existence of confirmation (yes vs. no) on order picking accuracy

The interaction plot for all the configurations in terms of order picking accuracy are shown

in Figure 5.12.
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Figure 5.12 Interaction effects of Display Holder (glasses vs. headbands), Field of view /
mounting options (Above of line of sight vs. below of line of sight), Barcode type (1D vs. 2D) and
existence of confirmation (yes vs. no) on order picking accuracy

Based on the results of Lab tests (see the detailed results in Appendix D), it can be seen

that the differences (in terms of order picking accuracy) of the configurations are
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insignificant. The order picking accuracy for all the configuration is high and very close to
100%. Nevertheless, there are some configurations that provide better order picking
accuracy level, when compared with the other configurations. Indeed, the “best’
configuration (taking into consideration all the possible configurations among the
investigated factors and their levels) with the highest accuracy level embraces glasses,
the display to be below of line of sight, 2D barcode and existence confirmation step (Q1
= 0.995, Median = 1, Q3 = 1), while the configuration with the lowest accuracy level
includes glasses, the display to be above of line of sight, 2D barcode and no confirmation
step (Q1 =0.96, Median = 0.99, Q3 = 0.995).

5.6. Conclusions and recommendations

This chapter presented the results from 80 tests that have been conducted in lab
environment in order to identify the optimal setup of a proposed vision picking system
both in terms of picking efficiency as well as of picking accuracy. The best system set-up
when picking efficiency is considered embraces no confirmation step. In terms of picking
accuracy the best configuration for error reduction embraces the display to be below of

line of sight and existence of confirmation step.

5.7. Summary

This chapter presented the evaluation of vision picking system during its testing in
laboratory environment. The system was assessed in terms of order picking efficiency
(time) and accuracy. In terms of order picking time, the results indicated that the only
parameter that was statistically significant (based on the ANOVA results) was the
“existence of confirmation”. Indeed, vision picking process without confirmation step can
improve the order picking time, when compared to the vision picking process with
confirmation step. In terms of order picking accuracy, the results showed that a 2-way
interaction (i.e. “Field of View*Existence of confirmation”). In this case, the best
configuration for high levels of accuracy, is achieved when the display is set to “below of

line of sight” and no confirmation step exists.
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Chapter 6. Evaluation of vision picking system perceived
workload

In this chapter we adopt the NASA TLX survey for the assessment of the proposed system
perceived workload. Initially, the theoretical background of NASA TLX technique, as well
as its six subscales is described. Then, the implementation steps, the rating scale as well
as the equation for the calculation of total NASA TLX score are presented. Finally, the
last section of this chapter contains the presentation of the results obtained and a

benchmarking that was made with the results of similar studies.
6.1. Theoretical background

A useful technique for workload evaluation is subjective assessment, which includes
methods such as NASA-TLX, SWAT and CH (Yiyuan et al., 2011). Among them, NASA-
TLX is the most widely used, and it has achieved some solid goals in human factors
research. NASA Task Load Index (NASA TLX) is a widely used subjective
multidimensional assessment tool that rates perceived workload in order to assess a task,
system or process (NASA, 1986) and is suggested to be used during system design and

development phases.

As it can be seen in Table 6.1, the NASA TLX is based on a weighted average of ratings
of six subscales (NASA, 1986; Farmer and Brownson, 2003). Three dimensions are
related to the demands imposed on the subject (Mental demand, Physical demand and
Temporal demand) and three to the interaction of a subject with the task (Effort,

Frustration and Performance).

To this point, it is worth mentioning that a significant number of similar studies have taken
into account the NASA TLX as a technique in order to evaluate the perceived workload
of vision picking system (Schwerdtfeger et al., 2009; Weaver et al., 2010; Baumann et
al., 2011; Guo et al., 2015; Wu et al., 2015; Renner and Pfeiffer, 2017; Kim et al., 2019).
To this end, the NASA TLX methodology was used in this study in order to be assessed

the perceived workload of vision picking system.
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Table 6.1 The six subscales of NASA TLX (NASA, 1986)

Name of o
Description of subscale
subscale P
The first subscale is used to define how much mental and perceptual activity
Mental was required by the subjects during the execution of task. Also, this subscale
Demand assesses if the task was easy or demanding, simple or complex and exacting
or forgiving.
. The second subscale is considered in order to describe how much physical
Physical o ; o . .
Demands activity was required. More specifically, this subscale evaluates if the task was

easy or demanding, slow or brisk, slack or strenuous and restful or laborious.

The third subscale is taken into consideration in order to express how much
Temporal time pressure, the tester (participant in experiment) felt due to the rate or pace
Demands at which the tasks or lack elements occurred. This subscale assesses if the
pace was slow and leisure or rapid and frantic.

The fourth subscale is used to define how successful the tester was in
accomplishing the goals of the task. More specifically, this subscale presents

Performance how satisfied the tester was with his/her performance in accomplishing these
goals.
Effort The fifth subscale is used to present how hard the tester has to work (mentally

and physically) in order to accomplish his/her level of performance.

The last subscale is used in order to express how insecure, discouraged,
Frustration irritated, stresses and annoyed versus secure gratified, content, relaxed and
complacent the tester felt during the task.

6.2. NASA TLX Implementation steps

According to NASA (1986), the implementation of NASA TLX includes two steps. The first
step deals with the source of load (weights) and the second step with the magnitude of

loads (rating).
Step 1: Source of load

During the first step, each subject has to evaluate the contribution of each factor (its
weight) to the workload of a specific task. More specifically there are fifteen possible pair-
wise comparisons (see Appendix C) of the six scales and each subject is necessary to

circle the member of each pair that contributed more to the workload of that task. The
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total number of times that each factor is selected is tallied and the range of tallies can
range from O (not relevant factor) to 5 (more important than any other factor) (NASA,
1986).

Step 2: Magnitude of load

In the second step each subject has to achieve numerical ratings for each scale that
reflects the magnitude of that factor in a given task. This rating takes place by completing
a form (see Appendix C) with rating scale from O (lowest workload) — 100 (highest
workload) (NASA, 1986).

Upon completion of these two steps from all the subjects, the calculation of the overall
workload for each subject takes place by using the equation 4.1

(X, Ri-wi)
15

Overal Weight == (4.1)

Where,
Ri = Rating for factor (subscale) i, Wi = Weight for factor (subscale) i and n = the total

number of factors (subscales).
6.3. Analysis, results and benchmarking

Taking into consideration the suggested experimental procedure (NASA, 1986), the
NASA TLX survey was adopted, in order to assess the vision picking system in terms of

perceived workload.

After performing the test, each subject had to complete the NASA TLX questionnaire after
their participation in vision picking laboratory tests. A total of 16 participants completed
the questionnaire, taking into account the implementation steps as well as some important

instructions by the investigators. Figure 6.1, presents the results of NASA TLX survey.

According to the results in Figure 6.1, the NASA TLX score for vision picking system is:
M = 35.1 (SD = 12.4). Focusing on the individual subscales of NASA TLX score, the
physical demand (M = 58.4) and frustration level (M = 55.3) have the highest score,
followed by mental demand (M = 49.7), temporal demand (M = 46.3) and effort (M = 42.5).

On the contrary the performance is the subscale with the lowest score (M = 21.9).
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Figure 6.1 NASA-TLX results for vision picking system

According to the results of NASA-TLX score, it was revealed that the physical demand
and the frustration level received a high score. Indeed, a significant number of subjects
mentioned that it was tiring to crouch and pick items from the low levels of racks and as
a result, they argued that the task was a bit strenuous and laborious for their legs.
Furthermore, some others claimed that it was difficult to scan with their glasses or
headbands the barcodes of the low levels of racks. Also, some subjects were stressed
and annoyed during the first minutes, but they mentioned that as time went on, they felt
better with the use of the equipment and the performing of their tasks. In terms of mental
demand, the subjects said that the instructions and all the necessary information were
available on display, and as a result medium mental and perceptual activity was required.
As far as the temporal demand was concerned, the subjects felt that they performed their
task quickly, but the most of them supported that they could execute the task even quicker
if they were more familiar with the equipment. In terms of effort and performance, the
results obtained showed that it was not necessary for the subjects to work hard in order
to accomplish their level of performance and also that they felt quite satisfied with their
performance. The general impression from all participants was that the proposed
technology was not difficult to be used, but it required a significant amount of time in order

someone to be familiar with it.
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Table 6.2, depicts TLX scores from similar studies available in literature. Taking into
consideration the NASA TLX score (M = 35.1, SD = 12.4) of our evaluation procedure, it
can be seen that the perceived workload is adequate when compared with similar studies.
To this end, the results of NASA TLX survey for this study, are encouraging and shown
that the proposed system may have significant benefits during the execution of order

picking process.

Table 6.2 NASA TLX score of similar studies (Vision Picking system testing)

Source NASA TLX score

(Schwerdtfeger et al., 2009) Mean Value: 28
(Weaver et al., 2010) Mean Value: 12.3
(Baumann et al., 2011) *Mean Value: 46.1
(Wu et al., 2015) Mean Value: 45.7

Range Value: 20 — 56

(these values are obtained for different types of display)

(Renner and Pfeiffer, 2017)

Nevertheless, it is important to mention that the current score (M = 35.1, SD = 12.4) was
obtained in a laboratory environment. If the same tests are conducted in real life scenario

(industrial environment), this score may be altered (i.e. increased).
6.4. Summary

This chapter presented the results of NASA TLX survey. By taking into consideration the
responses of 16 subjects (who filled the NASA TLX questionnaires), the results of the
NASA TLX score showed that the perceived workload was adequate when compared
with similar studies. While focusing on the individual subscales of NASA TLX score, the
physical demand and frustration level have the highest score, followed by mental

demand, temporal demand, effort and performance.

3 Mean value of NASA TLX score is calculated by the author of this thesis, based on the primary data of the following article: (Baumann et al.,
2011)
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Chapter 7. Vision picking system managerial implications
and gaps

The aim of this section is threefold. Initially the managerial implications that stem from the
adoption of vision picking system are presented. Subsequently, gaps that currently exist,
and which are crucial for both further investigation as well as for insights into the needs
of practitioners, are presented.

7.2. Managerial implications

The digital transformation of an organization, via the adoption of vision picking system in
order picking process, is a complex task and various issues should be taken into
consideration in order for the business to have a smooth and successful transition to a
new business model. The key implications mainly deal with: a) organizational culture, b)
process re-engineering, c) staff resistance to change, and d) motivation for maintaining

the new way of doing business. The latter are discussed below in more detail.

Organizational culture: Digital transformation may include automation tools such as
vision picking system for logistics operations, but true digital transformation means more
than updating technology or redesigning products. Because digital transformation can
create discomfort within the workforce if not managed properly, it also requires a
comprehensive and collaborative effort to shift an organization’s culture to understand,
embrace, and advance it. The consequences for organizations that do not align their
digital transformation goals with employee values usually can range from slow adoption
of digital technologies to loss of market competitiveness to ultimate failure of the initiative

and lost productivity and revenue (Deloitte, 2019).

Process re-engineering: Organizations is important to understand that using technology
to transform their logistics operations is crucial, but the key to success lies in finding out
what ails the business. This means that an initial step before introducing a new technology
is to identify the logistics processes that are sub-par or inefficient and try to change them.
The aim should be to transform these costly processes (e.g. order picking) to deliver more
value to the customer by improvements in productivity. The introduction of a new

technology could support such improvements.
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Staff resistance to change: Technological innovation is a natural, healthy and wholly
expected part of running a business. However, usually people resist technological change
since the latter poses a major threat to workers’ sense of security, stability and purpose.
The same applies for the case of introducing a new method of executing order picking.
Some strategies for encouraging employees to rapidly adopt such a technology include:
continuous staff training and development, simple and user-friendly systems, and
technologies that are connected to people’s needs (i.e. the staff of a warehouse should
be able to understand how vision picking will directly impact and transform their working
lives, and how it will improve their workflow and productivity).

Motivation for maintaining the new way of doing business: Digital transformation
does not stop up to the point that a system is installed and the users are trained. A
continuous effort is needed for maintain the motivation of the users e.g. by giving them
various incentives that are connected with the use of the new system. Furthermore, it is
important to encourage people to share suggestions for improvements, create spaces for

honest feedback, and respond to the concerns people raise.

7.3. Gaps for further investigation

The identification of the gaps for further investigation is based on an elaboration regarding
the issues that have not been addressed in this thesis and focuses on human, technical

and operational aspects that affect the adoption of vision picking system.

Human factor: Human factor is crucial when emerging s, such as vision picking, are put
into practice especially in product picking, where the user (picker) should accomplish a
complex task in a timely manner. Indeed, Schwerdtfeger et al. (2011) argue that large
learning and fascination effects exist when using Augmented Reality (AR) for the first time
in vision picking. This is an issue that may be tackled by providing extensive training
sessions before use. Furthermore, in Schwerdtfeger et al. (2009), it is shown that
although most people can work with the system over a longer period of time without being
more strained than using a conventional paper-based picking system, yet there is still
problem that some people had serious trouble to read continuously from a headband or
a smart glass device. Other issues that should be further investigated include user mental

and physical demand, performance and frustration level.
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The role of User Interface on performance and workers’ safety: Another important
aspectin vision picking adoption is the User Interface (Ul) of the headband/smart glasses.
Schwerdtfeger et al., (2006) present initial results on comparing visualization schemes
for order picking across several types of displays. The results reveal that neither the 2D
strip map nor the 3D visualization is on average faster for Wayfinding or Picking than the
1D textual list. However, separating the subjects into Augmented Reality (AR) / Virtual
Reality (VR) experienced and unexperienced users showed that there is a group of users,
which is faster and more productive with an AR system. Furthermore, walking while
processing visual information presented via Head Worn Displays (HWD) may cause gait
adaptations such as using more conservative and hesitant gait and more conservative
obstacle crossing strategies (Licence et al., 2015; Kim et al., 2018). Thus, the use of such
equipment for product picking may have important workplace safety implications given to
the prevalence of slips, trips and falls-related injuries. Given this, and the limitations
discussed above, future efforts are needed to investigate how different HWD types and
Ul designs may affect worker safety and work performance with routine or frequent use
in a workplace, and also to understand better the impacts of HWD use on diverse working

populations over time (Kim et al., 2019).

Technical issues: One of the biggest obstacles, as mentioned also in Brauer and
Mazarakis, (2018), for porting such systems from the research stage into practical
applications, is the hardware components, especially the HWD and the tracking system.
Currently, there is a continuous development of these components since gaming industry
starts adopting AR and HWDs and soon will be a part of the everyday life within mobile
multimedia applications. Therefore, HWDs could be used in industrial applications within
the next five years. Furthermore, integration issues of vision picking with other systems
is another critical issue that should be further investigated. Indeed, according to Krajcovic
et al., (2014) the problem of AR applications in the processes of picking requires further
research especially in terms of closer integration of AR and Warehouse Management
Systems (WMS), increasing comfort of hardware components (wireless glasses, mobile
terminal) and the possibility of linking the picking system with automatic identification
systems such as barcodes, RFID tags and so forth. Last but not least, battery life and

distance of scanning are also issues for further investigation.
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Comparative assessment with other picking systems: Gaps currently exist also in the
comparative assessment of vision picking system with other picking systems (such as
pick-by-voice, pick-by-light, etc.). Indeed, experiments (either lab or field-based) should
be conducted in order to explore the effects that vision picking may have in terms of
picking accuracy and efficiency when compared with other picking systems. Furthermore,
such experiments may be expanded by looking at the effects of adding context sensing
to the environment. According to Weaver et al., (2010), there are two ways that a
warehouse inventory system can know that a part has been picked: (a) either the picker
has performed some action, such as saying a command or pushed a button on the part
bin, or (b) the system can use sensors to determine automatically when a part has been
picked. Lastly, it is worth assessing error rates, speed, investment costs, and the flexibility
of alternative picking systems in order to formulate a series of guidelines as to which

system is best for a given environment.
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Chapter 8. Conclusions and future research agenda

This chapter presents initially a summary of this research followed by its key findings from
laboratory experiments in terms of vision picking efficiency, accuracy and perceived
workload. Then the next steps as well as guidelines for future research are described.

8.1. Thesis summary and main conclusions

The main aim of this thesis was to design and test a vision picking system that can be
used for product picking in a warehouse facility. In order to accomplish the
aforementioned aim, three objectives were achieved. The first objective was to review a
set of parameters that can be taken into consideration for vision picking system design,
development and testing. The second objective focused on the selection of the most
appropriate parameters for testing vision picking system, while the third dealt with the
conduction of laboratory tests for the evaluation and assessment of vision picking system

in terms of order picking time (efficiency), accuracy and workload.

The review of parameters for vision picking system was conducted by using the SLR
method. The research identified 20 critical parameters that were classified into three
categories, namely: a) system parameterization, b) operational performance and, c)
comparative assessment with other picking systems. Based on the review, only 20
articles within the field of vision picking design parameters were identified. The latter
supports the fact that vision picking system and design parameters for such systems are

currently under investigation and further research should be conducted.

By taking into consideration the outcome of the Systematic Literature Review, a selection
of three parameters (Display Holder, Field of View, Barcode Type) was made by using
the Analytical Hierarchy Process (AHP), while one more parameter (i.e. existence of
confirmation) which deals with the operational performance of vision picking process was
considered based on the input received by logistics executives. The latter was included
in the set of parameters that were tested in laboratory environment, since it affects both
the acceptance of the system, by the end users as well as the performance of the system.
The testing of vision picking system was accomplished via a series of laboratory tests

that were conducted by adopting the Design of Experiments (DoE) methodology. A full
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factorial design has been used that incorporates 4 factors at two levels (24 full factorial
design).

The laboratory setup which was developed in cooperation with a Greek IT company
(Mantis Informatics S.A.), consisted of 24 pick bins divided between two shelving units.
Each shelving unit had four rows and three columns and each pick bin contained 10 — 15
items. The order cart, which was used during the multiple order picking, had three storage
levels and each level hosted two plastic bins (totes). Two different types of head-mounted
displays (HMDs) were used. The first HMD was the VUZIX M300 and the second HMD is
the Real Wear HMT-1.

Eighty (80) tests were conducted in order to identify the optimal setup of the proposed
vision picking system both in terms of order picking efficiency and accuracy. Furthermore,
the perceived workload of vision picking system was evaluated via NASA TLX survey.

In terms of order picking time, the results indicated that the only parameter that was
statistically significant (based on the ANOVA results) was the “existence of confirmation”.
Indeed, vision picking process without confirmation step can improve the order picking
time, when compared to the vision picking process with confirmation step. In terms of
order picking accuracy, the results showed that a 2-way interaction (i.e. “Field of
View*Existence of confirmation”). In this case, the best configuration for high levels of
accuracy, is achieved when the display is set to “below of line of sight” and no confirmation
step exists. In terms of perceived workload, the NASA TLX score showed that the
workload was adequate when compared with similar studies. While focusing on the
individual subscales of NASA TLX score, the physical demand and frustration level have

the highest score, followed by mental demand, temporal demand, effort and performance.
8.2. Future research agenda

Based on the findings of this thesis, a future research agenda on the design, development

and testing of vision picking system is presented below.

Enhance User Interface (Ul) design: Designing a user interface for vision picking
systems requires a completely different approach when compared to other devices, such

as RF-scanners and wearable barcode scanners that are also used for order picking. A

Master by Research in Financial and Management Engineering 78



Design, development and testing of Vision Picking Technology

critical issue is low information content, as the main goal should be not to block out user’s
view with lots of graphic objects. There is currently a lack of general guidelines for how to
design efficient user interfaces making use of augmented reality.

Improve head worn displays and devices: Current head worn displays are not really
wearable, and this fact affects negatively their everyday use on a warehouse. An initial
drawback is that current vision picking devices weight too much and cannot be worn for
extended periods. Furthermore, most head worn displays come with a cable running from
the glasses to a handheld device or spare batteries attached to the operator, and this
cable is often disturbing. Finally, for users that wear ordinary glasses, it is difficult to use
such devices for order picking operation. All three issues mentioned above need further

research.

Extend lab tests to field tests: Most of the research conducted in vision picking system
as well as the results that are published are obtained mainly from lab tests. However, a
warehouse differs greatly from lab environment since products are placed in multiple pick
phases all over the area, pickers are stressed and are more to susceptible to mistakes
and furthermore, such environments are also subject to considerable noise from
machines and transportation. It is thus of great importance to test vision picking system
in real-life environment and due to noise, voice recognition becomes a great challenge.
To this end, special functionalities should be implemented in voice software to reduce

noise and identify the right commands.

Enable benchmarking evaluation: Comparing vision picking system designs with each
other to identify the best one, needs an effective and objective benchmarking method. To
the best of the authors’ knowledge there is currently no such benchmark method for
evaluating the efficiency of augmented reality-based design (Wang et al., 2016).
Developing a method for the benchmark evaluation of user interfaces for vision picking

systems merits attention in the future.
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Appendix A — AHP questionnaire
In this appendix the questionnaire for the ranking of design and development
parameters of vision picking system is presented.

Questionnaire - Type 1: Pair wise comparison matrix (PWCM) of criteria

Criteria Fundamental scale of absolute numbers Criteria
Ergonomic aspects 9|8|7|6|5|4|3|2[1|2|3|4|5]|6|7|8]|589 Visualization aspects
Ergonomic aspects 9(8|7|6|5|4|3[2|1]|2|3|4|5|6|7|8]|9 Technical aspects

Visualization aspects 9|8|7|6|5|4|3|2[1|2|3|4|5]|6|7|8]|58 Ergonomic aspects

Visualization aspects 9|8|7|e|s5|a]3|2]|1|2|3|4|5]|6]7]|8]|9 Technical aspects
Technical aspeets g(8|7|6|5|4|3|2|1]2|3|4|5|6|7|8]|9 Ergonomic aspects
Technical aspects 9|8|7|6|5|4]3|2]|1|2|3|4|5]|6]|7]|8][%9 Visualization aspects

Questionnaire - Type 2: Pair wise comparison matrix (PWCM) of er aspects dil i
Constructs under Ergonomic Constructs inder Ergonomic
e Fundamental scale of absolute numbers '
aspects dimension aspects dimension

Display Type 9|8|7[6|5[4]3 2|1 |2|3|4|5]|6|7]|8]|9 Interaction Device
Display Type g(8|7|6|5|4|3|2|1]2|3|4|5|6|7|8]|9 Display Holder
Display Type 9|8|7|e|s5|a]3|2]|1|2|3|4|5]|6]7]|8]|9 Weigh of Equipment
Interaction Device 9|8|7|s|5|a|3|2|1|2|3]|a|5]|6|7|8]08 Display Type
Interaction Device 9|8|7|6|5|4]3|2]|1|2|3|4|5]|6]|7]|8][%9 Display Holder
Interaction Device g|8|7[6|5[4]3|2|1|2|3|4|5]|6|7|8][9 Weigh of Equipment
Display Holder 9|8|7|6|5|4|3|2|1|2|3|4|5|6|7|8|%9 Display Type
Display Holder g(8|7|6|5|4|3|2|1|2|3|4|5|6|7|8]|9 Interaction Device
Display Holder 9|8|7|6|5|4]|3|2|1|2|3|4|5|6|7|8|%9 Weigh of Equipment
Weigh of Equipment 9|8|7|e|5|a|3|2|1|2|3|4|5]|6|7|8]|9 Display Type
Weigh of Equipment 9|8|7|6|5|4|3|2(1|2|3|4|5|6|7|8]|59 Interaction Device
Weigh of Equipment 9|8|7|e|5|a|3|2|1|2|3|4|5|6|7|8|9 Display Holder
Questionnaire - Ty pe 2: Pairwise comparison matrix (PWCM) of visualization aspects di i
Constructs under Visualization Constructs under Visualization
Fundamental scale of absolute numbers
aspects dimension aspects dimension
Field of view Information mode
Field of view Information availability
Field of view Display view
Field of view Existence of AR
Field of view Display Settings

Informatien mode Field of view
Information mode Information availability
Information mode Display view

Existence of AR
Disp lay Settings

Informatien mode
Information mode

Information availa bility Field of view
Information availa bility Information mode
Information availa bility Display view

Existence of AR
Disp lay Settings

Information availability
Information availa bility

Display view Field of view
Display view Information mode
Display view Information availability
Display view Existence of AR
Display view Disp lay Settings

Field of view
Information mode
Information availability

Existence of AR
Existence of AR
Existence of AR

Existence of AR Display view
Existence of AR Display Settings
Display Settings Field of view

Information mode
Information availability
Display view
Existence of AR

Display Settings
Display Settings
Display Settings
Display Settings
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Questionnaire - Type 2: Pair wise comparison matrix (PWCM) of technical aspects dimension
Constructs under Technical Constructs under Technical
Fundamental scale of absolute numbers
aspects dimension aspects dimension

Barcode type 9|8|7[6|5[4]|3|2|1|2|3|4|5|6]|7|8]|% Scanning distance
Barcode type g(8|7|6|5|4]|3|2|1|2|3|4|5|6|7|8]|9 Battery life
Barcode type 9|8|7|6|5|4|3|2|1|2|3|4|5|6|7|8]|58 Tracking system
Scanning distance 9|8|7[6|5[4]3|2|1|2|3|4|5]|6]|7]|8]|9 Barcode type
Scanning distance g|8|7|6[5]4]|3|2]|1|2[3|4|5|6|7|8]|9 Battery life
Scanning distance 89/8|7|6|5])4|3]2|1]2|3/4|/5|6|/7|8]|9 Tracking system
Batrery life 9(8|7|6|5|4|3[2|1]2|3|4|5|6|7|8]9 Barcode type
Battery life 9|8|7|6|5|a]3|2]|1|2|3|4|5]|6]|7]|8][% Scanning distance
Battery |ife 9(8|7|6|5|4|3[2|1]|2|3|4|5|6|7|8]|9 Tracking system
Tracking system 9|8|7|6|5|4|3|2[1|2|3|4|5]|6|7|8]|58 Barcode type
Tracking system 9|(8|7|6|5]a|3]2[1]2|3|/4|5]|6[7|8]|9 Scanning distance
Tracking system g|/8|7|6|5|4|3]2|1]2|3]|4|5|6|7|8]9 Battery life
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Appendix B — Detailed lab test results
In this appendix the results of vision picking laboratory tests are presented.

Factor 1: Display Holder | Factor 2: Field of View | Factor 3: Barcode Type | Factor 4: Confirmation | Order Picking Time | Order Picking Accuracy
Headbands Abowe of LS 2D No 190.0 1.0
Headbands Abowe of LS 2D No 200.0 1.0
Headbands Abowe of LS 2D No 298.0 1.0
Headbands Below of LS 2D No 180.0 10
Headbands Below of LS 2D Yes 242.0 1.0

Glasses Below of LS 2D Yes 275.0 1.0
Glasses Abowe of LS 1D Yes 300.0 1.0
Glasses Abowe of LS 2D Yes 250.0 1.0
Glasses Below of LS 2D No 158.0 10
Glasses Abowe of LS 1D Yes 260.0 1.0
Glasses Below of LS 2D Yes 380.0 10
Glasses Abowe of LS 2D Yes 375.0 1.0
Glasses Abowe of LS 2D No 230.0 1.0
Glasses Abowe of LS 2D No 235.0 1.0
Glasses Abowe of LS 2D Yes 460.0 0.9
Headbands Abovwe of LS 1D No 162.0 10
Headbands Below of LS 1D No 196.0 1.0
Headbands Above of LS 1D No 185.0 10
Headbands Abowe of LS 2D Yes 376.0 1.0
Headbands Abowe of LS 1D No 253.0 1.0
Glasses Abowe of LS 1D No 170.0 10
Glasses Abowe of LS 1D Yes 301.0 0.9
Glasses Below of LS 1D No 253.0 10
Glasses Abowe of LS 1D No 257.0 1.0
Glasses Abowe of LS 2D No 302.0 1.0
Headbands Below of LS 1D No 188.0 1.0
Headbands Abowe of LS 1D Yes 292.0 1.0
Headbands Abovwe of LS 2D No 167.0 10
Headbands Abowe of LS 2D Yes 275.0 1.0
Headbands Below of LS 1D Yes 242.0 1.0
Glasses Below of LS 1D Yes 295.0 1.0
Glasses Below of LS 2D No 307.0 1.0
Glasses Abovwe of LS 2D No 350.0 10
Glasses Abowe of LS 2D Yes 377.0 1.0
Glasses Below of LS 1D Yes 299.0 10
Headbands Abowe of LS 2D No 442.0 1.0
Headbands Below of LS 2D No 345.0 0.9
Headbands Below of LS 1D Yes 408.0 1.0
Headbands Below of LS 1D No 360.0 1.0
Headbands Below of LS 1D No 270.0 10
Glasses Below of LS 2D No 337.0 0.9
Glasses Abovwe of LS 1D Yes 255.0 1.0
Glasses Below of LS 2D No 228.0 0.9
Glasses Below of LS 2D No 180.0 1.0
Glasses Below of LS 1D No 290.0 10
Headbands Abowe of LS 1D No 260.0 1.0
Headbands Below of LS 2D No 308.0 10
Headbands Abowe of LS 1D Yes 318.0 1.0
Headbands Below of LS 1D No 280.0 0.9
Headbands Below of LS 1D Yes 310.0 1.0
Glasses Below of LS 1D No 208.0 1.0
Glasses Abovwe of LS 1D No 353.0 10
Glasses Below of LS 1D No 209.0 1.0
Glasses Below of LS 1D Yes 287.0 1.0
Glasses Below of LS 1D Yes 313.0 1.0
Headbands Below of LS 1D Yes 354.0 1.0
Headbands Abowe of LS 2D Yes 363.0 10
Headbands Below of LS 2D Yes 330.0 1.0
Headbands Below of LS 2D Yes 320.0 10
Headbands Abowe of LS 2D Yes 360.0 1.0
Glasses Abowe of LS 2D No 234.0 1.0
Glasses Abowe of LS 1D Yes 258.0 1.0
Glasses Below of LS 2D Yes 280.0 1.0
Glasses Below of LS 1D Yes 252.0 10
Glasses Below of LS 2D Yes 287.0 1.0
Headbands Below of LS 2D No 258.0 1.0
Headbands Below of LS 2D No 215.0 1.0
Headbands Abowe of LS 1D No 188.0 1.0
Headbands Abovwe of LS 1D Yes 315.0 10
Headbands Abowe of LS 1D Yes 306.0 1.0
Glasses Above of LS 1D No 253.0 10
Glasses Below of LS 2D Yes 380.0 1.0
Glasses Abowe of LS 1D No 248.0 1.0
Glasses Below of LS 1D No 227.0 10
Glasses Abowe of LS 2D Yes 334.0 1.0
Headbands Above of LS 1D Yes 270.0 10
Headbands Abowe of LS 2D Yes 283.0 1.0
Headbands Below of LS 2D Yes 260.0 1.0
Headbands Below of LS 1D Yes 266.0 1.0
Headbands Below of LS 2D Yes 283.0 1.0
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Appendix C — Results of interaction effects on order picking time

In this appendix the results of interaction effects of Display Holder (glasses vs.
headbands), Field of view / mounting options (Above of line of sight vs. below of line of
sight), Barcode type (1D vs. 2D) and existence of confirmation (yes vs. no) in terms of
order picking time are presented.

Factor 1

Glasses

Glasses

Glasses

Glasses

Glasses

Glasses

Glasses

Glasses |

ds Headt

ds Headt

ds Headt

ds Headt

Factor 2

Above of LS Above of LS Above of LS Aboveof LS Below of LS Below of LS Below of LS Below of LS Above of LS Aboveof LS Above of LS Above of LS Below of LS Below of LS Below of LS Below of LS

Factor 3 1D 1D 2D 2D 1D 1D 2D 2D 1D D 2D 2D 1D D 2D 2D
Factor 4 No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes
[Se‘c}alnd) 209 256.5 232 292 208.5 269.5 169 2775 1735 281 178.5 279 192 254 197.5 251
Median

(Second) 253 260 235 375 227 295 228 287 188 306 200 360 270 310 258 283
(Se(c}s’nd) 305 300.5 326 4185 2715 306 322 380 256.5 316.5 370 369.5 320 381 326.5 325
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Appendix D — Results of interaction effects on order picking accuracy
In this appendix the results of interaction effects of Display Holder (glasses vs.
headbands), Field of view / mounting options (Above of line of sight vs. below of line of
sight), Barcode type (1D vs. 2D) and existence of confirmation (yes vs. no) in terms of
order picking accuracy are presented.

Factorl  Glasses Glasses Glasses Glasses Glasses Glasses Glasses Glasses Headbands Headbands Headbands Headbands Headbands Headbands Headbands H:

Factor2 Aboveof LS Above of LS Above of LS Above of LS Below of LS Below of LS Below of LS Below of LS Aboveof LS Aboveof LS Aboveof LS Above of LS Below of LS Below of LS Below of LS Below of LS

Factor3 D i 2D 2D iD i 2D 2D iD iD 2D 2D 1D iD 2D 2D

Factor 4 No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes
a1 0.965 0.93 0.96 0.915 0.98 0.99 0.86 0.995 0.98 0.99 0.98 0.985 0.93 0.96 0.94 0.985

Median 0.97 0.99 0.99 0.98 1 1 0.96 1 0.98 1 1 1 0.97 0.98 1 1
Q3 1 1 0.995 1 1 1 0.99 1 1 1 1 1 1 1 1 1
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Appendix E - NASA TLX questionnaire
In this appendix the form for the weighting of factors is presented.

Name of participant: .......c.cccccoucueenene. Date: e

| Rating Scale Definitions

Mental Low/ Hovy much menta.l and perceptu?\ act\wt\! was requllred (e.g. thinking,
D d High deciding, calculating, remembering, looking, searching, etc.)? Was the
eman 18 task easy or demanding, simple or complex, exacting or forgiving?

Physical LOW/ How muc.h phys_lcal.;mtwlty was required (e.g., pushing, pu\l.lng,turmng,
D d High controlling, activating, etc.)? Was the task easy or demanding, slow or
eman 18 brisk, slack or strenuous, restful or laborious?
Temporal Low/ How much time pressure did you feel due to the rate or pace r_at which
D d High the tasks or task elements occurred? Was the pace slow and leisurely or
eman 18 rapid and frantic?
Low/ How hard did you have to work (mentally and physically) to accomplish
Effort .
High your level of performance?
LOW/ How successful do you think you were in accomplishing the goals of the
Performance High task set by the experimenter (or yourself)? How satisfied were you with
18 your performance in accomplishing these goals?
Frustration Low/ How msec.u.re, discouraged, irritated, stressed and :emnoyed Versu.s
. secure, gratified, content, relaxed and complacent did you feel during
level High the task?

Step 1: Evaluate the contribution of each factor to the workload

Select the most important factor for each of the following 15 combinations.

Effort Temporal Demand Temporal Demand
Or Or Or
Performance Frustration Effort
Physical Demand Performance Physical Demand
Or Or Or

Frustration

Frustration

Temporal Demand

Physical Demand

Temporal Demand

Frustration

Or Or Or
Performance Mental Demand Effort
Performance Performance Mental Demand

Or Or Or

Mental Demand Temporal Demand Effort

Mental Demand
Or
Physical Demand

Effort
Or
Physical Demand

Frustration
Or
Mental Demand
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Step 2: Assess the magnitude of each factor

Rate the magnitude of each factor based on the rating scale

Mental Demand

How mentally demanding was the task?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Physical Demand

How physically demanding was the task?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Temporal Demand

How hurried or rushed was the pace of the task?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Performance
How successful were you in accomplishing what you were asked to do?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 /70 75 80 85 90 395 100

Effort

How hard did you have to work to accomplish your level of performance?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Frustration

How insecure, discouraged, irritated, stressed, and annoyed were you?

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
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