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NepiAnyn

H mapoloa SlatpiPn £Xel WG oTtoXo va cuvelodEpel oTic LeBoSoAoyLKEC ipoaeyyioEeLg TTou adopolv TNV
afLoAoynon tn¢ cupdwviog Kot opoLoTNTG HETAEU CUCKEUWY avoLXTtol KWALKA Kot UAKOU oe OXEon ME
OVTIOTOLYEC EUTMOPLKEG LUE TN XPrON OTOTLOTIKWY HEBOSWV Kal Telpapatikol oxedStaopol. Ol CUCKEUEG
avolytoU KwdIKa Kol UALKOU XpNnOLUOTIOloUVTIaL o€ HeydAo aplOpd sdoppoywv o€ TOUElG uyelag,
eknaidevong, yewnoviag, abAnuatwy, Blodoyiag, £peuvag kot GAAwv. H mapovoa Siatplpn eotidlel
OTOUG TOMELC TN YewToviag Kol €pEUVag.

To Kedalawo 1 mapouctalel pia cUVTOUN ELCAYWYN YLO TOUG TIOPAYOVTEG TIOU £XOUV CUVELOGEPEL OTNV
S1ad00n TwWV CUOKEUWY avolxtol Kwdika Kot UAKoU. EmutAéov mapaBETel oplopoUC yla TOV avoLyTo
KWOLKA Kal TO UALKO OMw¢ Kal tnv meplypadn twv edapuoywv Toug otn yewpyla akplBeiag, éEunvn
YEWpPYLa Kol £peuva. AkOpa emionuaivel Tn ¢prlocodia Tou avolytou KwdLka Kal UALKOU OTwG Kal Thv
gehelBepn SLadoon NG yvwong ywa Kabe avBpwrmo mou emBUpEl va avilypAEL, TPOTIOMOLAOEL N
SNULOLPYNOEL CUOKEVEC TNG OUYKEKPLUEVNG dLhocodiag evw Tautoxpova polpaletal Tn Stadikaoia Kot
OAa ta UAka kat peBodoug mou xpnoipomnoinoe. Mapouoialovtal mapodeiypata SNUOCLEVGEWY TIOU
adopoUlV T CUYKEKPLUEVN dlAocodia OMwWE KoL TO TTAEOVEKTAHATA XPHOoNG TOUG EVw avayvwpiletal n
QVAyKN avAmTuéng MAALOLOU Yo TNV afLoAOYNON TWV AETOUPYLWY KAl TNG OELOTILOTIOG TWV UETPHOEWY
TWV CUYKEKPLUEVWY CUCKEUWV. ZUYKEKPLUEVQ, OpLIETAL N £VVOLA TWV EPEUVWV CUUPWVIAC KOL OHOLOTNTAG
KoL N ouvelodopd Toug otnV afloAdynon Kol otov BeTIkO 1 apvnTIKO TPOodLopLopd TNE Xpriong Twv dVo
CUOKEUWV EVOAAQKTIKA XWPIG va EMNPEATEL KATIOLO ATOTEAECHAL.

To Keddhato 2 meplypadel tig pebBodoloyieg mou xpnoomnotndnkayv yla tTnv afloAdynon tng cupdwviog
KOL OHOLOTNTOC UETAEU CUOKEUWV OVOLXTOU KWEIKA KOl TWV aVTIOTOWV EUMOPLKWY. TUYKEKPLUEVQ,
TapEXEL pio ekteTapévn oulntnon ya Tt xpnon Sladopetikwv HoVIEAWV avaloya pe ta SeSopéva mou
TAPAYOVTOL ANO CUCKEUEC UTO Olepelivnon Kal TNV afloAoynon Oelktwv Kal ypadnudtwv Tou
gpunvevovtal eUKOAO OKOUA Kol amo Atopa Xwpig wWlaitepn eumelpia otn otatiotiky. EmumAéov, ot
MEPIMTWON TOU TO CUUMEPACHA TNG EPELVOC KATAANYEL O Un amodeKktr cupdwvia, TBAVEG TNYEG
ooupdwviag pmopolv va eviomotolv Kol PEBodoL 6L0pBwong tng oupdwviag Hmopouv va
epapupootolv. AKOpa, avadEPOoVTal Ta TTAEOVEKTAHUATA KOL UELOVEKTAMOTO KAOE TMPOCEyyLoNng yla TNV
a€LoAOyNoN TNG OUUGWVLAG KoL OPOLOTNTAG. MEPALTEPW TTAPOUCLATETAL O TELPAUATIKOG OXESLACHOG KoL N
OTATLOTIKA avaAuon mou akoAlouBeital avaloya pe tn pvon g £peuvag KabBwg Kal ta Bripata ylo Tov
€ykupo oxeblaouo tng. EmutAéov mapouoialovtatl AavOaopéveg i eAeinelg péBodol afloAdynon tng
oupdwviag Kat opolotnTag LETAEU U0 cuokeuwv. TEAOC, avadEpovtal GUVOTTIKA oL peBodoloyieg omwg
TO UALKO KOl TO AOYLOULKO TTIOU XPNOLUOTIOLBNKE yla TO OXESLACUO TWV CUCKEUWVY Yyl TNV OAOKANpwaoN

™¢ StatpBng.

Y10 Kepahato 3 mapouaotdletot o oxeSLACUOC KaL N OVATITUEN EVOC AOUPHOTOU LETEWPOAOYLKOU oTaBUoU
avolXtoU KwSLKa Kal UALKOU TIou UETPA tn Bepuokpaocia kol uvypaocia tou meplPallovtoc. Apxika,
afloloyeital n Asttoupyia Tou otaBuol mapakoAouBwvTag TG LETPAOELS HECW acUpUATNC TEXVOAoyiag
Wi-Fi yla entd pépec. Enetta, oxedialetal neipapa afloAdynong oupdwviog Kal opuoLdTnToG Tou otaduou
UE avtioTolyo eumoplkd e aitoBntipa Thygro kal ta avtiotolyo MePLPEPELOKA OO TNV ETOLPELA
Symmetron . Avad£peTaL 0 TELPAPOTIKOG OXESLACUOG KOOWCE KoL N XPAON LOVIEAWV LEIKTWV ETUSPATEWY
padl pe Tn cuvelodopd Toug otn cUYKpLon Twv U0 cuoKEUWV. Mo TO ME(PAO KOTOOKEUAOTNKAV TPLAVTO
OUCKEUEC avolxTtol KWK Kal UALKOU Kal xpnolupomnolnonkav Tpeic avtiotolyol epmopikoi otabuot. MNa
Tov Adyo auTo SnpLoupyndnkav tpelg opadeg. Kabe opdda nepléxet 10 otabuouc avolxtol Kwdika Kot
UALKOU Kall pila epmopikr). KaBe melpapatiki povada mapdyel éva cUUMAEYA LETPHOEWY O€ CUVAPTNON
Tou Xpovou. To melpapo TePUATIOTNKE HETA OMO EMTA UEPEG CUVEXOUEVWV UETproswv. Kabwg ol
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UETPAOELC aVA TIELPAMATIKA pHovada Atav avw amd 220 yla KAToLeG UEPES (adoU UTAPXOV OMWAELEG
Sebouévwv Aoyw Kakng ouvdeong oto SLadikTuo) oL LETPAOELG CUYXWVEUTNKAV OE XPOVIKEG {WVEC, LE TN
uEBobo mou xpnotpomnolel To EBvikd Aotepookormeio ABRvag. Mdvo Vo amd tig tpeic pebBodoloyieg
ocupdwviag kal opoldtnTag vhomolBnkav pe emtuxia Kol ekTiunOnke évag deiktng ocupdwviag. H
cupdwvia petafl TwV CUCKELWV BewpnBNKe AVEMTAPKAC Kal w¢ Tibavr) mnyn acupdwviag Bewpnbnke n
akpiBela Twv aodBnTApwy. MNepetaipw £€peuva pmopel va vAomotnBei yia va cupmeptAndBOolv ola ta
onpeia Twv HETPROEWY OTWGE KAl ETITAEOV TTAPAYOVTEC TTOU TILBavVOV va emtnpedlouv Tn cupdwvia, OTwWE
n uypacia tou aépa n n tonobeaoia kAbe otaBpoU. TEAOG, EVOANAKTIKEG LOPDEG ACUPUATNG EMLKOWVWVIOG
omnw¢ n LoRa pmopolv va mpooteBouv oTo oTtabud Omwe Kot eMUTAéov aodntrpeg. Ta MAEOVEKTAUATA
XPAoNG TG VEAG GUOKEUNG otnpilovtal oto XaunAd KOOTOG TMapaywyng TOU OMWC Kol oTnV €UKOAN
popdomnoinon kot mpoadrkn eMUMTAEOV ALeONTPWV.

Y10 Kedalalo 4 mapouctaletal 0 oXeSLOOUOG KAl N KATAOKEUN €vO¢ ooUppotou kotaypadéa LoRa
avolXToU KwSOLKA KoL UAKOU ylaol Tn XpHon OE MELpAUATA eVUSPELOTOVIOG OE GAKOUC UTIOCTPWHOTOG
TePALTN. JUYKEKPLUEVA, N VEQ OUOKEUNR €lvol oupPaty HE aloBNTPEC TEPLEKTIKOTNTAC VEPOU, UE
TIPWTOKOAAO eTiKOWVwViag RS-485. EMumA£ov, 0 aloBnTrpaC TOU XPNGOLUOTIOLONKE YLA TO CUYKEKPLUEVO
Telpapa HETPA TN BEPUOKPAGLO TOU CAKOU UTTOOTPWHATOG, TNV NAEKTPLKI AywylLoTnTa KaBwe Kal to pH.
MeTta tov €Aeyxo KaAng Aettoupyiag Tou kataypadea, oxedldotnke To neipapa afloAdynong cuppwviog
KOL OHOLOTNTAG TNG VENG CUOKEUNG HE avTloTOl(N EUMOPLKN. TUYKEKPLUEVA N EUTIOPLKI] CUCKEUN TOU
xpnotgornondnke yla to neipapa eival n Handheld Meter (HH150) and SM150 Soil Moisture Sensor. To
péyebog delypatog ntav 100 odkoL UTIOOTPWHATOG TtePALTN. EMUTALoV, yla TNV avalucon xpnotponolnke
MOVTEAO HETPNONC-CPAAUATWY YLa TNV EKTIHNON TNG SLadopAg OTIC LETPHOELG OE OXEON UE TOV KAAUTEPO
YPOLLLKO aePOANTITO MapayovTa MPoBAe NG TN MPAYHATIKAG TLUNG TNG LETPNONG TTOU Tapdxenkay ano
TNV EUMOPLKA OUOKeUN. Ta omoteAéopato avédepov ONUOVIKY OMOKALON omd TNV €KTUNCN TNG
TIPOYHOTIKAG TLUNG TWV HETPAOEWV TopoBétovtag To otabepd Kal avaloylko obdipa. H cupdwvia twv
600 opyavwv BewprBnKe IKAVOTIONTIKI YLOL CUYKEKPLUEVA SLOOTHMOTA UETPHOEWY. Ta TTAEOVEKTAUATA
XPNoNG tTNG VEAC CUOKEUN G CUYKPLTLKA LUE TNG EUTOPLKNG ELVALTO XOUNAO KOOTOC TAPOYWYNE KAl N EUKOALA
popdomoinong tng avaAoyd LE TIC AVAYKEG TWV MELPAUATWY. O 0AKOC UTIOCTPWLOTOG TTEPALTN £XEL APKETN
TAPAANAKTIKOTNTO WG TTPOC TNV TEPLEKTIKOTNTA TOU O€ VEPO. EMOpEVWC N xprion mMoAAamAwY alentipwv
oe SL0popeTIKA onueia tou odakou eival BepeAwdng kot amoteAsl Baolkr amaitnon weg €wopon
mAnpodoplag oe alyoplBuoug mpoBAeP NG EPLEKTIKOTNTAC VEPOU OTO GAKO.

210 Kedahalo 5 mapouaotdletol o oxeSLOOUOG KAL N KATAOKEUT KATAypAhEN OVOLXTOU KWALKA KAl UALKOU
TIOU UETPA pH SLaAupdTwy yLa tn xprion o€ melpapata Asvépokopiag. Ma tn fabpovouncn tng CUCKEUNG
xpnotwgoroindnkav puBulotika StaAvpota pH Twwwv 4,01 kat 7,01. Eneita aflodoynbnke n KoAn
AelToupyla TNG OUOKEUNG HETPWVTIAC TO PpH Kapmwv eomeplboeldwy. ITn OUOKEUN TPOOTEBNKE
adlappoyog alobntipag Bepuokpaciag yla thv eflcoppomnaon tng Tung pH. EmumAéov, oxedldotnke
MEAETN afloAoynonc tnGg cupdwviag Kol ouoldTNTAG TNG VEAC CUOKEUNG ME QvTiOTOLYN EUMOPLKN.
JUYKEKPLUEVQ, N EUTIOPLKA CUCKEUT o eMAEXONKe eival n Hanna HI9024 Waterproof pHMeter. Ma tnhv
avaluon xpnoldomoltnkav HOVIEAX HELKTWVY EMIOPACEWV Kol mapaxbnkov OeiKTeg Kol xprolua
ypadniuata VAomolwvtag mapanavw amno pia peBodoloyieg. Enetta, avadépBnkav ta MAEOVEKTAUATA
KOl Ta LelovekTpata KABe peBodoloyiag. Ta anoteAéopata €6el€av pn amodektr cupdwvia LETALY Twv
600 opydvwv. H avaAuon opoldtntog avédpepe otabepn anokiion —0.2215 povadwv pH. Metd th xprion
uebodwv avapabuovounong n cupdwvia Bswpeital dplotn. H cuokeun sival ¢opnth KoL Ymopel va
XpnollomnolnOet yla “emt TOMou” PETPHOELS GTOV aypO I oTo BeppoknTLo. Ta TAEOVEKTAATA XPONG TNG
OUOKEUNG elval To xapnAd kootog mopaywyns, mepimou 4 ¢opéG UIKPOTEPO CUYKPLTIKA Ue th Hanna
HI9024. Nepattépw €peuva Unopel va uAomonBel yLa tn Xprion TG CUCKEUNG yLa TN HEtpnon pH edadoug
N BPEMIKWY UTIOOTPpWHATWY. TENOG, emuTAéov aoBntrpeg UmopolV va TomoBetnBouv glkoAa oTh
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CUCKEUN ylot TNV TAUTOXpovVn AVTANGCN TEPLOCOTEPWY TANPOGOPLWY Yld TA XOPAKTNPLOTIKA TOU
Selyuaroc.

1o Kedbalalo 6 meplypadetal N KATAOKEUN CUOKEUNG avolxtol KWOLKA KAl UALKOU yLa TIG OVOYKEG
TMELPAMATWY TIou adopolv T puya tng Meooyeliou (Ceratitis Capitata). H cuokeur Kataypadel tn
Bepuokpacio otnv enMdAVELO KOL TOV TIUPNVO KAPTIWY OTIWGE Kol TNV eEwteplkn Beplokpaoia. EmutAéoy,
afloloynBnke n Asttoupyla TG oto £pyaotrnplo aAAd Kal otov aypo. lNa Ta MEPAPATA OTOV aypo n
OUOKEUT) TOMoOeTNOnKe 0€ CUYKEKPLUEVA ONUELD og TTOLKIALa SEvTpwy. To oxrua aAAd Kal To pEyeBog Tng
OUOKEUNG KaBLlota bavikr tnv TomoBEtnon tou o omolodnmote onueio tou Sévipou emBupel o
gpeuvnNTAG. H ouokeun eivatl dopnth kat Aettoupyel pe pratopio. H autovopio tng propei va ¢ptdosL otig
7 £w¢ 30 pépeg avaloya LE TO XpOVIKO Staotnua kataypadnc. Encsita oxedldotnke YeAETN cupdwviag
KOLL OHOLOTNTAG Yla TN oUYKpLlon TnG Beppokpaciag Tou mupnva Kot tng enwdavelag tou kapmol Kabwg o
OTOX0G TOU TIELPAUATOC NTAV N TTOCOTIKOTOLNGN TNEG AmOKALoNG TwV BepUoKpaoLwV Twv dU0 onueiwv ot
Slodopetikég ouvBnkeg. Mo tnv avaluon xpnowlomolnénkov povtéha PETpnong-opalpdtwy. Ta
anoteAéoparta avadepouv otabepn amokAon 0,331°C kabwg kot avaloyikn anokAon 0,982. EnmutAéov,
n ouykpwon akpifelag tTwv petprioewv ota Vo onuela umodnAwvel OTL 0 Tupnvag dlatnpel T
Oepuokpacio TMEPLOOOTEPO OUYKPLTIKA He TNV emiddvela oe SladopeTikéc ouvBnkee. TéAog, o€
UEAAOVTIKECG PEAETEG, acUppaTn Texvoloyia LoRa pmnopel va npooteBel otn cuokeur, nALOKOL CUAAEKTEG
ylo TIEPLOCOTEPN auTovopia KaBwg Kot poAoL akplpeiag yla tnv KaAlutepn Asttoupyio Twv KUKAWY
adpavoroinong tTnG CUOKEUNG. ME TIG CUYKEKPLUEVEC TPOTIOTIOLNOELG N GUOKEUN UTOpPEL vo AELTOUpyEL yLa
MAVEC AOYW TWV AELTOUPYLWV XOUNANG KATOVAAWONG.

To kedalalo emTd anoteAel pia yevikn culAtnaon yla Ta mponyoueva Kepahata KabBwe Kol To EupRaTa
KABe peAETnG. TEAoG avadEpovtal LEANOVTIKEG EPEVUVEC YLA TNV TPOTIOTOLNGCN TWV CUCKEUWY KaBwg Kat
yla T BeAtiwon Twv pebddwv cupdwviag Kot opoldTnToCc.

To kedpalalo oktw cupmep\apBAveL To cupnepaopato ald kal tn cuvelodopd Kal Kalvotopia tng
Statppnc.

Négerg-KAeldid:  avoltog  Kwdlkag, ovoltd UAWKO, oupdwvia, opolotnta, TmoapakoAoldnon
LETEWPOAOYLKWV TIOPOUETPWY, EPYOOTHPLA avoLXTol KwdLKa Kal UALKOU, Kataypadeic avolytol Kwdika,
puya tng pecoyeiou, €EUTvn Yewpyla, TTEPLEKTIKOTNTA VEPOU UTIOCTPWHATWY TteEPAiTh, pH.
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Abstract

The present PhD thesis aims to contribute to methodological approaches regarding the assessment of
agreement and similarity between open-source devices and their corresponding commercials using
statistical methods and experimental design. Open-source devices can be found in a vast number of fields
like medicine, education, agriculture, sports, biology, research, and others. This thesis focuses on the
development of a methodology applied in four open-source devices designed and developed to assess
experiments in agricultural applications and research.

Chapter 1 provides a brief introduction on the factors that contributed to the emergence of open-source
devices. Moreover, open software and hardware are defined, and their applications in precision
agriculture, smart farming and research are summarized. The open-source philosophy and the free
distribution of knowledge for any individual interested in replicating, modifying, or creating such devices
while sharing all the materials needed for its design is emphasized. Examples of publications and
advantages of open-source devices are presented while acknowledging the need to develop a framework
to assess the functionality and the reliability of their outputs. Specifically, the meanings of method
comparison studies, agreement and similarity are defined and their contribution in assessing if two
devices can be used interchangeably.

Chapter 2 outlines the methodology used to assess the agreement and similarity between open-source
and their corresponding industrial devices. Specifically, it provides an extended discussion for the usage
of various models for fitting data produced by the devices under investigation and the evaluation of
indices and graphs that are interpreted easily even by non-statisticians. Moreover, in case of concluding
nonacceptable agreement between the device’s measurements, sources of disagreement can be
identified, and even corrective actions can be applied to improve the agreement. Advantages and
disadvantages of the approaches for agreement and similarity assessment are presented. This chapter
also discusses the analysis followed according to the nature of the research and proper formulation of the
experimental design along with key steps for the development of valid method comparison studies.
Moreover, misleading, or incomplete methods to evaluate agreement and similarity between two devices
are presented.

Last, a summary of the methodology and the open-source hardware and software used to design and
develop the devices is presented.

In Chapter 3 an open-source wireless weather station that measures air temperature and humidity was
designed and developed. First, its functionality was evaluated by monitoring its readings via Wi-Fi for
seven days. Then, a method comparison study was designed between the device and a corresponding
commercial weather station using a Thygro sensor from Symmetron. The experimental design and three
methodologies that use mixed-effects models were presented along with their provision to assess the two
device’s agreement. Thirty open-source devices were constructed and three commercial weather stations
were used for the experiment. Three clusters were created with a ratio of ten open-source devices for
one industrial. Each subject produced a trajectory of measurements over time. The experiment was
terminated after seven days of continuous measurements. Since, the measurements per subject were
more than 220 for some days (loss of data due to inappropriate connectivity) they were summarized in
eight times zones according to the National Observatory of Athens. Two of the methodologies were
applied successfully and an index was produced. The agreement is considered low, and a possible source
of disagreement is the precision of the two instruments. Further research needs to be performed to
include all the data occasions per day and not just the summary. Moreover, covariates such as air humidity
or location of the cluster must be included in the study. Due to its modular nature, other sensors can be
added and alternative wireless communication such as LoRa can be established in the open-source
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weather station. The advantages of using open-source weather stations are their low cost for production
and modularity.

In Chapter 4 a wireless LoRa open-source logger was designed and developed to aid aquaponics
experiments with cultivations in perlite slabs. Specifically, the open-source logger is compatible with RS-
485 soil/ soilless water content sensors. Moreover, the sensor used in the experiment can also record
temperature, electrical conductivity, and pH of the slab. After testing the device and assessing its proper
functionality, a method comparison study was designed to assess the agreement between the open-
source device and a commercial, Handheld Meter (HH150) and SM150 Soil Moisture Sensor. The sample
size was 100 perlite slabs. A measurement-error model was used to estimate the bias of the open-source
device compared to the best unbiased linear predictor of the water content’s true value using the
measurements taken from the commercial device. The results of the analysis reported significant
differential and proportional bias but acceptable agreement for specific intervals of the measurement
range, depending on the application. The advantages of using open-source devices compared to
commercials is the low cost and the increased configurability of the device’s functions. Since perlite’s
water content is not homogeneous along the slab, information on the water content for more than one
point per slab is essential as inputs for precise water content estimation using specific algorithms.

In Chapter 5 an open-source pH logger was designed and developed to assist experiments regarding
pomology topics. Specifically, the device was calibrated manually using pH buffers for values of 4.01 and
7.01. Then it was tested by measuring pH from juice of citrus fruits. A waterproof temperature sensor was
added to the device for temperature compensation when measuring pH. A method comparison study
between the open-source device and a Hanna HI9024 Waterproof pHMeter was designed to assess their
agreement. Using mixed-effects models, indices and useful graphs were produced using different
methodologies. Their advantages and disadvantages for interpreting agreement were discussed. The
indices reported mediocre agreement and the similarity analysis reported a fixed bias of —0.2215 pH units
as source of disagreement. After using recalibration methods, the agreement improved and was
considered excellent. The device is portable and can be used for in situ measurements. Moreover, the
cost was substantially lower (more than 4 times lower) compared to Hanna HI9024. Future research can
assess the measurements validity of the open-source device on different soil types and soilless substrates.
Last, more sensors can be added to the device and more information can be retrieved from samples
simultaneously while measuring for pH.

In Chapter 6 an inexpensive custom-made device was designed and developed to aid experiments
regarding the Mediterranean fruit fly (medfly), Ceratitis capitata. The open-source device records core,
surface and external temperature of a fruit and was tested in laboratory conditions and further in field
experiments of interest. For the field experiments, the device was placed on specific locations on different
types of trees. Its shape and size make the device ideal to be placed in any setting the researcher wishes
to investigate. The device is battery-operated and can last from 7 to 30 days depending on the logging
interval. A method comparison study was designed to compare the temperature values captured by the
core and the surface sensor in different conditions. Since the goal of this research was to quantify the bias
between the temperature of the two locations, the differential and proportional bias was estimated using
measurement-error models. The results reported a differential bias of 0.3312C and a proportional bias of
0.982. Moreover, the precision comparison of the two sensors suggests that the core sensor maintains
each temperature for more time compared to the surface sensor. Last, wireless technology such as LoRa
can be added to the device with no hardware alteration. Solar panels can make the device energy-efficient
and the use of a precise RTC to improve the sleep modes allows the device to function for months without
replacing the battery due to its low-power consumption functionality.

Institutional Repository - Library & Information Centre - University of Thessaly
10/06/2024 05:15:18 EEST - 18.191.91.199



Chapter 7 concludes all the previous chapters along with all the findings and future work.
Chapter 8 summarizes the contribution of this thesis.
Keywords: open-source hardware, open-source software, agreement, similarity, meteorological parameter

monitoring, open-source laboratories, smart agriculture, open-source logger, fruit fly hosts, perlite substrate
water content, pH.
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1. Introduction

Open-source devices are becoming very popular and, in some cases, essential in education (according to
the systematic mapping study approach) (Heradio et al., 2018), agriculture (Coleman et al., 2022; Mesas-
Carrascosa et al., 2015), medicine (Niezen et al., 2016), biology (Jolles, 2021) and an increased number of
fields. There is an extensive list of factors that incite people to take an active part in prototyping and
innovation. The Maker Movement (Papavlasopoulou et al., 2017) that unfolded after the resurgence of
the participatory Web 2.0 (Atkinson et al., 2012), the interfusion of Open Source, the decreased cost of
electronic parts and other social influences are a few of the examples that contributed to the flourishing
of prototype development. Furthermore, this phenomenon was boosted after the launch of development
boards like Arduino (Louis, 2018; Arduino, 2015) and Raspberry-pi (Jolles, 2021) that tend to simplify
intricate electronic assemblies by using software and programming. These companies provide
straightforward tutorials, accessible to everyone. The tutorials simplify the technical parts, provide visual
aids for the wiring, issue the code in each case, and allow users with basic or no experience in electronics
and coding, to replicate or customize projects according to their needs. Major contributors to this trend
are also the OSHWA (2023) which was established around 1997 and the Open-Source Initiative (2023)
which was founded in February 1998.

As defined by the official open-source forum (Open-Source Community, 2023; Open-Source Hardware
Association, 2023) “open hardware, or open-source hardware, refers to the design specifications of a
physical object which is licensed in such a way that said object can be studied, modified, created, and
distributed by anyone”. Also, according to Open-Source Initiative (2023), “open hardware is a set of design
principles and legal practices, not a specific type of object”. It can be any object such as an automobile, a
computer, a robot, a building, or a house. For the open-source software, as defined by the Open-Source
Initiative (2023), “Open-source software is software that can be freely accessed, used, changed, and
shared (in modified or unmodified form) by anyone”. Open-source software is made by many people and
distributed under licenses that comply with the Open-Source definition. Moreover, “the rise of the
participative web or web 2.0 did not only democratize knowledge production but also the means of design
and invention by industrializing the Do it Yourself (DIY spirit)” (Gershenfeld, 2005; Voigt et al., 2016). Thus,
the public is encouraged to participate in the manufacturing process of prototypes and final products.

The radical shift in approach, when it comes to open source, is that all the material that will aid someone
to build, modify or enhance the hardware, such as schematics, blueprints, logic designs, Computer Aided
Design (CAD) or any other file, is open and available under permissive licenses. Features can be added
according to the needs of the user, or bugs can be fixed in case they are encountered. In any situation,
the users can tailor these resources according to their needs and even share their version. This idea
contradicts the closed hardware, where the design documentation is tightly sealed and inaccessible to the
public.

Open-source hardware refers to sharing and Do-it-yourself solutions. Specifically, with the use of
development boards and compatible sensors. The most popular and user-friendly boards are based on
Arduino hardware (Arduino, 2023a) and software (Arduino, 2023b) which was established in 2005 by
Massimo Banzi and David Cuartielles in Ivrea, Italy. The Arduino development boards are the most popular
since they are easy to program and build. The Arduino Integrated Development Environment (IDE) is an
interface based on C, C++ and some special functions to control electronics. In 2013 Circuit Python
programming language for microcontrollers makes its debut as an alternative to Arduino IDE, which was
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founded by Damien George. As its name proclaims, Circuit Python is based on Python programming
language. Its benefits compared to Arduino IDE are discussed in Chapter 2. More details about the
development boards and programming interfaces are discussed in Chapter 2.

Open-source projects can be used in research and industry. Low acquisition cost and easy customization
are two of the most important advantages of using such devices compared to industrial. Many articles
that focus on open-source devices aid in research and industry have been published and widely used.
Coleman et al. (2022) refers to an open-source, low-cost device for fallow weed detection, to maximize
crop yield potential in moisture limited agricultural environments. The technology used in Coleman et al.
(2022) is based on image analysis. The hardware used is a Raspberry pi and an HQ camera combined with
other essential electronics. This device focuses on the low cost, small form factor and a large-scale
deployment on crop systems. Another system developed for precision agriculture is developed by Mesas-
Carrascosa et al. (2015). The authors developed a device which remotely monitors soil temperature and
humidity and air temperature and humidity. The advantage of this system compared to its corresponding
industrial ones is the low cost and its scalability. Aliagas et al. (2022) proposed a low-cost and DIY device
for pumping monitoring in deep aquifers. The authors designed a wireless, LoRa based (LoRa Alliance,
2023a), device which applies edge computing and eliminates the need to transfer big loads of data.
Instead, the preprocess and computation of the data are conducted in the sensor-nodes that acquire the
data, minimizing time delay and the need for bandwidth, to inform the users about the predictions for
water level evolution. This open-source wireless system based on a raspberry pi microcomputer and
Arduino microcontroller, has three key advantages compared to industrial. First, it is low-cost and “do-it-
yourself”, thus reachable by any researcher to implement and customize to any project. Second, the
computation of an approximated model in the device for predicting water-level change due to pumping,
instead of exact. Last, all the hardware and software used to build and program the device is available to
everyone, paving a way of knowledge share. These key points result to the increased repeatability of
experiments, since the sample size increases. Ji et al. (2019) developed a LoRa-based visual monitoring
scheme for agriculture loT. The authors managed to transmit image data via LoRa with respect to
bandwidth limitations. Since images use a significant amount of bandwidth and LoRa technology is used
mostly for a data transmission rate in the magnitude of Kbps, a technique was developed that splits image
to grid patches and transmits only the modified area of an image based on their dissimilarity measure. Ji
et al (2019) amplified the importance of customizability which is not applicable to closed hardware and
software. Regarding the medical field, Niezen and Thimbleby (2016) compare 10 open-source healthcare
projects in terms of how easy it is to obtain the materials needed to build the devices. The authors describe
devices that relate to myoelectric prostheses, CT scanners, infusion pumps, physiological monitoring, and
diabetes related projects.

This thesis is elaborated in three parts. First, the proposal of open-source solutions for designing and
building agriculture and research loggers. Second, the evaluation of the open-source solutions using
formal experimental designs and assessing their agreement with their corresponding industrial
equivalents using formal statistical methods. Third, the development of a user-friendly R script to
automate the evaluation procedure. This thesis follows the open-source spirit, thus, all the material used
to build the devices and the methods to evaluate them are available for the readers and is protected
under a Creative Commons license (CC).

Institutional Repository - Library & Information Centre - University of Thessaly
10/06/2024 05:15:18 EEST - 18.191.91.199



1.1.Open-source devices in Precision Agriculture
The need to embed open-source philosophy in agriculture and specifically precision agriculture (PA)
comes from the extend of small family farms to huge profitable businesses comprised of many partners.

The concept of precision farming (PF) or precision agriculture (PA) first emerged in the United States in
the late 1980s. It did not take long to spread to the developed countries that invested in technology and
progress in farming. Precision farming can be defined as “the application of technologies and principles
to manage spatial and temporal variability associated with all aspects of agricultural production for the
purpose of improving crop performance and environmental quality” (Pierce & Nowak, 1999). From
sensors to robots and drones, PA became vital to farmers that started cultivating farms of only a few acres,
to hundreds or thousands. When the farms were small, they were easy to control and supervise. Since
their increasing in size, farms were hard to manage. Farmers then turned to technology and the promising
PA.

PA offers many benefits such as the increase in yield, saving of nutrients and scarce goods, reducing labor
time and use decision-support systems that can increase profitability on the farm and reduce the negative
environmental impact (Pedersen & Lind, 2017). Furthermore, due to social and political trends and
phenomena such as consumer demands, high security fruits and vegetables and monitoring of the impact
of crops cultivation to the environment, the technology offered by PA is required more than ever. There
are four elements that PA consists of. First, the geographical positioning system (GPS). Second, gathering
information. Third, decision-support and last, variable-rate treatment. Smart sensors fall into the element
of information gathering and smart agriculture. Smart agriculture (SA) differentiates from precision
agriculture by focusing on capturing data and interpreting them using computers to make farm
procedures predictable and efficient rather than capturing precise measurements. SA consists of proper
farming management on water usage, fertilizers, crops, animal tracking for security etc. Remote sensing
can be embedded in SA using various wireless technologies or their combination to transmit data to
private or public servers. These wireless technologies can be 2.4 GHz RF, LoRaWAN, GPRS, LTE and others.
More information on these wireless technologies can be found in Section 2.3.5. Remote sensing reduces
labor substantially by cutting down the hours a worker needs to be present to collect data from sensors
that don’t use remote sensing. Furthermore, servers like thingspeak.com (MathWorks, 2022) or Adafruit
10 (Adafruit, 2023) grant the user the opportunity to store and directly use interactive graphs, functions
and formulas to process the data. More details about public Internet of Things servers are provided in
Section 2.3.8.

Smart sensors were introduced in the late 1990s and were considered a breakthrough for crop control
and supervision. To manage the farms efficiently with all the benefits mentioned above, the climate,
weather, soil conditions, solar radiation, pH solution and other features need to be measured. Specifically,
leaf wetness duration, soil moisture, soil temperature, ambient temperature, and relative humidity
measurements are factors associated with plant diseases development. Patle et al. (2022) developed an
loT (Internet of Things) sensor system measuring these characteristics. The goal of this system was to
gather data that was used to feed a Long Short-Term Memory (LSTM) network to predict powdery mildew,
anthracnose, and root rot disease on the mango plant. As mentioned by the authors, the crop loss due to
diseases is about 36%. Thus, the early prediction knowledge gained through the sensor-system and the
predictive network grant the farmers enough time to manage the disease on time. This solution is
affordable, according to the authors, and will enhance crops production and guarantee profitability and
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sustainability. The long-standing experience of the farmer cannot be taken for granted since
environmental conditions and other factors might change as the years pass and the scale of the farm
becomes larger. Thus, instruments that can measure these characteristics with high or even mediocre
precision grant farmers access to valuable information for predicting crop disease development or even
yield. Li et al. (2023) developed an accurate and portable Hyperspectral Imaging device for dicot leaves.
The device collects an image of a dicot leaf within 20 seconds. The data obtained allows users to utilize
the NDVI (Normalized Difference Vegetative Index) spatial distribution heatmap of the entire leaf to
predict the nitrogen content of a soybean plant. The device design is based on the open-source Raspberry
pi 4 microprocessor and an Arduino Nano microcontroller.

Although smart sensors and automated systems thrive nowadays, there are two main reasons that
prevent farmers from implementing smart sensor systems in their fields.

First, the cost to buy the smart sensor systems and to install them was and still is considered prohibitive
to middle-class farmers. The present cost, according to Greek vendors, for a system that covers the full
needs of a farmer and is capable for remote monitoring, ranges from around five to some hundred
thousand of euros, depending on the hectare coverage. Specifically, a weather station (Wireless Vantage
Pro2 Plus) that measures air temperature, air humidity, rainfall, wind speed, wind direction, solar
radiation intensity, atmospheric pressure and is capable of remote sensing via Wi-Fi, providing an
application for data monitoring, costs approximately 1650 euros according to Meteoshop (2023). A soil
moisture station with 2 soil moisture sensors and its corresponding logger with no remote sensing
capability costs around 570 euros according to Analytika (2023). To cover a vast amount of hectares of
land, the cost of the sensors and their corresponding wireless loggers increases at a formidable rate and
prohibits the implementation of smart agricultural solutions.

Second, the lack of interest in the farmer’s profession by younger generations. On average of the 27
member states of the European Union, 55% of the private farmers is over 55 years old (Rovny, 2016).
According to Dhraief et al. (2019), the authors investigated the factors affecting innovative technologies
adoption by livestock holders in the arid area of Tunisia. Empirical findings show that farmer’s age and
experience had a significant negative effect on IT adoption. Furthermore, Huang et al. (2020) report aging
and off-farm employment as significant factors on the negative impact of farmers’ adoption behavior of
soil and water conservation technology in the Loess Plateau in China. The negative reputation of
agricultural professions, as tedious and challenging work in combination with relatively low income, tends
to lead younger people to uncertainty in choosing agriculture as their main income (GmbH & Temmen,
2021). Precision agriculture offers a less laborious profession and guarantees a controlled income since
the automated environment targets specific goals in production. Younger people (40 years old and lower)
are more familiar with IT and almost all the population has access to the internet. The numerous sources
of knowledge and their easy access entices the younger generation to see the agricultural field from a
different perspective. Open-source hardware/software offers solutions to implement precision
agriculture with low cost and high customizability. Two open-source systems for precision agriculture are
proposed in Chapter 3 and 4.

First a DIY weather station equipped with air temperature and humidity sensors. The weather stations
were designed and constructed using Arduino based development boards and programmed via Arduino
IDE. The weather station sends the data via Wi-Fi to Adafruit 10. The user can assess the measurement via
graphs and even download the data in multiple formats. Apart from the online storage of the
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measurements, all the data including a time stamp are stored in a micro-SD card. Last, the users can
perform statistical analysis or feed models directly to the server and create interfaces that suit them best.
The device is modular. This means that the users can customize it easily and add more sensors according
to their needs. The cost of the device is 55.6 euros (2020 market prices). The experiment was performed
in the greenhouse facilities of the Laboratory of Agricultural Constructions and Environmental Control, in
the area of Velestino (latitude 39°44’, longitude 22°79’, altitude 85 m), Greece.

Second, a system that is equipped with a probe that measures soil or soilless substrates’ water content,
temperature, electrical conductivity and pH. LoRa wireless technology is embedded to the logger and
thingspeak.com server is used to upload the data. The user can add more probes in the same logger. The
system is highly customizable. Similar to the weather station, the device was designed and constructed
using Arduino based development boards and programmed via Arduino IDE. The cost of the device was
around 380 euros, including the DIY LoRa gateway. This solution allows the user to add hundreds of such
devices using a single LoRa gateway. The experiment was performed in the greenhouse facilities of the
Laboratory of Agricultural Constructions and Environmental Control, in the area of Velestino (latitude
39°44', longitude 22°79’, altitude 85 m), Greece. The measurements were taken from a perlite slab with
cucumber plants.

The cost to build these systems is substantially lower than the corresponding industrial ones and all the
blueprints, sketches, designs, and code are accessible under creative commons (CC) license. The vast
number of tutorials allows the user to easily configure the device hardware and software-wise. Moreover,
there are many tools like DeepPCB (InstaDeep, 2019) that offer automated electronic circuit production
using Reinforcement Learning (RL). Circuit Tree (2016) is an Indian company which uses automation for
printed circuit board (PCB) design, using GUI based online tools to input the required data. Other
companies deployed similar automated options. ChatGPT (OpenAl, 2023) was used to generate Arduino
code. Specifically, Fahad (2023) described the modules and the wiring connections via text and the Al tool
developed an Arduino sketch. Apart from a few errors that were easily highlighted and corrected, the
sketch performed as expected.

1.2.Open-source devices in research

At first, open-source electronics (hardware) were introduced to attract hobbyists and Do-It-Yourself
creators. Open electronics are increasingly taken up by broader public audiences linking all age groups,
further triggered by the rise of the Internet of Things (Ibrahim, 2015). The scientific community started to
adapt to the open-source philosophy, and it didn’t take long to pay off in many fields. Oellermann et al.
(2022) highlighted three points where open-source electronics aided the scientific community. First, open-
source devices help individual researchers by increasing the customization, the efficiency and scalability
of the experiments, while increasing data quantity and improving data quality. Second, they assist
institutes since the open access to customizable high-end technologies increased the interdisciplinary
collaborative networks potential. Third, they succor the scientific community by improving transparency
and reproducibility. Also, they help detach research capacity from funding and escalate innovation.

Most of the labs worldwide do not have access to vital funding to keep up with the state-of-the-art lab
equipment. Open-source devices contribute to the rapid supply of equipment for the labs with low cost
and high level of customizability.

This thesis proposes two open-source devices to aid research in entomology and pomology.
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First, a highly accurate temperature logger (Chapter 6) that was designed and developed to study the
response of endophytic insect species such as fruit flies to variable temperature conditions including the
controlled laboratory and fluctuating field settings. It consists of two fine medical and one harsh
environment thermistors that measure temperature. The logger is battery powered and its flanged box
allows the researcher to place it anywhere. Specifically, the device was placed on apple and orange trees.
During the experiments the logger was capturing measurements every five minutes. The battery lasted
for almost ten days. Depending on the logging interval the device battery can last months. The device was
designed using documentation available online. The device’s cost is less than 110 euros (end of 2020
market prices) and is designed and built using Arduino compatible development boards and programed
using Arduino IDE. Its modular nature allows the researchers to add more sensors and even embed
wireless technology for remote monitoring.

Second, a PH logger (Chapter 5) was designed and built to measure pH and temperature during various
experiments performed in the laboratory of Pomology, University of Thessaly. The sensor used for this
device is a DFRobot Gravity Analog Industrial pH Sensor. The detailed instructions to build the logger for
the sensor can be found on the manufacturers’ page (DFRobot, 2022). The device is designed and built
using Arduino compatible development boards and programed using Arduino IDE. The total cost for the
device is less than 130 Euros (summer of 2023 market prices).

1.3. Evaluation of open-source devices and procedures using statistical methods
Open-source devices are limited only by the imagination of the makers. They have countless uses, based
on the creativity and inspiration of their creators. From devices that produce art or even contribute to art,
to devices that are used for health monitoring, robotics, augmented reality, environmental monitoring,
and others. When it comes to environmental monitoring, which is the topic that this thesis engages, there
is a need for a reference device to be compared with the novel open-source device for validation since it
is equipped with sensors that measure environmental traits. The comparison is not limited to open-source
and industrial devices but extends to the comparison of methods, or two different outputs of
measurements generated by open-source devices. Thus, there is need for an official method or protocol
for validation of these novel devices outputs against references proven to be trustworthy, accurate and
widely used. In other words, a protocol that assesses their agreement. Agreement measures the
“closeness” between readings. Thus, agreement is a comprehensive term that contains both accuracy and
precision. If one of the devices/methods is treated as the reference, the agreement concerns the degree
to which evidence and theory support the interpretation of measurement. This procedure can be covered
by a method or measurement comparison study (MCS) which assesses the agreement and similarity
between two devices/methods. The goal of this comparison may vary in emphasis by context. Four goals
were highlighted by Dunn (2004). First, calibration problems, which study the relationship between the
new and the reference device. Second, comparison problems, which assess the level of agreement
between two measurement systems whose measurements are on the same scale. Third, conversion
problems, which handle comparison of two systems whose measurements are not in the same scale.
Fourth, gold-standard comparison problems, which compare two different systems where one of them is
known to take measurements without error. In this thesis we focus on the first two goals since the case-
studies refer to devices that measure traits on the same scale and no device is considered as a gold
standard.
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According to Choudhary and Nagaraja (2017a), method comparison studies are designed to compare two
competing methods of measurement of the same quantity, having a common unit of measurement. It is
assumed that neither device/method (the reference or the new device) measures the true value of a
characteristic without error. The measurements are taken by each method on every subject in the study,
and there may or may not be repeated measurements (defined in Section 2.1). Repeated measurements
are defined as measurements taken by the same device on the same subject under identical conditions.
In case the true value changes over time and identical conditions are impossible to achieve, the
measurements’ dependency is taken into account in the data modeling procedure via longitudinal data
analysis techniques.

There are two goals for a method comparison study. First, is the quantification of the extent of agreement
between the two devices/methods and the determination whether the agreement is adequate to use the
devices/methods interchangeably for a specific task. Thus, regardless of which devices will be used for a
specific purpose, there will be no difference in the practical use of the measurement. Second, the
comparison of characteristics of the devices/methods such as their biases, accuracy, sensitivity, reliability,
precision (defined in Section 2.1.3.) etc. This is defined as the evaluation of similarity. By studying the
device’s/method’s characteristics, the researcher is aided with tools to assess possible sources of
disagreement. Furthermore, evaluation of similarity may also suggest corrective actions that may
ameliorate the agreement. As an example, the agreement between two devices/methods can be
improved by either adding a constant or rescaling one of the methods. The characteristics mentioned are
defined in Section 2.1.3.

The two devices/methods may have remarkably similar characteristics but may not agree well. If the
methods agree well usually, they will also be similar. For example, two temperature sensors have similar
characteristics, but they strongly disagree. This is an example of low precision. Both sensors can have the
same (low) precision, so when they measure the same quantity, they might report completely different
values. Thus, the precision of the sensors is considered as a source of disagreement. If the new device and
the reference have the same precision, which is low, they will certainly not agree well. On the other hand,
if the devices agree to a high extent, then certainly they will share similar characteristics.

Similarly, the questions asked during a method comparison study are encapsulated in two different
categories (Altman & Bland, 1983):

1. When it comes to the properties of each method, how replicable are the measurements? To put
it simply, how much do two or more consecutive measurements of the same subject differ,
assuming the quantity does not change during the procedure? Is there any difference between
two or more measurements taken by two different operators of the same device?

2. When it comes to the comparison of the two or more devices/methods, do they measure the
same thing on average? Is there any relative bias? What additional variability is there which is not
explained by the predefined factors stated at the beginning of the research? The additional
variability might include different kinds of errors. For example, errors due to user/subject
interaction, time/subject interaction etc. When only specific factors are mentioned in method
comparison studies, the rest of the possible sources of error sum up to the total error.

These sources of variability can be standardized, thus not considering their effects. However, accounting
for all, or most of them might be tricky and confusing either to their modeling or interpretation.
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A researcher may want to study if the two devices/methods/observers agree. If not, sources of
disagreement would be of interest. Examples for sources of disagreement can be a systematic shift or
random error. Thus, a systematic shift can be fixed easily, unlike random error which is more laborious
due to variation-reduction needs. The degree of agreement for all possible ranges of measurements can
be reported either by using indices or easily interpreting graphs.

There are many reasons one would conduct a method comparison study. Some of them are listed
below.

Cost of the reference device.

A new device that measures a specific attribute is designed to replace an expensive device that is widely
used and is reliable. In this case the expensive device is the reference of the study and the agreement/
disagreement compared to the new device will be calculated for all the possible ranges of measurements.
The researcher/individual can then decide if the agreement is sufficient to use the new method
interchangeably. Furthermore, the two devices may have acceptable agreement (subjective to the
researcher’s/individuals’ needs) in specific intervals of the measurement range, depending on the
application. For example, Luiz et al. (2003) compared the measurements of two methods, computerized
tomography versus urography for measuring the inferior pelvic infundibular angle (IPIA) for 52 kidneys.
The financial cost of tomography is much higher than measuring the inferior pelvic infundibular angle
(IP1A) with urography. Another example refers to the temperature of an oven or a greenhouse, where we
expect a limited measurement temperature range (probably 25°C to 400°C for the oven). The
researcher/individual may decide to use the new device, saving a great amount of money or even adding
more sensors to increase repeatability since they are cheaper than the reference sensors.

Less intrusive new method

A new device is designed to replace a reference device which is intrusive and difficult to use. For example,
a study was conducted by Bland and Altman (1986) where percent saturation of hemoglobin with oxygen
is measured in 72 adult patients receiving general anesthesia or intensive care with two instruments. The
reference is the oxygen saturation monitor (OSM) and is considered intrusive since it uses samples of
arterial blood. The new, under investigation, method is the pulse oximetry screener (POS) which is easy
to use and non-intrusive.

Improvement in the measurement technique

A new device might be more precise than the reference device. For example, a new digital scale for
measuring weight might be more precise than the reference analog device. A new method for diagnosing
a plant’s disease status using machine learning might be more precise than the reference method which
is the observation of the phenotype.

Less time consuming in application.

For instruments used in the field during experiments or environmental condition assessment for crop
health, fast readings are important, especially when the conditions around the procedure are harsh. The
study of eggshell structure is important for economic, evolutionary-ecological and ecotoxicological
purposes. Igic et al. (2010) compared a micrometer and a scanning electron microscopy for measuring
eggshell thickness. The first method can be used in the field since the instrument is portable and its
working principle does not include complex electronic systems. For thicker eggshells (Kiwi and
Palaeognathae eggs) the two methods had reasonable agreement unlike thinner eggshells (cuckoo eggs).
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The authors conclude that the more time- and cost-effective method of using a micrometer is no less
reliable than using the scanning electron microscope.

Less labor-intensive

Lucas et al. (1987) introduced an automated enzymic micro method for the measurement of fat in human
milk. The method is less labor-intensive than the standard Gerber method since it only requires 10 to 50
microliters of milk, thus presenting a technique to work with small mammals. Bland and Altman (1999)
demonstrate their method of agreement using the data from Lucas et al. (1987).

1.4.Goals of the thesis

The novelty of this research is based on the development of proper experimental design techniques and
formal statistical tools to assess the agreement and similarity using a methodology applied in medical
research (Barnhart et al., 2007; Chinchilli et al., 1996; Bland & Altman, 1999; Carrasco & Jover, 2003;
Choudhary & Tony, 2006; Barnhart et al., 2005), geography (Cox, 2006), social sciences (Chen et al., 2018),
agriculture (Bataka et al., 2021a,b) and other (Astrua et al., 2007). By evaluating agreement between two
or more devices/methods/observers we can decide if they can be used interchangeably. Observers can
be the operators of a device that measures a specific quantity or a doctor making a diagnosis. For example,
two or more operators of a system of sensors might get slightly different readings, depending on the way
they hold the sensor (the angle formed to the normal). Methods can be two or more ways to distribute
guestionnaires to people. According to Chen et al. (2018) the responses from the Epworth Sleepiness
Scale, which was originally developed as a paper questionnaire, were compared with the electronic
version. Devices may refer to an environmental logger which is expensive and a cheaper alternative
(Bataka et al., 2021a) or a medical instrument which is intrusive and unpleasant but is a reference and an
alternative which is more passive and less intrusive (Khan et al., 2021).

There are two main and two secondary goals in this thesis. First, the construction of four open-source
devices for assisting laboratory experiments and environmental monitoring. Second, the evaluation of
open-source devices using statistical methods to assess agreement and similarity with their industrial
equivalents. This goal is covered by developing a protocol that discusses the experimental design of a
method comparison study and implementing agreement and similarity techniques. Specifically, the
agreement and similarity methodologies are used to evaluate four devices designed and built using mostly
open-source or DIY material. These devices are used in applications related to agriculture and research.
The suggested protocol describes a proper and valid experimental design. For this reason, it contains a
detailed guide that describes scenarios that can be adapted for the most common experiments for
agricultural instruments that measure environmental characteristics. After choosing the proper
experimental design formal statistical analysis is presented, and user-friendly graphs are produced to be
interpreted even from non-specialists in the field of statistics. Apart from the graphs, indices that quantify
the agreement and similarity of the two or more devices/methods are available and presented embedded
with their advantages and disadvantages when it comes to interpretation. Implementation of inferences
via formal statistical methods about various characteristics of the method comparison study data
complete the assessment of the agreement and similarity between the two devices under investigation.
Both goals are implemented via R version 4.2.2. (The R Foundation for Statistical Computing, Vienna,
Austria) and Arduino version 1.8.19 IDE. The secondary goals of this thesis cover two main topics. First,
the accumulation of all the Arduino IDE sketches, schematics, the material list, and a step-by-step guide
for constructing the open-source devices. Second, access to all the R-scripts used to perform the
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exploratory and inferential analysis to assess agreement and similarity between two devices/methods. All
the data produced by the current research are available on GitHub (Bataka, 2023).

Henceforth, this thesis is organized as follows:

Chapter 2: Section 2.1 describes the statistical tools to assess the agreement and similarity between two
methods/devices. Moreover, it describes the statistical models, the indices and the graphs used in this
thesis and depicts improper methods to assess agreement with examples. Section 2.2 describes proper
experimental design and provides key steps to plan for a method comparison study. Section 2.3 describes
the hardware and software this thesis was based on to develop the four open-source devices.

Chapter 3: Section 3.1 contains the goal of the study. Section 3.2 describes the software and code used to
develop the device. Section 3.3 discusses the cost of the device. Section 3.4 describes the reference
device. Section 3.4 describes the hardware used to develop the device. Section 3.6 describes the
experimental design. Section 3.7 describes the analysis. Section 3.8 discusses the results and Section 3.9
concludes the case study’s findings with discussions on future directions.

Chapter 4: Presents the design and development of a wireless soil moisture sensor logger. Section 4.1
describes the goal of the study. Section 4.2 describes the design of the device, including the software,
hardware, and cost of the device. Section 4.3 describes the reference device. Section 4.4 describes the
experimental design. Section 4.5 describes the analysis. Section 4.6 discusses the results and Section 4.7
concludes the case study’s findings with discussions on future directions.

Chapter 5: Presents the design and development of a soil and substrate pH logger. Section 5.1 describes
the goal of the study. Section 5.2 describes the design of the device, including the software, hardware,
calibration method and cost of the device. Section 5.3 describes the reference device. Section 5.4
describes the experimental design. Section 5.5 describes the analysis. Section 5.6 discusses the results and
Section 5.7 concludes the case study’s findings with discussions on future directions.

Chapter 6: Presents the design and development of FruiTemp, an open-source temperature logger applied
to fruit fly host experimentation. Section 6.1 describes the goal of the study. Section 6.2 describes the
design of the device, including the software, hardware, calibration method, power consumption and
power saving techniques, cost of the device, bias removing techniques, its accuracy and measurement
range. Section 6.3 describes the design of the method comparison study. Section 6.4 describes the
Agreement techniques. Section 6.5 discusses the design of the field experiment. Section 6.6 discusses the
results. Section 6.7 and 6.8 discuss future work and concludes the case study’s findings with discussions
on future directions.

Chapter 7: Concludes with a general discussion.

Chapter 8: Discusses the contribution of the current thesis.
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2. Materials and Methods

2.1. Agreement and Similarity Techniques
Accurate measurements are the building block of any kind of research. The measurements can be
continuous, for example temperature, humidity, weight, speed, pressure etc. or categorical, for example
presence or absence of water, color of crop etc. The measurements taken by various devices/individuals
are prone to error. Thus, statistical tools are developed to study and report the relationship between
measurements containing errors and their corresponding true values.

The structure of the measurements, which is based on the experimental design (discussed in Section 2.2)
followed by the researcher falls under two different categories. The unreplicated and repeated
measurements. The unreplicated are very common in research but lack of information needed to evaluate
repeatability of the device/method and possible interactions between the methods and the subject.
However, repeated measurements provide essential information to assess vital attributes of the method
comparison study.

There are three kinds of repeated measurements. Carstensen et al. (2008) introduce the unlinked and
linked data. The last case is the longitudinal data (Fitzmaurice et al., 2011):

Repeated measurements taken from:

e Unlinked data refer to repeated measurements that are not paired in the sense that the
measurements of the two methods are obtained separately. Thus, unlinked data are not
necessarily measured concurrently. There is no need for the methods to have the same number
of repeated measurements. Typically, these repeated measurements are identically distributed.
For example, multiple measurements are obtained in quick succession (such that the true value
is not changing) or when a sample’s homogeneous specimen is subsampled.

e Linked data, in which each subject may experience consecutive measurements over time and are
paired. Unlike the unlinked data the devices/methods need to have an equal number of paired
repeated measurements per one subject but may vary between different subjects. The true value
does not need to stay constant over time but there is no systematic effect of time on the paired
trajectories beyond the dependence induced in them by the common measurement time. For
example, measurements taken together on different days.

e Longitudinal data. Measurements from the two methods are made over a period of time. They
are similar to the linked data, with the difference that there is a systematic fixed effect of time or
a time-dependent covariate of measurements. The contribution of each subject consists of two
trajectories over time, but these may or may not be paired over the measurement occasions. The
true value of the subject necessarily changes. Time can be a discrete or continuous quantity.
Longitudinal data predicate modeling the measurement trajectories as functions of time,
ensuring a treatment of its own.

2.1.1. Simple Linear Model
Fleiss (1999) and Dunn (2004) describe the simple linear model that relates the observed value of a
measurement with the true unobserved value. An example of this relationship can be found in agriculture.
If Y is the observed value of soil humidity measured by a sensor in a pot, then b is the true unobserved
value.
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Y=p,+pDb+e (2.2)
Under this model the conditional mean of the method’s measurement Y given the true value b is:

E(YD)=p, +p b
And the conditional variance of the method’s measurement Y given the true value b is:

var( Ylb) =a§

These quantities are interpreted as the average and the variance of an infinitely large number of
replications taken by the method, for the same subject, under identical conditions.

The marginal mean of Y is the following:

ECY) =p,+pu,
The marginal variance of Y is the following:

var(Y) =ﬁ%ag+ 05

These quantities represent the average and variance of the measurements in the population from which
the subject is being sampled.

An important characteristic of the conditional mean under model (2.1) is that it represents the error-free
measurement for the method. However, it should not be confused with the bias-free measurement
(which is the true value b). To have bias-free measurements ideally f,=0and # =1.

a. The parameters fi, and (i, are considered fixed. Their values depend on the measurement
method. The parameter i is defined as the fixed bias (or differential bias) of the method, while
#, is defined as the proportional bias. The fixed bias is the added constant that the measurement

method adds to the true value for every measurement. The proportional bias is based on the
measured quantity and is the slope of (2.1). The true value is multiplied by the proportional bias
and is interpreted as the amount of change in the measurement method if the true value changes
by 1 unit. Both coefficients add some error to the measurement of the method which results in
the deviation from the true value. Since the coefficients are fixed the error produced by them is
called systematic.

b. The true value b has a probability distribution over the population of subjects. The distribution’s
variance is defined as the between-subject variance which represents the variability between the
subjects and the true values. In simple terms, it represents the heterogeneity in the population.

c. The quantity e is defined as the error and its distribution is over replications of the same
underlying measurement by the same method on the same subject under identical conditions. It
has a probability distribution with mean zero. Its variance is defined as the within-subject
variance and many reliability indices are calculated in terms of this quantity. Usually, we include
in the error term all the effects of uncontrolled factors that affect the measurement.

d. An important assumption for this model is that the within-subject variation remains constant
while the measurements’ magnitude changes. This assumption is violated most of the time in real-
world experiments. Thus, the model is modified to account for this heterogeneity. These methods
are described in Section 2.1.2.
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A clarification that the reader needs to consider is the discrimination between the true value of the subject
and the true value of the measurement method. The true value of the subject can almost never be
observed and is considered as a latent trait. The true value of the measurement method is defined as the
error-free value of the quantity g+ f ,b.

2.1.2. Models for fitting the method comparison study data.

Many published papers highlight the importance of modeling the data instead of using their sample
statistics to assess agreement. This is to account for certain situations, such as heteroscedasticity in the
errors, or considering the effect of time on the agreement. Rathnayake and Choudhary (2017), Carrasco
and Jover (2003), Carrasco et al. (2009) used mixed-effects models to assess agreement between two or
more methods. Moreover, Taffé (2018) used measurement-error models to evaluate bias and precision
of two measurement methods. These two models including their extensions for repeated measurements,
heteroscedastic errors and time covariates are described below.

To design a method comparison study usually one of the two devices/methods is the reference and the
other is a novel method/device under investigation. To assess the agreement between two different
methods/devices two different practices are used to produce indices and intervals. First, the use of sample
statistics estimated from data like the mean, the standard deviation, or the covariance. This approach is
preferred since it is not complicated to perform by individuals with no background in statistics. Second, a
model-based approach. Two modeling frameworks are very popular for this application. Mixed-effects
and measurement-error models (Cheng & Ness, 1999) fit to the data and their estimated coefficients and
variance components are used to produce agreement and similarity indices. Compared to the first
practice, model-based approaches offer better understanding of possible sources of disagreement in case
mediocre or poor agreement is evaluated. Moreover, special cases like unbalanced experimental designs,
or clustered data can be elaborated easily using the latter approach.

Measurement-error model
Following Buonaccorsi (2010) and Choudhary and Nagaraja (2017a), assuming the simple linear model
(2.1), we retrieve the following setup for the bivariate data since we need to link the observed ( Y., Y2)

to the unobserved true value b and the measurement errors associated with the methods:
Yj:ﬁ0j+ ﬁljb+ ¢ (2.2)
For j=1,2 we define method 1 and method 2.

,Boj , ﬂlj ) € and b are the fixed bias, proportional bias, measurement error and true measurement of

the subject respectively.

The assumptions for model (2.2) regarding b are the same as for model (2.1). For the rest of the terms,
the following are assumed:

° e.NN(O,az),j=l,2
Y €
e The errors are mutually independent of each other and of the true value.

In a method comparison study, researchers are not interested in determining how accurate the individual
methods devices are, but rather in comparing them and evaluating their agreement and similarity. Thus,
we assume that # ), =0and |, =1. Method 1 can be either the reference or the new method/device. The
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true value is redefined as what method 1 measures on average. However, we cannot claim if this method
is accurate or not. Thus, model (2.2) is modified as follows:

Y =bte, Y ,=p,+pb+e, (2.3)

In the concept of measurement-error models, the modified model (2.3) is a structural model, as
opposed to a functional model since the true value b is considered random.

Assuming( Y, Yz) follow a bivariate normal distribution the model-based moments are the following:

Mean:
'ul /’Lb
= (2.4)
Hy Pot Pm,
Covariance matrix:
2 2 2 2
(0'1 (712] _| % T poy (2.5)
2 2 2 2 2 :
Oy O Bo, Bioy +o e,

From (2.4) and (2.5) the mean d and the variance V2 for the difference D=Y,-Y are the following:
d:/i0+([31— 1)%

2 _ 2.2 2 2
% _(ﬁl 1) ob+ael+ oe2

Using model (2.3) for the paired measurements ( Y. YiZ) the model can be written as follows:

Viysbite Yo=PBy+pbte, (2.6)

A basic Mixed-effects model

Being a special case of the measurement error model obtained by substituting §; = 1 to (2.6), assuming
both methods/devices have the same measurement scale and having the same assumptions as (2.6)
regarding the model’s terms Choudhary and Nagaraja (2017a) describe the mixed-effects model using the
following formula (Gelman & Hill, 2006):

Y ,=b+e Y, =p+b+e, (2.7)

- i=1,..,n wherenisthe number of subjects.

- b; is a subject specific random effect.
- By is a fixed effect.

The model-based moments are the following:

Mean:
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= (2.8)
Hsy Botry
Covariance matrix:
2 2 2 2
o, oy, | Oy '|'O'el Oy (2.9)
2 | 2 2 2 :
o, O, o, oy, +0,

The measurement differences:

D=fyt+e,—e,

from (2.8) and (2.9) the measurement differences D s are i.i.d with D ~ Nl( d, v2) where,
d=p,

szail + 032

Building the proper model

Depending on the experimental design of the method comparison study more factors should be added to
the mixed-effects model. When the experimental design is based on unreplicated measurements the data
will not have adequate information for all the model parameters estimation. Thus, the data collected with
repeated measurements are more informative. Moreover, by obtaining repeated measurements certain
interactions can be incorporated in the analysis that are present in the data. For example, subject x
method or subject x time interactions. Furthermore, even though the methods are allowed to have
different variances in model (2.6) and (2.7), we assume that they remain constant over the range of
measurements. In this case, the errors are considered homoscedastic. In case the error variance depends
on the magnitude of measurement then the errors are heteroscedastic. There are two methods to fix
heteroscedastic errors. First, a variance stabilizing transformation of the data is possible by using the log
transformation for easier interpretation, but this action will not work most of the times. If this is not the
case then modelling heteroscedasticity is the proper way to deal with this trait of the errors (Carroll &
Rupert, 1988). The mixed-effects model is extended by letting the variances be functions of a suitable
variance covariate parameter (Pinheiro & Bates, 2000). We define u;, to be the variance covariate
parameter for the ™" subject. The measures of agreement will be functions of this covariate, allowing us
to evaluate the extent of agreement change with the magnitude of measurement.

Last, in the case of longitudinal data, modifications to the mixed-effects model should be made to account
for the effect of time such as the mean per method depends on the time covariate.

The mixed-effect model for unreplicated, paired data is formed as in (2.7).

The mixed-effects model that includes repeated measurements, possible interactions and homoscedastic
variances for each method is formed as follows:
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e Unlinked data:
Vip=bitb e, Yo =potb+b,+e,, (2.10)
-k=1,.., m;, are the repeated measurements
-1=1,...,n, is the subject’s number

- J=1,2, is the method’s number

- b’j follow independent N, (0, 1/12) distributions. This is actually an interaction term. One interpretation

forb i is the effect of method j on subject i. These interactions are subject-specific biases of the methods.

i
They are a characteristic of the method-subject combination that remains stable during the measurement
period.

- b, follow independent N, (4, O'bZ) distributions.

- € follow independent N|( 0, 03) distributions.
J

-b., b..and e ., are mutually independent.
i ij ijk

To examine the measures of similarity and agreement we must retrieve the parameters of the assumed
model (2.10) which produces a bivariate distribution for( Y. Yz) . By dropping the subscripts for the sake

Yl
Y,

—V YV ~ 24 52 2
Thus, D=Y,— Y, Nl(ﬁO,ZW +0e]+6€2)

of simplicity, we have:

Potu, 2

”b

b \[cd+virer o
~N !
2 H

2 2 2
(rb+1// +rr()2

Then the model has a total of 6 unknown parameters (ﬂo,ﬂb,as,l//z,aé,aei) .

e Linked data:

Linked data are modeled same as model (2.10) except from the addition of the term b:k which represents
the random effect of the common time k on the measurements.

Yo =bit b bibe, ) Yo =po+b+b,+bite, (2.11)
- b:k follow independent Nl( 0, 512,3) distributions and they are mutually independent of &, bl.j and €
2

, which continue to follow the assumptions of model (2.10). The distribution of b;;, does not depend on

either method or time. The term b:;( can also be interpreted as a subject x time interaction or a subject-
specific bias that gets introduced in the measurements at time k.

To examine the measures of similarity and agreement we must retrieve the parameters of the assumed

model (2.11) which produces a distribution for (Y,,Y,). By dropping the subscripts, we have:
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2 2 2 2 2 2
(Ylj N [ i ] o, ty° +o. +o,, o, +0o..
2 E

2 2 2 2 2
Y, Bo + 1y o, +o. o, +y +o.. +o,

b
Thus, D=Y, =Y, ~ N,(8,,2p° +O'ezl +6§2)

2. 2 2 2 2
Then the model has a total of 7 unknown parameters (ﬂo,,uD,Gb W ’O-b*’o-el’aez) .

e Longitudinal data:

Often, data collected for method comparison studies follows a cohort of subjects over a period of time.
The within-subject errors of the methods may be correlated over time. The time effect is captured
primarily by letting the means of the methods depend on it. A trajectory is created for each method on
every subject. The trajectories of the observations on the same subject are dependent. Thus, both
measures of similarity and agreement depend on time. Rathnayake and Choudhary (2017) proposed
modelling the trajectories nonparametrically through penalized regression splines within the framework
of mixed-effects models. The model parameters are estimated using maximum likelihood (ML) instead of
restricted maximum likelihood (REML) since it only estimates the variance-covariance parameters and not
the fixed-effects parameters. REML does not jointly estimate all model parameters, thus, it does not
provide a joint covariance matrix of all the parameter estimates which is needed for inference on
agreement measures because they are functions of both fixed-effects and variance-covariance
parameters. Using simulations, Rathnayake and Choudhary (2017) indicated that the proposed method
performs reasonably well for 30 or more subjects. Choudhary and Nagaraja (2017a) proposed a similar
method but without the use of penalized splines to model the mean functions. Instead, they used
polynomials.

Measurements are to be taken at specific time points 1, ..., m, called measurement occasions in case the
time points are discrete. In case of the time variable being continuous authors use functions over time.
Repeated measurements per subject may be balanced or unbalanced. Meaning that for one subject the
repeated measurements length may differ. More than two methods/devices can be used to assess their
agreement and similarity. Assuming the errors are homoscedastic, model (2.11) is modified as follows:

Yijk = H; (tijk) +D +b|j + b;\klijk * € (2.12)
where

- 1=1,...,n denote the subjects.
- J=1...,J denote the methods.

- The study plans for M visits to collect data.

- 1y are values of the time covariate t T, which is treated as continuous variable. In case t is

discrete, then teT :{l...,m} which are the prespecified time points and are called

measurement occasions.
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Yijk (tijk) denote the observation by the j™ method on the i subject at time t;, k=1,..., m;,
j=12,i=1..n.

- k=1.., My, denotes the k™ repeated value on subject i by method j . It denotes the order in
which measurements are obtained in a specific visit.

Vij is the visit number during which the measurement Yijk (tijk) taken, where V; is the value of

a discrete variable V e{l,..., m}. By definition m; <M. Itis primarily used to link the observations
taken during the same visit.

- N, = ijl m; is the total number of observations of the i" subject.

- N = Zin:lNi is the total number of observations in the data.

- ;(t) is the mean function of the j" method.

- Db is the subjects’ random effect which follow independent N, (0, 05) distributions.

- by is the random subject x method interaction term which follows independent N,(0,i°).

* . .. . . . . 2
- biVijk is the subject x visit number interaction term which follows independent Nl(O, (Tb*) .

- € is the error term which follows N, (O, Gezj ).

errors associated with different subjects or methods are independent, but a method’s errors on

the same subject may be dependent following the correlation structure cor(e;,,€;) = p‘t“"_t”" ,
where 0< p<1. This autocorrelation structure is a continuous time analog of the auto

regressive structure of order 1 (AR(1)) which can be easily replaced by other correlation models
(Pinheiro & Bates, 2000). More about time series data the reader can follow Brockwell and Davis
(2016) and for spatial data Cressie (1993).

- for bij the same assumptions apply as model (2.10).

- b, by, b;,ijk and &, are mutually independent.

- Incase t isdiscrete then t =V, and T={...m}.If t is continuous then ti # Vi and T
may be taken as the observed range of tin the data.

- ks different from V;, since the third repeated measurement may be taken during the fourth
visit, thus k =3 and V;;; = 4. When observations are available during every visit the k and V;; are
identical.

Since the means are modeled as functions of time, the within-subject errors of methods are allowed to

be correlated over time. The available classes of correlation structures are available in Pinheiro and Bates
(2000).

To examine the measures of agreement we must retrieve the counterparts of the assumed model (2.12)
which produces a distribution for (Yl(t),Y2 (t)) . By dropping the subscripts and assuming two

methods/devices, we have:
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(Yl(t)J N (,ul(t)j oy +y’+o}+o, o, +0.
2 y

Y, (t) 1, (1) ol + as* ol +y’+ol+0l

. 2 2 2
Thus, for the differences D(t) =Y, (t) =Y (t) ~ N, (2, (t) — 24(t), 2w +o, +0e2)
For discrete t: 4;(t) = B;,1=12
For continuous t, following Choudhary and Nagaraja (2017a):

w;0) = By + B+ + Bt =12 (2.13)

modeled as a polynomial of a given degree q.
The two distributions depend on t only through the mean functions.

For continuous t, following Rathnayake and Choudhary (2017):

Q
p () =By + B+t Byt + D Uy t—c,)P j=1...,
g=1

Where Q is the number of knots, C; <...<C, are the locations of knots and U,; <... <Ug are coefficients
. . . p p . p _ p

of the truncated polynomial basis functions (t—c,)?, ..., (t—c,)? with (t—c,)? = (max{0,t —c })". The

same set of knots are used for both mean functions. The spline coefficients Uy are treated as

independent N, (0, O'UZ]) random variables.

Heteroscedastic data

2
In case the errors of models (2.10, 2.11, 2.12) are heteroscedastic, O'el and O':Z are replaced with
O';gf(u,é‘l) and O'ez2 9Z(u,d,) . Foragiven U; denotedas U; (U for subject i ) function g is the variance

function and O is a vector of heteroscedasticity parameters, which for 0 =0 corresponds to

homoscedasticity. Variance covariate U is defined in advance (U ) and accounts for heteroscedasticity of

measurements. Choudhary and Nagaraja (2017a) set ﬁizh(jil_ , yiz.) =Y,, if method 1is the reference
N - _ Vit Vo, . . . .

and ul.zh(y“‘ , yiz_) ZT otherwise. For the variance function g, two simple models are

5

introduced. First, the power model, where g(u,o)= |u| Second, the exponential model,

g(u,0) =exp(ud) . The parameters 5J- can be estimated while fitting the model using ML and the

“nlme” package (Pinheiro et al., 2022). More details on the choice of the variance function g can be

found in (Pinheiro & Bates, 2000, Chapter 5). AIC and BIC can be compared to distinguish between
different candidate models for the variance functions.

The distribution of (Y,,Y,) for unlinked data is the following:
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AT o+’ +0L gl (0, 5) or
2 ' or o +y° +0793(0,6))

For the linked data:

2 2 2 282 ( 2 2
\ AN L, o, ty° +o. +0,9,(0as) o, +0,.
|0~ N2 ! 2 2 2 2 2 2 20~
Y, By + 1, o, +0. o, Ty +o.. +0,9,(0,5,)

And for the longitudinal data:

Y, (t) 0~N w®)) [on +v’+o’ +0.9;(0,6) ot +?
Y,(t) ) oy +0p. op +y’ +o. +0.9,(0,5,)

Based on the model’s parameters (2.10, 2.11) the heteroscedastic difference distribution is the following
for the unliked and linked data:

D|d~N,(5,2y° +Gezlglz(a’51) +O'ezzg§(l]’ 5,))
For the longitudinal data:

DI~ Ny (4,0 — 14®), 20 + 07 67(0,5) + 7 920, 5,))

Models with covariates

So far, the measurements for both methods were considered the only variables vital for the analysis.
However, other factors might affect the agreement between the two methods. Such covariates can be
temperature, gender, fruit type and others. Igic et al. (2010) reported that the egg type affected
significantly the agreement between the two methods under investigation. Thus, a model that includes
covariates (categorical or continuous) is presented by Choudhary and Nagaraja (2017a). The covariates
might affect the means of the methods (mean covariates), explaining part of the variability in the
measurements. The covariates might also interact with the method or affect the error variance (variance
covariates). In any case, the extend of the agreement is affected by the covariates. The methodology can
be extended for repeated, paired or unreplicated measurements.

For repeated measurements the model is the following:

For unlinked data:
Yijk :ﬂj(xli""’xri)+vi+bij+eijk (2.14)
For linked data:
Yiik :/'lj(xii""'xri)+vi +b|T< +bij + €

- X_,..., X, are the mean covariates.

- v, ~ independent N,(0,57) and is defined as v, =b. — s,
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- independent N, (0, Gezj gf(ﬁi,éj )), accounts for possible heteroskedasticity
b

1j

- by ~ independent N,(0,57%)

~ independent N, (0, %)

Choudhary and Nagaraha (2017a) describe the detailed methodology for defining mean and variance
covariates (Chapter 8).

Diagnostics for model validity

To check if the model assumptions are verified, there are three assumptions that need to be inspected.
First, the equal scale assumption. This can be examined by a Bland-Altman plot. A linear trend in the plot
suggests a correlation between averages and measurements. However, this trend might also occur due
to differences in precisions. Choudhary and Nagaraja (2017a) report that such a trend “is more likely to

be visible due to proportional bias since the between-subject variance O'b2 dominates the error variances”
(p. 25).

Second, the assumption of homoscedasticity, by plotting the standardized residuals against fitted values
or the Bland-Altman plot for the data before modeling. The most common shape of heteroscedasticity in
the Bland-Altman plot is the fan. When the variation increases as the magnitude of the measurement

increases. Further, as Choudhary and Nagaraja (2017a) describe, the plot should be supplemented by a
hypothesis test (Chapter 6), where

H 6, =6,=0 versus# : 6].#- O for at leastone j=1,2.

The test can be performed by using a likelihood ratio test by fitting the heteroscedastic (Lz) and

homoscedastic ( L 1) model, that results when the null hypothesis is true. Then the test statistic is:

2{10g( Lz) - log( L 1) }
The p-value for the test can be approximated by a y2 distribution with two degrees of freedom.

Last, the AIC and BIC of the heteroscedastic and homoscedastic models can be compared.

Third, the normality assumptions, by using Q-Q plots of standardized residuals and predicted random
effects. Ideally, each method should be inspected separately to reveal possible method-specific
structures.

For the estimates of the parameters, it is possible that one of the estimated variance components is close
to zero or has an abnormally large standard error. The cure to this issue is to drop the interaction term
b;; or drop b; and assume (0;,1,,) are drawn from a bivariate normal distribution and an unstructured

covariance matrix.
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2.1.3. Some useful definitions

Bias

Following International Organization of Standardization’s (ISO, 2023) definiton, bias is the difference
between the expectation of a test result or measurement result and a true value. Bias is a total systematic
error as contrasted to random error. There may be one or more systematic error components contributing
to the bias. A larger systematic difference from the true value is reflected by a larger bias value. Following
model (2.3), ﬁo , Which is the intercept of the equation for the new method, represents the difference in
fixed biases of the same methods/devices. The slope f T of the equation for the new methods, is defined
as the proportional bias.

Accuracy (of a measurement method)

A measurement method is said to be accurate if it has no bias in estimating the true value b. According to
the US Food and Drug Administration (FDA) (1999) guidelines on bioanalytical method validation accuracy
is defined as the closeness of mean test results obtained by the method to the true value of the analyte.
The deviation of the mean from the true value, i.e., systematic bias, serves as the measure of accuracy.
ISO used accuracy to measure both systematic bias and random error. This thesis will follow FDA’s
definition.

Accuracy (of a sensor)

The deviation of a measurement obtained using a sensor, from the true value of the subject’s trait. For
example, the DS18B20 (Maxim integrated products, 2019) temperature sensor has an accuracy of +0.5°C.
This means that the deviation from the true temperature is either —0.5°C or 0.5°C. In terms of model (2.1)
the method is considered accurate if §,=0 and £, =1. When it comes to the DS18B20 temperature
sensor, the accuracy of the sensor is Y minus the true value. This accuracy though is defined for the
measurement range of — 10°C to 852C, according to the manual.

Precision

FDA (1999) defined precision as the closeness of agreement (degree of scatter) between a series of
measurements obtained from multiple sampling of the same homogeneous sample under the prescribed
conditions. Precision can only be compared under identical conditions.

This is a measure defined by the variability of a set of readings of a sensor for the same input. Under model
(2.1) the method is considered fully precise if 62 = 0. Thus, the method has no measurement error, which
means that its observed value equals its error-free value. A condition that can almost never occur in real
life, since there is always some measurement error that can be added due to various sources. For example,
an individual is measuring the soil humidity for one hundred rockwool-substrate aquaponic slabs using a
handheld sensor. The insertion angle will be slightly different while measuring the slabs. This might affect
the measurement and by extension, this is a source of error.

A measurement method may appear highly precise only because it is too rough to distinguish small
changes in the true value (Mandel, 1978). The difference in the precisions of the methods can be
measured by the precision ratio (Choudhary & Nagaraja, 20173, p. 12), under model (2.3)

(2.15)
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If A=1, the methods are equally precise.

e If A<1, method 1 is more precise than method 2.
e [fA>1, method 2 is more precise than method 1.

When we refer to sensor’s measurements, we can use another definition for precision, which is the degree
to which values cluster around the mean of the distribution of values. Based on this definition, precision
and accuracy can be connected by the following figure using an analogy of darts and a target (Figure 2.1).

The sensors measure the same unit under the same conditions five times. The ‘X’ is one of the five
measurements. The solid red circle is the true value. The top left picture suggests that the sensor is
accurate and precise since it hits the red solid circle, and all the measurements are very close to each
other. Thus, the variation is small. The bottom right picture suggests that the sensor is inaccurate and not
precise since the measurements deviate significantly from the red solid circle and the variation is high.

c. Accurate but Imprecise d. Inaccurate and Imprecise

Figure 2.1. Representation of Precision and Accuracy through the darts and target analogy. (a). Accurate and
precise measurement. (b). Inaccurate but precise measurement. (c). Accurate and imprecise measurement. (d).
Inaccurate and imprecise measurement.
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Sensitivity
The ability of a method to discern small changes. More generally, according to National Instruments Corp.
(2023) it is defined as the minimum input of physical parameter that will create a detectable output

change. This is considered as a relative measure of precision. The notion of sensitivity combines the rate
[B1]

of change and the precision of a measurement method in a single index. For model (2.1), it is given byo—
e
If B1is large, a small change in the true value b will cause a comparatively large change in its measured
value, resulting in increased sensitivity. The larger the sensitivity, the more effective is the measurement
method. Under model (2.3) the sensitivities of two measurement methods can be compared using the
squared sensitivity ratio:
2
i

2

- c
Y2z ( sensitivity of method 2) 2 9

=ﬁ%/'l (2.16)

( sensitivity of method 1)2  _

a

LYY

1

e Ify? = 1, the methods yield the same f3; (proportional bias) and precision.
e Ify? < 1, method 1 is more sensitive than method 2.
° Ify2 > 1, method 2 is more sensitive than method 1.

Reliability (of a measurement method)

The reliability of a measurement method is defined as the proportion of variation in observed
measurements that is not explained by the error variation inherent in the method (Choudhary & Nagaraja,
2017a, p. 4). Considering model (2.1), reliability is defined as follows:

var(e) o2 BZaf 1
var(Y) 202 + 02 PPof+ai

0§
Bio?

The interpretation of reliability is the correlation between two independent replications of the same
underlying measurement. It ranges between 0 and 1. A high value for the reliability of the method
indicates that the error variation is small compared to the variation in the error-free values. On the other
hand, a drawback of this index is that it will increase as the population heterogeneity increases even if the
precision of the method does not change. While agreement parameters are based on measurement error,
reliability parameters are highly dependent on the heterogeneity of the study sample (Vet et al., 2006).

1+

Resolution (of a sensor)
The smallest portion of the signal that can be observed. For example, the analog to digital converter of
the development board Arduino Uno is 10 bits. This means that it can detect 21°= 1024 values. Since

Arduino Uno has a reference voltage of 5V, then it can detect ﬁ = (0.00489 Volts or 4.89 mV. If a soil

humidity sensor output is 2mV for 1% and 4mV for 2% then the board cannot distinguish the two values
since it can only read increments of 4.89mV. A solution to this problem is given in Chapters 5 and 6.
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Repeatability (of a measurement method)

The ISO (2023) defined repeatability as precision under repeatability conditions. Repeatability conditions
are the observation conditions where independent test/measurement results are obtained with the same
method on identical test/measurement items in the same test or measuring facility by the same operator
using the same equipment within short intervals of time. To achieve repeatability conditions, the following
conditions must be valid. First, the same measurement procedure or test procedure must be followed.
Second, the same operator should take the measurements. Third, the same measuring or test equipment
should be used under the same conditions. Fourth, the measurements should be taken in the same
location. Fifth, the measurements should be repeated over a brief period. In agreement studies,
repeatability of a method refers to its agreement with itself. This is also known as the intra-method
agreement. It is very important to assess the repeatability of a method since, if it does not agree with
itself, it will certainly not agree with another method. To assess repeatability, repeated measurements
must be obtained per experimental unit (discussed in Section 2.1).

2.1.4. Graphical methods for assessing Agreement and Similarity

Bland Altman Plot and 95% Limits of Agreement

Bland and Altman (1983) proposed a graphical approach to compare two different methods in medicine.
The method has been cited over 40,000 times since it is very straightforward to the non-statistical expert
audiences and is easily interpretable. To compare two different methods/devices, paired measurements
are taken by the two methods/devices per subject. It is important that the paired measurements come
from a unique subject, to validate the assumption of independence. The paired differences (y-axis) are
plotted against the averages of the pairs (x-axis). The averages are the estimates of the true value. An
interval called limits of agreement is calculated using the mean of the paired differences d of the two
methods/devices and their standard deviation s,4. They are interpreted as the interval within which 95%
of differences between measurements made by the two methods/devices are expected to lie. The upper
and lower limit is then superimposed to the plot as horizontal lines, along with the mean of the
differences. If the paired differences are normally distributed, then we would expect 95% of them to lie

between 5—1,96.5D and 5+1.96-3D. Specifically, when the researcher is interested to compare two

methods with no repeated values, paired samples are acquired for each experimental unit, and the graph
is constructed as follows:

On the x-axis we plot the averages of the paired measurements.

On the y-axis we plot the averages of the differences of the paired measurements.

The mean and the limits of agreement are plotted.

The horizontal line y = 0 can also be plotted to contrast the sample mean with the best-case
scenario.

Eal A

Figure 2.2 shows a Bland-Altman Plot (Chapter 4 data). The limits of agreement are
[-0.363, 13.605]. By using only the statistics we cannot infer if the agreement between the two methods
is sufficient. The clinically acceptable difference (CAD) must be stated by the researcher before the
investigation. CAD is defined (Altman & Bland, 1983; Bland & Altman, 1999) as the maximum allowable
difference between two measurements that would adversely affect clinical decisions. In some applications
this agreement can be acceptable and in others not.
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Figure 2.2 Bland-Altman Plot. The limits of agreement are [-0.363, 13.605]. Thus, 95 % of the differences are
expected to lie between -0.363 and 13.605.

There may be a consistent tendency for one method to exceed the other. This is defined as the bias and
can be estimated by calculating the mean difference. The variation about the bias can be estimated by
the standard deviation of the differences.

Despite the easy implementation of the method, its assumptions are usually violated when using real
world situations and the estimates for the limits of agreement may not be meaningful. For this reason,
further analysis is required to fix these issues that leads to a more complex situation. The assumptions
and the cure to their violations according to Bland and Altman are described below.
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Assumption 1: The bias is uniform throughout the range of measurements.

In many cases, the bias (or mean of the differences) might change, depending on the magnitude of the
measurement. The differences may tend to be in one direction for lower values of the trait being
measured and in the other direction for higher values. Non-uniform bias might also be present if the
differences of the measurements are not normally distributed. The assumption of normality may not be
valid in case the distribution is skewed or has exceptionally long tails. A simple cure for this violation is the
logarithmic transformation of both measurements before the analysis. The interpretation will remain
simple by back transforming the data and interpreting the limits for the ratio of the original
measurements. When the logarithmic transformation fails to fix the problem, then the authors (Altman
& Bland, 1983) suggest regressing the difference between the methods measurements on the average of
the two methods.

D=b,+bA (2.17)

- D is the difference between the methods.
- A isthe average for the two methods.

If b1 is significantly different from zero, then the estimated difference between the methods is obtained

from equation (2.17) for any true value of the measurement, estimated by A.
Assumption 2: The variability is uniform throughout the range of measurement.

If this assumption is violated and the scatter around the line of equation (2.17) is not uniform, then the
scatter of the residuals from model (2.17) needs to be modeled as the function of the size of the
measurement (estimated by A). Following Bland and Altman (1999), the residuals are assumed to have a
normal distribution regardless of the size of measurement, which is a natural extension of the assumption
we make in such analyses. We regress the absolute values of the residuals, on A:

R=c,+CA (2.18)

R is the absolute value of the residuals.

The limits of agreement are obtained by combining the two regression equations (2.18,2.19) (Altman,
1993):

b, +b,A+2.46{c, +c A} (2.19)

The assumptions and method followed to form equation (2.19) are explained in detail in Bland and Altman
(1999).

Both assumptions can be checked by plotting the average of the paired measurements (x-axis) vs the
difference of the paired measurements (y-axis).

In case the normality assumption is violated, the authors provide a non-parametric solution.
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Another important concept in method comparison studies that affects agreement is the repeatability of
each method. Initially when Altman and Bland (1983) introduced the limits of agreement, replicate
measurements were not taken into consideration since they were rarely made in method comparison
studies. Having only one measurement, it was impossible to tell which method is more precise. If one
method has poor repeatability, then the agreement is bound to be poor. Lack of agreement in
unreplicated studies may suggest that the new method cannot be used interchangeably with the
reference. However, this might be caused by poor repeatability of the reference method.

To quantify the repeatability of a method, Bland and Altman (1986) suggested to correct the standard
s? 8!
deviation for the LOA by calculating S, = Sé+zl+Zz. Furthermore, Bland and Altman (2007)

suggested using one-way analysis of variance to retrieve two types of variances. The one for repeated
differences between the two methods on the same subject and that for the differences between the
averages for the two methods across subjects. For the model, subjects will be the random factor and the
within-subject standard deviation can be estimated from the square root of the residual mean square. To
assess the precision of each method, their standard deviations can be compared.

Limits of agreement can be calculated using the standard deviations of the methods. Two readings by the
same method will be within 1.96\/§sw, where S, is the within-subject standard deviation. This value is

called the repeatability coefficient. It is interpreted as the value within which any two readings by one
method/device would lie for 95% of subjects. In case the 95% limits of agreement are similar to the 95%
repeatability coefficients, then the lack of agreement can be explained by the lack of repeatability. If the
limits of agreement are wider compared to the repeatability would indicate, then another source of
disagreement is present. The authors give two different cases for studying repeatability. First, repeated
measurements are taken from a subject, but the true value changes. Second, repeated measurements are
taken from a subject, but the true value stays constant.

Bland and Altman (1986, 1999, 2007) discuss the estimation of the LOA using repeated measurements.
Furthermore, they discuss intra-method agreement by introducing the repeatability coefficient.
Carstensen et al. (2008) focus on explicit modeling of the data to estimate LOA. Lai and Shiao (2005) model
the differences instead of the individual measurements. Choudhary and Nagaraja (2017a) discuss the
estimation of LOA for assessing the repeatability of each method (intra-method agreement) using model’s
parameters and variance components.

Specifically, for unlinked data under model (2.10), the 95% LOA for method j is evaluated using the
following:

+1.96v20%,, j=1,2 (2.20)

For linked data under model (2.11):
2 2 .
+1.96 Z(Gb* +O'e,.), ]=12

Moreover, for the 95% limits of agreement (inter-method agreement) for unlinked, linked and
longitudinal data using model (2.10, 2.11 and 2.12):
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For homoscedastic errors (linked and unlinked data).

LOA=f,+1.96-\[257° + 62 +67 , [=1,2 (2.21)

For homoscedastic errors (longitudinal data).

LOA = 14,(t) - 44 (1) £1.96- |25 + &% + 57, j=1,2

. 2 2 o
For heteroscedastic data we replace O, and O, with oflgl2 (ui,5l) and O'ezzgzz(uiﬁz) as described in

Section 2.1.2.

Nonparametric methods for LOA estimation

When the differences of the measurements for the two methods are not normally distributed, Bland and
Altman (1999) describe a nonparametric approach to compare two methods/devices. The difference
versus average plot is constructed and then the proportion of differences that is greater than the CAD is
calculated. The reference values are indicated on the plot. Alternatively, they calculate the proportion of
values (fixing a percent) outside the CAD by ordering the observations and use the range of values
remaining after defining a fixed percentage by the researcher. The centiles can be superimposed on the
plot. Confidence intervals are provided by using the standard method for binomial proportions or by using
the standard error of a centile.

In cases where the two assumptions for the LOA are not met even after applying the remedies Bland and
Altman (1986, 1999) suggested, then (Gerke, 2020; Frey et al., 2020) reviewed nonparametric quantile
estimators for the 2.5% and 97.5% quantiles of the differences by using simulations.

Inference for LOA

It is important to calculate the 95% confidence intervals for the LOA. The estimates of the LOA alone
cannot guarantee coverage on the range of possible differences between two measurements, nor do they
guarantee that future differences of the two measurements will fall within the LOA. Thus, they should not
be used directly for inference (Hamilton & Stamey, 2007). The 100(1—a)% confidence interval of the

100(1— »)% LOA lower and upper confidence bounds are calculated as follows:

, is the cumulative 100(1~ )% percentile of a standard normal distributionand t ~, as

Where Z
17 n-11-2
2 2

the cumulative 100(1— @)% percentile of t distribution with n—1 degrees of freedom. Generally, &
and y aresetas 0.05.

Institutional Repository - Library & Information Centre - University of Thegsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



According to Bland and Altman (1986), these bounds issue an expression of the uncertainty in the
estimated LOAs. If these bounds fall within the CAD then the two methods agree sufficiently.
Simultaneous hypothesis can be formed for the upper and lower confidence bound:

Hyq: Lower bound < —6, Hyq: Lower bound = —§
Hy,: Upper bound > 6,H,,: Upper bound < §

Carkeet (2015) proposed exact parametric confidence intervals for Upper or Lower LOAs considered
individually or as pairs.

The author aids the researchers by submitting a table with coefficients calculated as k values
corresponding to y values of 0.025 and 0.975 for a range of degrees of freedom. For the upper 95% LOA

he discusses Bland’s and Altman’s approximate method, which assumes that the calculation of the LOAs
is performed separately and not at the same time.

Jan and Shied (2018) proposed an exact interval procedure for LOA and provide a R-script in the
supplementary files of their paper.

Problems with the limits of agreement

The limits of agreement by Bland and Altman (1986, 1999) are very popular and easy to implement.
However, there are many problems applying this method as Stevens et al. (2017) report. Specifically, no
model is assumed for the relationship between the measurements of the two methods. Replicate
measurements are not considered and the parameters of their equation cannot be estimated separately.
Thus, without separate estimates proportional, fixed bias and o, o, (precisions of the two methods)

cannot be distinguished. For this reason, there is no way of telling which method is more precise and there
is risk to reject a new method due to imprecision of the reference. Further, by using the difference plot to
visualize the agreement, confounding biases cannot be disentangled. Without the additional information
added by repeated measurements Bland-Altman plot can be misleading, and the precision cannot be
assessed. Another issue for this method is false correlation. When using the average on the x-axis (which
serves as an estimate of the true value measured), a significant relationship between the differences and
true values might show while it is not there. This can be avoided if repeated values are present. Even
though Bland and Altman (1999, 2007) suggested an extension for the limits of agreement for repeated
measurements, their recommendation for averaging them on a single subject by a particular
measurement system produces LOA that are too narrow.

Stevens et al. (2017) suggested an alternative method for estimating the limits of agreement called
probability of agreement plot.

Probability of Agreement Plot

Stevens et al. (2017) proposed a single metric, called probability of agreement and a plot to quantify two
measurement system’s agreement. This method attempts to overcome Bland and Altman’s dearth. The
authors suggest quantifying the probability that the observed differences are small enough to be
considered clinically acceptable. They suggest the following mixed-effects model:

Yilk =3 i"’Milk (2.22)

Institutional Repository - Library & Information Centre - University of Thggsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



Yiox =a+ BS;,+ My, (2.23)
where
- 1=1,...,n indexes the subjects.
- the first equation corresponds to the reference method, while the second to the new method.

-k=1...,r, denotes the repeated measurements for each subject.

- S, isarandom variable that represents the unknown true value of the measurement for subject i where

2

Si ~N(u,05).

- Mijk is a random variable which represents the measurement error model of system j=l,2 where
Mijk ~N(O, 012)

Thus, if the researchers specify in advance the clinically accepted difference, or CAD = (—C,C) then the
probability of agreement based on models (2.22, 2.23) is defined as:

0(s)=P(|Y;,—Yy|<c|S; =5)

And can be rewritten as:

o(s) = | S0 BDs || C-a—(B-Ds

2 2 2 2
o, +0, \/0'1 + 0,

) (2.24)

Where ®(-) is the standard normal cumulative distribution function evaluated at X.

Thus, using probabilities of this form, a probability plot can be constructed using the estimated probability
of agreement across a range of plausible values for s (Figure 2.3). Maximum likelihood estimation is used

to obtain the following estimates: (x, @, 5,0, 0'2,0'5) from models (2.22, 2.23) and (2.24) and are used

to estimate (9(8) . The interpretation of €(S) is very simple, even for non-statisticians. Even if we extend

models (2.22, 2.23) to include more terms or account for heteroscedasticity the interpretation will not
change.

To estimate and interpret &(S), the authors suggest setting a predefined value of &(S)>0.95, which is
similar to the typical limits of agreement. In case the probability of agreement plot indicates low (9(5) in
the range of interest for S, then we can investigate possible sources of disagreement by checking
(u,a, B,0,,0,,0,) in other words assess the similarity. If the researcher wishes to assess the overall

agreement of the measurement methods by summarizing it into a single index, the parameter estimates
of models (2.22, 2.23) can be used, and the unconditional probability of agreement is:
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This summary is appropriate when the probability of agreement is similar for all values of S .

Overall, we can investigate the probability of agreement plot and if s is close to the mean throughout the
range of the measurements of interest, then we can summarize the agreement into a single index @ . Even
though Bland and Altman (1999) propose a non-parametric approach similar to the probability of
agreement, its lack of modeling does not allow the use of all the information retrieved from the data.

In case the CAD is not known in advance, the authors suggest repeating the analysis for various c to
investigate the sensitivity of the conclusion to this value. For a specific value of s, the analysis can be
summarized with a plot of (S) versus . An alternative way to choose c, is to use Lin’s TDI (discussed in
Section 2.1.5) and according to the index value the researcher can choose the proper C covered by the
desired population.

To assess the validity of the method two diagnostics are proposed by the authors. First, a QQ-plot of the
average repeated values per subject to check the normality of the data. The QQ-plot can be extended by
superimposing the quantiles of 50 simulated normal datasets with mean and variance equal to the sample
mean and sample variance of the n averages. To check whether the variation across the range of
measurements for every method is constant a repeatability plot is used. It is an individual values plot of

Probability of Agreement Plot with ¢ = 10
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Figure 2.3. Probability Agreement Plot for comparing two methods. (Source: Stevens et al., 2017)
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the residuals of the replicate measurements on each method versus the average of those replicate
measurements, ordered by size. If there is no relation between residuals and averages, then the variance
is homoscedastic.

Bias and Precision Plot

Taffé (2018) proposed various plots to assess bias and precision of measurement methods in method
comparison studies. He pointed out Bland’s and Altman’s limits of agreement deficiencies when the
methods have unequal variances. Specifically, for unequal method variances a zero slope is possible in the
presence of differential bias. Moreover, Bland and Altman’s methodology allows the estimation for the
precision of the differences but not of each method separately (Taffé et al., 2020). Last, a restrictive
assumption of the Bland and Altman method, is that the ratio of the two variances of measurement error
must be strictly equal to the proportional bias. This assumption is unlikely to hold in practice, thus, biased
estimates are provided.

For the estimation of the parameters used for the study, Taffé (2018) followed the measurement error
model proposed by Nawarathna and Choudhary (2015) but proposed his own estimation procedure.
Taffé’s estimation method is based on an empirical Bayes approach, which the author considers simpler
to implement compared to Nawarathna’s and Choudhary’s estimation method. This method considers
the possible heteroskedastic variances in the model. He also investigated and reported different cases
where Bland’s and Altman’s plot is misleading by using simulated data. Taffe’s method identifies and
guantifies the amount of fixed and proportional bias. Furthermore, he proposed a recalibration method
to increase the agreement between the new and the reference method. Last, he proposed two new plots,
bias, precision and compare plot as a visual aid to the researcher. To use this method several
measurements with the reference standard and possibly one with the new method for each individual is
required. There is no need for individuals to have equal number of repeated measurements. The
measurement error model used by Taffé is the following:

Yi = o+ X+ &y, &y | X; ~ N (010'521 (Xij’el)) (2.25)
Yoi =+ BoX; + &5, 55 1% ~ N (an'gzz (Xijlaz)) (2.26)
X ~ f(1,0%) (2.27)

- Yyis the ] th replicate measurement by method k on individual i, ] =1..,ni=1..,N,
k=12,

- N, denotes the number or repeated measurements per subject.

- X isa latent trait variable with density fX representing the true unknown trait.

- &, represents measurement errors by method k.

- The variances of these methods 0'82k (Xij,(gk) are heteroskedastic and increase with the level

of the true latent trait X; in a way to be precisely specified by Taffé (2018), which depends on

the vectors of unknown parameters 0, .
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- The mean value of the latent trait is £, and the variance is O'f .

- Itis assumed that the latent variable represents the true unknown but constant value of the
trait for individual i and therefore X; = X; .

Since we are not interested to measure the accuracy of the reference method rather than measuring the
agreement between the new and the reference method, we consider the reference method as method 2

andset @, =0 and 5, =1

Even though Choudhary and Nagaraja (2017a) suggested a model that includes method by subject
interactions (pp. 19, 20), Taffé did not include any since they are considered to be absorbed into the
measurement error terms. This is desirable since his method focuses on the identification of fixed and
proportional bias and the recalibration of the new method.

Bias
Differential bias:11.581; Proportional bias:0.463

g —&— Reference method (y2)
% -#- New method (y1) — -2

50 — —— Bias

y1 and y2
Bias

25 30 35 40 45
BLUP of x

Figure 2.4. Bias plot. The differential bias is 11.581 while the proportional bias is 0.463 (data from Chapter 4).
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The modification of the classical measurement error model Taffé applied considers that the
heteroscedasticity depends on the latent trait and not on the observed average. The model is assumed to
be linear even though non-linear functions of x; can be used and easily interpreted. To visually assess the

plausibility of the straight-line model a graphical representation of Ié‘;jl versus )A(i provides a good start.

i

The term I?;jl is the regression of the absolute values of the residuals .’s‘;j from the linear regression

model yzgz"; + ﬁ:f+ a';_j on )A(i (the estimate of the latent trait) by ordinary least squares. This is
similar to Bland and Altman’s method to compute a smooth estimate of the heterogeneous variance of
the measurement errors.

The estimation method is not described since it is beyond the scope of this thesis. Taffé published a STATA
package (Taffe et al., 2017) and an R package (Taffé et al., 2019) which is available in the R repository. The
R function bias_plot() (Figure 2.4) outputs a plot where the fixed and proportional bias are reported along
with their confidence intervals and a plot. Specifically, it is a scatter plot of y,;; and y,;; versus the best

linear unbiased predictor (BLUP) )A(i along with two regression lines. Another scale is added (y-axis on the

right) showing the relationship between the estimated amount of bias and )A(i . The bland_altman_plot()
function outputs the extended Bland Altman plot when there are repeated measurements with possibly
heteroscedastic variance of measurement errors. The precision_plot() (Figure 2.5) allows the visual
comparison of the precision of the new measurement method after recalibration with that of the
reference standard, by creating a scatter plot of the estimated standard deviations against the best linear
prediction of the true latent trait X. The recalibration procedure is performed by computing the

following:
Yy iéi:/ﬁ\—r' (2.28)
where ZiT is the estimate of the proportional bias and ET is the estimate of the fixed bias and y;j is the

recalibrated value. The method performs well, according to simulations, with a sample size of 100 subjects
and 10 to 15 repeated measurements per individual from the reference method and only 1 form the new.
It is possible that after the recalibration procedure the novel method turns out to be more precise than
the reference. Compare_plot() function displays the agreement before and after recalibration (Figure 2.6).

The authors assumed that the latent trait is constant for every subject when taking repeated values. This
assumption may be relaxed in case there is a trend in the repeated measurements. Thus, the data are
considered longitudinal, and the author suggests a method to account for time dependency between the
clustered measurements.
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Figure 2.5. Precision plot. The reference method is more precise compared to the new method (data from Chapter
4).
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Comparison of the methods
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Figure 2.6. Compare plot. The methods agreement improves after recalibration (data from Chapter 4).

Passing — Bablok, Deming and Thiel — Sen regression

Most of the method comparison procedures evaluate agreement between two devices/methods using
distributional assumptions for the experimental data which are rarely met. Deming regression (Cornbleet
& Gochman, 1979) (Figure 2.7) fits a line through paired measurements and assumes that the dependent
and independent variables are measured with error. However, it requires that the error variance ratio is
known. Theil — Sen regression (Theil, 1950) is considered non-parametric but assumes no measurement
errors in the independent variable. Passing — Bablok is a non-parametric rank-based alternative to Deming
regression. A plot can be generated to display the regression line (Figure 2.8). A test of zero intercept and
unit slope is provided by Passing and Bablok (1983, 1984) and Bablok et al. (1988). An assumption for
Passing — Bablok regression is that the square of the slope in model (2.3) equals to the error variances
ratio of the new method over the reference. Both Theil — Sen and Passing — Bablok approaches are based
on the slopes of the connecting lines between pairwise measurements. Linnet (1993) and Stockl et al.
(1998) provide a comparison between Deming and Passing — Bablok regressions using both simulated and
real data. Last, Passing — Bablok regression is popular mainly in Clinical Biochemistry, Pharmacology and
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Laboratory Medicine when it comes to comparing two alternative measurement methods. Moreover, it is
considered as an approach for method comparison studies in a guideline of the Clinical and Laboratory

Standards Institute and suggested in a protocol (Jensen & Kjelgaard-Hansen, 2006) for clinical
laboratories.

Deming Regression
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Figure 2.7. Deming Regression for unreplicated data using “mcr” R package (data from Chapter 4).
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Passing Bablok Regression Fit
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Figure 2.8. Passing-Bablok for unreplicated using "mcr" R package (data from Chapter 4).

2.1.5. Indices for assessing Agreement and Similarity

Many agreement indices can be found in the bibliography. Each index is used depending on the
experimental design applied to the research and the conceptual intent of the study. One must cautiously
choose the one appropriate to their setting. Indices can quantify the agreement and similarity between
two or more devices. Their estimates can be retrieved either via their sample counterparts or by modeling
the data and then using model components. When it comes to modeling the data, models like the
measurement-error or mixed-effects are used to add covariates to the analysis, include repeated
measurements and fix problems when assumptions are violated. Furthermore, the measurement-error
model is an alternative to the simple linear model, where repeated measurements are included and
problems with assumptions can be fixed. Researchers might choose it for its simplicity compared to mixed-
effects models, depending on the nature of the agreement study. There are two categories of indices. The
absolute (or unscaled) and the relative (or scaled) indices (Lin et al., 2012).
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Absolute indices

The absolute indices report measures according to the magnitudes of the actual data. They are unscaled
and independent of between-sample variation. For example, Pearson’s correlation coefficient is not
absolute since its range is always between -1 and 1. Usually these indices are defined as the expectation
of a function of the difference or features of the distribution of the absolute difference. The absolute
indices comprise of the mean squared deviation, the repeatability coefficient (described in Section 2.1.4),
the reproducibility variance, the limits of agreement (described in Section 2.1.4), the coverage probability
(CP) and the total deviation index (TDI). A detailed review about the indices can be found in Barnhart et
al. (2007). Three of the absolute indices that were used for the case-studies in this thesis are described
below.

i. Mean Squared Deviation (MSD)
In the case target values are random, the joint distribution of Y and X which are the paired measurements
per device is assumed to have a bivariate distribution with means x4, and u, , variances Gf and Gf(
respectively and covariance oy, . Mean squared deviation evaluates an aggregated deviation from the

identity line.
MSD=E(Y -X)’
or & =(,uy —,ux)z +0'3 +ol -20,,
Estimated by sample statistics with a log transformation, W =1In &% has an asymptotic normal
2 | (m-m)

distribution with mean In&® and variance o—\i = 5 1- "
n-— &

Since the MSD is not easily interpreted, two indices based on MSD put a meaningful interpretation on this
basic index.

ii.  Total Deviation Index (TDI)
TDl is an index that captures a predefined proportion (72'0) of data within a boundary (50) from target

values (Lin, 2000). Specifically, two measurement methods may be considered to have sufficient
agreement if a large proportion of their differences is small. Thus, we define 1o as the proportion of their
differences and §; as the sufficient difference. For example, if the researcher wants to investigate where
do the differences lie in 90% of the population then TDI(0.9) is the appropriate index for this study. If the

researcher sets a threshold (or clinically accepted difference of 2 then 7 is 0.9 and TDI should be less
than or equal to 2 (9, = 2) for sufficient agreement. TDI is similar in concept to a tolerance limit, where
it bounds the range of values which is likely to contain a certain proportion of a population. The

interpretation is focused on the deviations from the individual target values and not their own mean.

Several methods for estimation and inference about the TDI estimate have been proposed by (Lin, 2000;
Lin et al., 2002; Lin et al., 2012) using the following method:
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Assuming that D=Y —X has a normal distribution with mean f =/, —/, and variance

2 2 2
Op =0y +0y =20y .

_ 2\t /Ué 20y, . e .
TDIHO = (;( ) 75,1, = |, where ¥ ()is the chi square distribution with 1 degree of freedom and
Op
2

non-centrality parameter 'u—';. According to the authors, the estimate of this index has intractable
o
D

asymptotic properties, thus the following approximation is suggested:

L 1-rx
5zr0(approx) =d 1(1_ 2 Oj|g|

2
Where &” =E(D?)=(u —,) +0p, is the mean square deviation. Furthermore, the approximation

concludes satisfactory agreement when mean differences are small but can be conservative when the
2

relative bias squared (A = ,u_g) is unreasonably large (Lin , 2000). Below, the combinations of myand A for
Op
satisfactory agreement of the approximation are summarized.

1. 7,=0.75 and AS%

2. m,=0.8and A<8
3. m,=0.85and A<2
4. ry=009and A<1

5. m,=0.95and AS%

For inference on the approximation &, (.0 OF the natural logarithm of TDI_ , the author proposes the

following hypothesis:

H,:0 >0,,H,:0

0 " Yy (approx) — 7o (approx)

<0,

For the approximation and similarly to the natural logarithm of TDI”O. Where 50 is the threshold

(acceptable difference) set by the researcher.

Choudhary and Nagaraja (2007) show that Lin’s (2000) approach is not consistent and may not retain its
asymptotic nominal level. Thus, they propose an upper bound for the estimate of Lin’s TDI for no repeated
measurements from an exact test. Further, Choudhary (2008) and Choudhary and Nagaraja (2017a)
extend the method based on the asymptotic distribution of the logarithm of Lin’s TDI including repeated
measurements by modelling the observed data via mixed-effects models and construct a relevant
asymptotic tolerance interval for the distribution of appropriately defined differences. The method
incorporates covariates, heteroscedasticity, and serial correlation in the errors. Rathnayake and

Institutional Repository - Library & Information Centre - University of Thggsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



Choudhary (2017) propose a method for the case where the data are longitudinal. Further, Quiroz and
Burdick (2009) proposed a method for inference about the TDI estimate when repeated measures are
present, and they are paired over time. First, they fit the data usingan ANOVA model. Then, they construct
generalized confidence intervals about the TDI estimate based on replacing Lin’s parameters (2000) with
generalized pivotal quantities.

Escaramis et al. (2010a) propose to use the following model to estimate TDI:
Vi = X0 + B+ +y; + &y (2.29)
- Yji is the Ith measurement from subject i by device J.
- 1=1,...,n indexes the subjects.
- J=1,2 denotes the methods.

- 1 =1,...,m indexes the repeated measurements.
- O is the vector of fixed effects parameters common to both devices.

- X1 is the corresponding row of the design matrix for covariates.
- BB; is the device’s fixed effect.

. oo . 2
-0 is the individual random effect assuming that; ~ N(0,0) .

- ¥ij is the individual-method interaction random effect with ;; ~ N(O, O'f)

2

- € is arandom error assuming that € ~ N(O, O'j).

The author uses restricted maximum likelihood (REML) to estimate the model parameters. Lin (2000)
defined TDI as a boundary kp, which captures a large proportion p, of paired measurement differences

from two methods within the boundary i.e., the value of kp, that yields P(IDI < kp) = p,where Disthe

paired differences variate. Under the assumptions of model (2.29), D is the paired differences based on
any one of the replicates, D = Yiy — Yjji-Based on D, kp is known as the total-TDI for evaluating total

agreement according to (Lin et al., 2007). The distribution of Dis D ~ N (,uD,Gé) . The mean ( L) and

standard deviation (Gé ) are estimated via the model parameters:
Hp = ﬁj - ﬁj'
Gé = 2(05 + 092) when the error variances per method are the same.

2 2, 2, 2 : .
Op = 2(0‘Y +0, +O-e2) when the error variances per method are different.
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TDI is estimated by finding the appropriate probability interval for the distribution of the paired-
measurement difference variable, therefore, deriving its tolerance interval. TDI sets a boundary such that
the profusion p percent of the differences in paired observations are within the boundary:

P(| D |« kp) = p or P(~k, <D <k, )= p.Therefore, [~k ;K ] determines the probability interval of
D centered at 0, regardless of the mean value of D . Assumingthat D follows a normal distribution with

mean Ay and standard deviation o, kp can be derived as follows:

K, =tp +2,0p
=k, = +2, 07,

where z, and z,, are the ps-th percentile (s = 1,2) of the standard normal distribution such that
241

Z, = and P, — P, = P.Onecanfind P, by using its link with p:
op -1,

-2
®(z,)-® %—f‘szl =p

Where (D() is the cumulative standard normal distribution. The parameter p, cannot be found in closed

form, hence, the authors propose a recursive formula based on the binary search selection.

For unlinked and linked data, using models (2.10, 2.11) and following the aproach described by Choudhary
and Nagaraja (2017a) TDI can be calculated using the following formula:

B3
TDI(p) = [1( 2w*+ 02 +02 \y?2 | ————— L.
(p) I( Wit oy toy, )Zl.p[ {zwz+ﬁ%l+ o2, } N
Last, for longitudinal data, Rathnayake and Choudhary (2017) proposed the following formula, using
model (2.12) for methods 1 and 2 to estimate TDI:

TDI ,(p,t) =100pth percentile of the absolute value of the measurement differences ¥ (1) = Y,( 1) |
is the following:

DI (t,p) = {( 2yt a%1+6i3 )zfﬂ[

)

{21;/2+ cr%l + cr%2 }

Where p, is a specified large probability and }{fpo represents the 100 p, th percentile of a noncentral ;(2
(1) —uy(1))?

2%+ 6% + 62
E’l e

distribution with one degree of freedom and noncentral parameter

2
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This approach can be generalized for multiple methods. Denoting TDIj;-(p,, t) for method j and r. For
inference, the authors used an upper band for the two methods. For the general case of more than two
methods inference for TDI is applied using an upper band which is estimated for each pair of methods of
interest. The methodology for the upper band is described in by Rathnayake and Choudhary (2017).
Following this approach TDI is assumed to be estimated when the errors are homoscedastic. For
heteroscedastic data we replace agland 052 with ngg%( i, 51) and nggé( ", 52) )

Nonparametric methods for TDI estimation

Assumptions for parametric approaches for TDI estimation are the normality of the data and the linearity
between response and effects. To deal with violations of these assumptions Perez-Jaume and Carrasco
(2015) introduce a nonparametric methodology for estimation and inference for TDI. The authors
compare their new method with already established. Lin et al. (2016) discuss nonparametric estimation

of TDI using quantile regression. This method works satisfactorily for moderate samples (n>40).

Inference for TDI

Escaramis et al. (2010a) proposed tolerance intervals. The value k,, is obtained by replacing up and ap by

their REML estimate counterparts derived from model (2.29) in expression Ep:ﬁu"' z, ’ED. Forinference,
1

a one-sided tolerance interval is computed that covers the p;-percent of the population from D with a
stated confidence.

Let T be the studentized variable of ﬁD+ z, ?7“0. T follows a non-central Student-t distribution with non-
1

centrality parameter Zpl\/N , T ~tV(Zp1x/N), where N =2.n-m is the total possible paired-

measurement differences between the two method/devices and the degrees of freedom V, are derived
from the residual degrees of freedom. For the case of using individual-device interaction or discarding it,
Escaramis et al. (2010a) described different cases for obtaining V. An upper bound for TDI estimate can

be constructed by using the following (1—a)-100%one-sided tolerance interval, where a is the type I
error rate:

UB(L-a) -100%(kp) =+t (1-a, zplm)a—:l

N

It corresponds to the exact one-sided tolerance interval for at least p; proportion of the population of
defined by Hahn (1970) and Hahn and Meeker (1991).

To perform a hypothesis test if the interest is to ensure that at least p-percent of the absolute differences
between paired measurements are less than a predefined constant k, Lin’ s form of hypothesis can be
followed.

Hy ik, 2k,, Hytk, <k,

H,would be rejected at level a if:

UB(L-a) -100%(kp) =+t (1-a, zleﬁ)"—lfl <k,

N
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Escaramis et al. (2010b) provided the R script to calculate the TDI estimate and its corresponding upper
bound.

Choudhary and Nagaraja (2017a) use the large-sample theory of ML estimators to compute standard
errors, confidence bounds and tolerance intervals (pp. 17, 18, 76, 77). When the sample is not large
enough bootstrap confidence intervals are produced. The estimators of the model-based counterparts
are obtained from models (2.10 — 2.12), depending on the nature of the data (unlinked, linked or
longitudinal). To compute simultaneous confidence intervals and bounds, the percentiles of appropriate
functions of multivariate normally distributed pivots are needed. The authors use the method proposed
by Hothorn et al. (2008) using the R-package “multcomp”. Furthermore, they proposed a Bootstrap-t UCB
and a modified nearly unbiased estimator (MNUT approximation) for computing the critical value, the p-
value and the upper confidence bound (UCB) (Choudhary & Nagaraja, 2007).

iii.  Coverage Probability (CP)
The coverage probability provides an equivalent approach to the Total Deviation Index. It is considered
to give the inverse results. For a specified difference §, the CP index is defined as

CP(5)=P(D|<0) or 7, = (_1)

CP is interpreted as the proportion of the population of differences ( D) contained within | 50 | . In other

words, it asks for more than 100 p% of the differences distribution to be contained within 50 without

the researcher to predefine z#. Thus, to find CP, a & needs to be predefined.

The choice whether to use the TDI or CP indices should be based on whether the researcher is interested
in the boundary or the percentage of the differences for the population.

Relative Indices

Relative indices are scaled values for a predefined range, and usually lie between 0 and 1. In early studies,
the intraclass correlation coefficient (ICC) was used to evaluate the agreement between quantitative
measurements. There are numerous versions of the ICC and a review can be found in Barnhart et al.
(2007). The concordance correlation coefficient (CCC) is considered the most popular index for assessing
agreement between quantitative measurements. ICC and CCC are identical under ANOVA assumptions.
However, ICC considers the methods/devices fixed and random, but the CCC treats them as only fixed. In
this thesis CCC will be used instead of ICC as the latter can be evaluated under ANOVA assumptions while
there is no need for this restriction for the former. Moreover, the statistical literature for CCC is rich and
covers many case studies. Chen and Barnhart (2008) compare ICC and CCC for assessing agreement for
data without and with replications. Last, the coefficient of individual agreement (CIA) is similar to CCC but
is scaled relative to the minimum or acceptable agreement. Before considering the two methods/devices
under investigation, their replication errors must be evaluated to check if they are acceptable. This
procedure must be standard in every method comparison study because if the replication errors are
significantly different then there is no point assessing agreement as the methods/devices will disagree
regardless of any fixed biases. Then, interchangeability can be achieved if the difference between the
measurements is relatively small and close to the difference of replicated measurements within the
method/device.
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i Concordance Correlation Coefficient (CCC)
The concordance correlation coefficient was introduced by Lin (1989) and is defined as the standardized
version of the Mean Square Deviation. It is an index that evaluates the agreement between two

methods/devices and their corresponding paired measurements are Yl for the first method and Y2 for

the second. Both methods’/devices’ measurements are attained with error.

Let Y, and Y, be two random variables with a joint normal distribution:

2
(Yl]~N (ﬂlj y_| % O
2 14 =
Y, M, Oy 0-22
The value of the squared difference of Y; and Y, can be used as an agreement value. However, this value

ranges between 0 and infinity. This is difficult to interpret, hence, Lin (1989) suggested its standardization
which ranges between 0 and 1.

MSD

CCC=1- , where MSD, is the MSD assuming that Y, and Y, are independent. MSD is
o

defined in section 2.1.5.
2p0,0,

Thus CCC = > . .
(:“1_/12) +0, +0,

For CCC =1, there is perfect agreement,
For CCC =0, there is no agreement,

For CCC = -1, there is perfect negative agreement.

Another useful form of the CCC is the following:

CCC=r.-p

where ¥, is the accuracy coefficient and p is the Pearson coefficient.

CCC - Accuracy Coefficient

Lin (1989) defined the accuracy coefficient which measures the closeness of the marginal distributions of
Y and X. In other words, how far the line of best-fit deviated from the 45° identity line through the origin.

Hy —H — O, o
Xa =f,where v="—X and @ = - or —X%
T4 a2 JO'YGX Oy Oy

@

Vv is defined as the location shift and @ is defined as the scale shift.

Xa =1 signifies equal means and variances.
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o= 0 signifies that the absolute difference in means and/or variance approach infinity.

CCC - Precision Coefficient

This is the typical Pearson correlation coefficient:

Ovx

OyOy
It measures how far each observation deviates from the line of best fit.

To derive CCC, Lin uses the squared perpendicular distance of any paired observation to the identity line.
This is defined as accuracy. When this distance is fixed, the precision, which measures how close the
observation is from the regression line, is not fixed. Thus, regardless of the precision the accuracy is always
fixed. Even if the precision is very low the accuracy will not be affected. This is a consequence of using one
point. The authors instead use two points to minimize the area defined by the regression segment and
the line of identity.

Although Lin’s approach does not use mixed-effects models and is easy to estimate CCC, Carrasco and
Jover (2003) reported, using simulations, that Lin’s approach has a minimal bias in point estimation, as
well as in standard error estimation. Bias grows in certain conditions compared to the estimation using
variance components of a mixed-effects model. An improved Concordance Correlation Coefficient was
proposed by Liao (2003). Moreover, Carrasco et al. (2013) calculate CCC using both U-statistics and
variance components. U-statistics has been shown to be more robust than variance components in case
the data are non-normal and skewed with low sample size. However, the U-statistic method presented in
their paper cannot handle missing data or unbalanced designs, or multiple methods compared to the
variance components method.

CCC for repeated values

In a method comparison study, taking multiple measurements for the same subject for many time points
is quite common. Repeated measures, corresponding to observations on the same subject or
experimental unit over time can be used to evaluate CCC. Chinchilli et al. (1996) used generalized
multivariate analysis of variance to compute a weighted version of the CCC for repeated measurements.
Carrasco et al. (2003) demonstrated the equivalence between CCC and ICC (intraclass correlation
coefficient) by evaluating the CCC using a mixed-effects model accounting for repeated measurements
which improves the estimation precision of the variance components. King et al. (2007a) introduced CCC
for repeated measurements for two methods for longitudinal and non-longitudinal data. Carrasco et al.
(2009) developed a CCC for longitudinal repeated measurements through the appropriate specification of
ICC from a variance components linear mixed-effects model.

For unlinked data, under model (2.10) Choudhary and Nagaraja (2017a) proposed the following formula
to calculate CCC:

2
20,

CCC=
Y +2(a§ +zp2)+0:l +o,

(2.30)

While for linked data under model (2.11) :
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2(ab2+a§*)

CCC =
ﬂ§+2(a§+w2+a§*)+aé+a:2

(2.31)

Rathnayake and Choudhary (2017) proposed a method to estimate CCC for longitudinal data and multiple
methods. The variance components model that accounts for many possible sources of variation (2.12) is
used to estimate CCC between method 1 and 2 and is expressed using the following formula:

2(0',)2 +J§*)

CCC,,(t) =
. {M(t)—yz(t)}z+2(G§+l//2+0'§*)+0621+Gezz

(2.32)

The method can be generalized for multiple methods. Denoting CCCJ-r('[) for method j and r. For

inference, the authors used a lower band for the two methods. For the general case of more than two
methods inference for CCC is applied using an upper band which is estimated for each pair of methods of
interest. The methodology for the lower band is described in (Rathnayake & Choudhary, 2017). CCC (2.30-

2.32) is estimated when the errors are homoscedastic. For heteroscedastic errors 03 and 03 are replaced
1 2

with 2 gz( u.,6 ) ando? gz( u., 6q) . Model (2.12) can be extended for additional covariates. Choudhary
e 1 i1 e, i’ 2

and Nagaraja (2017a) use the same formula (2.56) but model the means using polynomials when
considering time continuous unlike Rathnayake and Choudhary (2017) that use penalized-splines
regression (discussed in Section 2.1.2.).

Parametric, semiparametric and nonparametric estimation and inference for CCC

For CCC estimation and inference, parametric, semiparametric and nonparametric approaches have been
proposed. For parametric approaches, asymptotic distribution of the estimated CCCs can be used for
inference if the data are modeled (Carrasco & Jover, 2003) for large sample sized. For estimating CCC using
sample-based moments asymptotic distribution of the estimated CCC may be used for inference (Lin,
1989). For the semiparametric approach Barnhart and Williamson (2001) proposed modeling CCC via
generalized estimating equations. For nonparametric approaches Choudhary (2010) proposed
nonparametric confidence intervals treating agreement indices as a functional of the joint cumulative
distribution function of the measurements and King et al. (2007a; 2007b) proposed inference for CCC
using U-statistics for longitudinal paired data. Williamson et al. (2007) compared and proposed
permutation and bootstrap test for testing equalities of CCCs in various conditions. For longitudinal data
Oliviera et al. (2018) estimated CCC’'s components (LPC and LA) by replacing the model’s coefficients and
variance components by their REML estimated. A confidence interval can be constructed using a
nonparametric bootstrap based on M (for example 5000) bootstrap samples with either the percentile
method, or otherwise a normal approximation confidence interval. Choudhary and Nagaraja (2017a) use
asymptotic distribution of the estimated CCCs to produce an upper confidence bound when the sample is
large and bootstrap methods when the sample is small.

Rothery (1979) proposed a nonparametric measure of intraclass correlation which is based on the
probability of specific types of concordances among the observations. This measure can be estimated
from ranked data. Since the concordance correlation coefficient is related to the intraclass correlation
coefficient inference methods for ICC can be used for CCC (Carrasco & Jover, 2003).
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Hutson and Yu (2021) developed a robust permutation test for CCC. The test is based on appropriately
studentized statitsic. The asymptoticaly validation of the test was demonstrated across a range of
distributional assumptions and sample sizes via simulations.

ii. Coefficient of Individual Agreement (CIA)

CIA assesses agreement between methods/devices where each method/device evaluates each subject at
once. The interpretation of this index lies in the concept of deciding whether a single measurement made
by method/device 1 can be replaced by a single measurement of method/device 2, when each subject is
measured only once by each method/device. Barnhart et al. (2007) defined CIA in two cases. First, one of
the two methods/devices is a reference. Second, there is no reference. This index is defined under ANOVA
assumptions.

Comparison of the indices

Even though CCC is very informative and straightforward, Atkinson and Nevill (1997) pointed out, an
increase in the between subject variability results in a larger value of CCC even if individual difference
between measurements by the two methods remain the same. Furthermore, Barnhart et al. (2007)
reported the dependency of CCC from between-subject variability based on its scaled nature which is
relative to the maximum disagreement defined as the expected MSD under independence. There are two
advantages of TDI compared to scaled indices. First, it does not depend on the measurement range. Thus,
not affected by the between-subject variance. Second, it has a straightforward interpretation since it is
reported at the same scale as the device’s measurements under investigation. However, TDI depends on
covariates explaining within-subject variation. In assessing agreement, the null and alternative hypothesis
should be reversed. The conventional rejection region is the region of declaring one sided agreement.
Thus, asymptotic power and sample size calculation should follow the above guideline. The powers of
CCC, TDIl and CP were compared in (Lin et al., 2002) and the results were similar for TDI and CP. However,
TDI and CP estimates are superior to CCC but are only valid under the normality assumption. Last, Lin and
Chinchilli (1997) suggest that measurements range should be compared first before comparing CCC
estimates based on them. Last, Barnhart et al. (2007) compared CIA and CCC when there is no reference

method/device. Both indices are affected by between- and within-subject variability. However, CIA is less
2

(o
dependent than the CCC on the relative magnitude, —ZB , of the between- and within subjects’ variability.
Ow

Comparison of the methods producing confidence intervals, and confidence bounds

Choudhary and Nagaraja (2007) proposed an alternative test to Lin’s TDI test and Wang and Hwang (2001)
the nearly unbiased test (NUT). They demonstrate that TDI test may not be consistent asn — 0.
Furthermore, TDI test and NUT are not consistent and may reach different conclusions for a common level
of type | error. They suggest a modification for NUT called MNUT, which produces a simple closed form
approximation numerically equivalent to the exact test for sample size n<30. MNUT appears to be
slightly more powerful than the equivalent NUT. Last, the authors provide an asymptotic level a
parametric bootstrap-t test which has better properties than the asymptotic TDI test for moderate size
sample sizes. An exact confidence interval is valid even for small sample sizes. Compared to the exact test,
the bootstrap-t test’s type-| error rates are closer to the nominal level than the rate of the exact test. After
simulations performed by Choudhary and Nagaraja (2007), their proposed bootstrap-t test displays
slightly increased power than the exact, when the sample size is moderately large. However, the
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calculation of sample size for their proposal is complicated and involves a great amount of computational
complexity. For CCC, if joint distributions of the observations under various conditions are valid
(Williamson et al., 2007) a permutation test can be used, but this is an assumption that can be difficult to
confirm. Thus, bootstrap-based tests may be preferable.

2.1.6. Assessing Similarity

The earliest paper assessing similarity measures is by (Grubbs, 1948) and focused on paired data. Mandel
and Stiehler (1954) discuss precision and accuracy, arguing that a measurement method evaluation
cannot be based only on these two. Fixed and proportional bias (/)’O and ﬂ1)' precision (2.15) and
sensitivity (2.16) are considered measures of similarity. Following Choudhary and Nagaraja (2017a), to
evaluate similarity the marginal distributions of Y, and Y, are examined via estimates and two-sided
confidence intervals. Their distributions are given by equations (2.10 - 2.12), for unlinked, linked and
longitudinal data. The fixed bias and the precision ratio are the two measures of similarity that will be
evaluated using mixed-effects model. Last, proportional bias and precisions are evaluated under
measurement-error models.

The fixed bias will be estimated via the model’s counterparts. According to models (2.10 — 2.12) the fixed
bias is estimated using: 4, — u,, for unlinked and linked data and p, () — p,(¢) for longitudinal data.

The precision ratio is evaluated in two different cases.

First, for models that ignore subject x method interactions:

2
e

o
1

1=

2
&2
e2

Second, for models that include subject x method interactions:
03 + 1,1/2
1
A= 2 2
0£.2+ 178
For longitudinal data the precision ratio does not depend on t.
The precision ratios above are assumed to be estimated when the errors are homoscedastic. For
. 2 2 . 2 .2 2 52 : i
heteroscedastic data we replace aeland 062 with aglg 1( i, 61) and aezgz( i, 62) thus fixed bias

remains the same, but the precision ratio is given by:

_ 0'921912 (01’ 51)
o2 95 (0,,5,)

For inference, the method described by Nawaratha and Choudhary (2015) is used for heteroscedastic
data. Specifically, if @ is a vector of model’s counterparts then the measure of similarity is a function of

0 . Denoting the measure of similarity as ¢, and b™ avalue in the measurement range then @(b") is any
measure of similarity in a specific value (the measure is assumed to be scalar). Substituting 6 with its

A

corresponding ML estimate, &, in its expression gives its ML estimator ¢(b"). From delta method
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(Lehmann, 1998), when the sample size is large @(b") ~ N,((b"),G'(0")17'G(b")), where
G(b*):(%)q)(b*) |,_; can be computed numerically. Thus, approximate 100(1—a)%two-sided

pointwise confidence interval for (o(b*) on a grid of values of the measurement range can be computed
s (b") +2,,, {G() IG(b")Y 2.
=2

2.1.7. Assessing Repeatability
Repeatability evaluation is essential and can be used to identify possible sources of disagreement. It is
considered as intra-method agreement and assists the agreement study. This is possible in cases where a
method/device has low intra-method agreement. Thus, if it does not agree with itself, it will certainly not
agree with another method/device. For unlinked data, repeated measurements are replications of the

same underlying measurement. Instead of using the bivariate distributions (Yl,YZ) for measurements of
the two methods on a randomly selected subject from a population, Yj is defined as a replication onJ- ,

where j =1,2 denote the two methods/devices. By definition YJ- and Yj*have the same distribution. CCC
and TDI are modified and are calculated. By dropping the subscripts for model (2.10) for unlinked data:

Y =b+b +e,Y, =b+b, +e,

is induced, similar to (2.10) by dropping the subscripts.

Y. 02+1//2+02 02+l//2
Then for method 1: ( 1*]'* N, ('ub], " R ) . ) i ) R (2.33)
Y, My O, Ty o, ty +o,
Y + ol +y’+o’ ol +y?
For method 2: ( ij ~N, (ﬁo 'ubj, b 2(// ) &2 , b 2W , | (2.34)
Y, Bo+ o, Y o, ty +0og,
where efand e; are independent copies of €, and €, as defined in (2.10).
Defining Dj :Yj —Y’; as the difference in two replications of method j. From (2.33) and (2.34):
D, ~ N,(0, Zajj), j=1,2. (2.35)
Thus,
2 2
+
CCC; = 20b zl// 2
oy Ty +og,

1
TDI, ={20§j;{fp(0)}2for j=12.

By dropping the subscripts for model (2.11) for linked data:
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Y, =b+b+b" +¢,Y, =b+b,+b” +e,

2 2, 2 2 2 .2
Y, W\ | oyt +o.+0, o, Ty

For method 1: « |~ N, , ) ) ) ) 5 ) (2.36)
Y, I o, +y o, ty +o,.+o,
Y. B+ Of+l//2+0'2*+0'2 a§+l,//2

And for method 2: ( ij ~N, ( 0 'ub], ) bz e ) ) ) ) (2.37)
Y, B+ i, o, TY¥ O, ty +0,.+0,

Where b™, € and €, are independent copies of b, € and €, as defined in (2.11).
Defining Dj :Yj —Y? as the difference in two replications of method j. From (2.36) and (2.37):
2 2 i
D; ~N,(0,2(c% +02), j=1.2
Thus,

ol +y?

CCC. =
! G§+l//2+G§*+G§j

1
DI, ={2(0? +02) 12, (0)} for j=1,2.

2.1.8. R code to assess Agreement and Similarity

There are many R packages that evaluate indices like TDI, CCC and limits of agreement. The “SimplyAgree”
package (Caldwell, 2022) offers calculation of LOA, CCC and others. Agreement tests can be performed
constituting a hypothesis if the agreement between two measurements is within a certain limit using
Shieh exact test for agreement (Shieh, 2020). Then the limits of agreement, with confidence limits, are
included. For repeated measurements, where they expected to vary or not with balanced or unbalanced
number of repeated measurements per subject. A function to assess the assumptions for normality,
heteroscedasticity and proportional bias is provided. The estimates to calculate the LOA can be retrieved
either via sample statistics or by retrieving mixed-effects models counterparts. Last, power analysis can
be performed based on Lu et al. (2016). For LOA the package offers a nonparametric method for
estimation based on Bland and Altman (1999), including a hypothesis test based on binomial proportions
within the clinical allowable difference.

The package “cccrm” (Carrasco & Martinez, 2022) offers the calculation of CCC with repeated
measurements and CCC for longitudinal data, including their confidence intervals, for data using two
different methods. The U-statistic and the variance component methods. The calculations are based on
Carrasco et al. (2009, 2013), Hoef (2012), King et al. (2007a), King and Chinchilli (2001) and Pinheiro et al.
(2022).
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The package “lcc” (Oliveira et al., 2020) provides the calculation of the Longitudinal concordance
correlation estimated by fixed effects and variance components using polynomial mixed effects regression
model. It also calculates the longitudinal Pearson correlation and longitudinal accuracy. These statistics
can be estimated using different structures for the variance-covariance matrix for random effects and
variance functions to model the within-group errors using or not the time as a covariate and is based on
Oliveira et al. (2018).

R-code scripts are available by Choudhary and Nagaraja (2017b) that apply the methodology described in
their book. Furthermore, R-code is available for computing the critical value and the UCB (exact approach)
for TDI, the MNUT approximation for computing the critical value, the p-value, the UCB and LCB for TDI
and the Bootstrap-t UCB for TDI.

Taffé et al. (2019) developed the “MethodCompare” R-package that evaluates fixed and proportional bias,
precision and uses recalibration methods to correct the agreement between two methods. Moreover, the
package can create a bias, precision, compare plot and the extended Bland-Altman plot with limits of
agreement. The model used to estimate the parameters is the measurement-error model (2.25 — 2.26).
The code of the package was adopted for the case-studies and was used to create some of the plots for
Chapters 4, 5 and 6.

Kuiper et al. (2022) developed the R-package called “nopacko” for a non-parametric test for multi-
observer concordance and differences between cocordances in balanced and unbalanced data.

For the Bland-Altman plot with limits of agreement and their corresponding confidence intervals “blandr”
(Datta, 2018) package can be used.

The package “mcr” (Potapov et al., 2023) can be used to produce graphs for Passing-Bablok and Deming
Regression. Generally, the “mcr” can be used to perform regression methods and to quantify the relation
between two measurement methods with or without repeated measurements.

2.1.9. Examples using Agreement and Similarity techniques.
Bongers et al. (2018) evaluated the validity, reliability, and inertia of four different temperature capsule
systems using a custom-made water bath. The sample size was 40 (10 capsules per system) and the
agreement between the capsules and the water bath measurements was reported using LOA and a
modified Bland and Altman plot. The plot summarized each system readings using boxplots with mean
difference between capsule and water bath temperature for the capsule systems + the LOA.

Furthermore, Laerhoven et al. (2022) validate an open-source ambulatory assessment system using Bland-
Altman plot and reports the experimental design of the experiment in detail.

Igic et al. (2010) compared a micrometer-and a scanning electron microscope-based measurements of
avian eggshell thickness. The authors assessed the instrument measurements agreement using the TDI
index. They first modeled the data using a linear mixed effects model and then constructed the
corresponding asymptotic tolerance interval for the distribution of appropriately defined differences.

Perez-Jaume and Carrasco (2015) compared two different questionaries for alcohol intake assessment.
The authors used a non-parametric method to calculate TDI. They use the same method to evaluate the
agreement between the measurements taken from the left and the right side of the jaw. The sample size
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was small (10 individuals). Since the measurements of interest were not normally distributed nor even
continuous (count data), the authors used a non-parametric method to evaluate agreement.

2.2. Experimental Design and Statistical Analysis

The importance of proper designs in experiments is of utmost importance for valid results and adequate
reproducibility. Many papers provide scanty information to assess whether the experimental design and
statistical analysis are appropriate. Repeated and replicate measurements are both multiple response
measurements taken at the same combination of factor settings. However, repeated measurements are
taken during the same experimental run or consecutive runs, while replicate measurements are taken
during identical but different experimental runs, which are often randomized. Their differences affect the
structure of the dataset and the statistical analysis applied to process the data. Experiments may have
both repeated and replicate measurements depending on the sources of variability the researcher wishes
to investigate. Usually, replicates are more expensive than repeated measurements since they are taken
from different subjects. Since resources are limited, it is vital to get the most information from an
experiment. Significantly more information can be retrieved from well-designed experiments and often
require fewer runs than poorly designed experiments. In many situations, researchers mistakenly take for
granted the sample’s independence even though they sample from the same subject. This occurs when
the experimental unit is not defined properly and instead of replicates the researchers provide repeated
measurements. Moreover, measurements might be taken from the same subject repeatedly through time
while the characteristic measured changes. These measurements, coming from the same subject, are
clustered and proper statistical modeling should be applied to consider the measurement’s dependency.
These data are defined as longitudinal and clustered data. The primary goal of a longitudinal study is to
distinguish the change in response over time and the factors that affect change (Fitzmaurice et al., 2011).
This theory can be applied in a method or measurement comparison study since many experiments
require to capture the within-individual changes. Chapter 3 applies this design since repeated
measurements are taken in different occasions through time.

A well-designed experiment must include seven important characteristics (Lazic, 2016).

e Effects can be estimated unambiguously and without bias.

e Estimates are precise.

e Estimates are protected from possible one-off events that might compromise the results.
e The experiment is easy to conduct.

e The data is easy to analyze and interpret.

e Maximum information is obtained for fixed time, resources, and samples.

e The findings are applicable to a wide variety of subjects, conditions, and situations.

The key steps to perform a method comparison study are discussed by Hanneman (2008) and
Choudhary and Nagaraja (2017a):

Before the experiment:

e The two instruments under investigation must measure the exact same quantity.

e The sample must be taken simultaneously by both methods/devices unless the subject’s
characteristic being measured by the devices will not change instantly. For example, the soil
moisture is possibly stable for an hour without water been added. Thus, the researcher can obtain
separate samples from the two devices within the allowable time interval. This is a study with
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sequential measurements. Randomizing the order of measurement so that any real time
differences would be spread across the two methods of measurement is considered a good
practice. In case of wind speed measurements, where we consider wind speed changing
immediately, simultaneous measurements must be taken.

e The sample size is important. Sufficient sample size of paired measurements can reduce chance
findings. It is important to perform a power analysis before any experiment. However, in many
studies this is not the case. For agreement studies, (Lu et al., 2016) propose a method to calculate
sample size for Bland-Altman method. To estimate the power:

power =1- 4 =1—(S,+f3,)= probt(t1 . l,n—1,r1)+ probt(t1 . l,n—l,rz)
,?n, 7E,n—

pI’Obt[O,n—l,Tl] is the cumulative distribution function of a Student’s non central t-

distribution with n-1 degrees of freedom and non-centrality parameter 7, .

ﬂlis the type Il error for the upper limit of LOA.

ﬂz is the type Il error for the lower limit of LOA.

are the non-centrality parameters.
N
°\'n 2(n-1)

When =0 the sample size formula can be written as follows:

2
(2+ZZJ tinv(l—’M,n—l,t . J s
=5 2 -t

2
2[21]SD —5}
2

and (—5, 5)are the CAD. A R-package called “blandPower” (Wisniewski, 2023) illustrates the
method.

n=

e The measurement range should be as wide as possible. Thus, the researcher can evaluate the
possible intervals where the methods show acceptable agreement. The methods/devices then
can be used interchangeably only for intervals that meet the predefined CAD.

After the Experiment (Analysis):

e The available data should be explored by using exploratory analysis either graphically or using
tables with measures of central tendencies and dispersion. A Bland-Altman plot should be used
to assess the data for heteroscedasticity, dependency of the difference from the measurement
range, and outliers. Moreover, a scatterplot should be used as a supplementary plot to investigate
the relationship between the two methods. Last, a trellis plot is useful to visualize the spread of
the repeated values and possible biases regarding the two methods. A trellis plot (Choudhary &
Nagaraja, 2017a) is constructed by using the x-axis as the measurement range and the y axis as
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the subjects’ id. The two methods are differentiated by using two different symbols for each
measurement per subject. Chapters 4, 5 and 6 include Trellis plots to describe the data.

e Instead of using statistics of the sample, the data should be modeled. Modeling the data provides
more flexibility in assessing various indices and sources of disagreement by using model-specific
parameters. Diagnostics should be performed, and the researcher should use goodness of fit
techniques.

e Confidence intervals should be used to assess measures of similarity.

e Confidence bounds should be used to assess agreement indices.

e In case of significant disagreement, identify the sources of disagreement and investigate
corrective actions.

2.2.1. Inappropriate methods to assess Agreement.

The most prevalent methods for comparing two or more instruments, methods, operators, assays or
formulas to measure a quantity from a unit (a person, an animal, a plant etc) is the correlation coefficient,
the Mean Square Error, ANOVA, paired t-test and others. Numerous articles based on this topic (Byra-
Cook et al.,, 1990; Earp & Finlayson, 1991; Lunney et al., 2018) use these methods. However, these
methods are not testing agreement. Jacobsen et al. (1991) reports that the use of only correlation
coefficients and paired t-tests to assess agreement comes with the risk of making a type lll error since the
researchers are finding the right answer to the wrong question.

Using the paired t-test to assess Agreement.
Traditionally, researchers tested the agreement between two measurements of two devices using a
paired t-test for the paired measurements (Yl,YZ) . It is equivalent to the one-sample t-test of zero mean
applied to the paired differences D;. According to Choudhary and Nagaraja (2017a) when computing the
D _
T statistic | = \/ﬁ—, where D is the sample mean of the differences of the pairs of observations and
D
Sp is the sample standard deviation of the differences, and set up the null and its alternative hypothesis

as:
Hy:x=0 and H;:u#0

T follows the t distribution with n —1 degrees of freedom under null hypothesis. In addition to bivariate

normality, if the data also follow the mixed-effects model, in case the null hypothesis is not rejected, it

2

S
may be because —2 is large, either due to large variability in the differences or due to small sample size.
n

This implies that the test may have low power.

Furthermore, under the mixed-effects model assumptions, by testing £/ =0, is equivalent to testing for

ﬂo =0. However, in the presence of unequal proportional bias, this equivalency fails. The same applies

when a measurement error model is used to fit the data. The mean is in the following form:

M= bo + (bl —].),ub . Testing for 12 =0 is not equivalent to testing for the fixed bias equality to zero.
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Last, according to Lin et al. (2012) the rejection region, alternative hypothesis, is the one based on strong
evidence in the data. Failing to reject will not prove agreement. Reversing the alternative and the null
hypothesis will grant the researcher with the region that provides strong data driven evidence for
declaration of agreement.

Using the Linear least squares estimates (Least Squares Regression Analysis) to assess Agreement.
Calculating the estimates of the slope and intercept for the ordinary linear regression is also one of the
common practices to measure agreement. According to Ludbrook (1997) “Investigators sometimes use
least squares (Model I) regression analysis to calibrate one method of measurement against another. In
this technique, the sum of squares of the vertical deviations of y values from the line is minimized.” This
is not a valid approach. Even though both y and x values are attended by random error the linear least
square regression assumes that only the dependent variable is measured with error (Cornbleet &
Gochman, 1979).

Using the Correlation Coefficient to assess Agreement.

It is very common, for many reports that were published in biomedical and other journals (Kirkeby, 1995;
Tschakovsky, 1995), to consider the correlation coefficient as a method of assessing agreement between
two methods that measure the same characteristic. The correlation coefficient is falsely used for
agreement studies, as Lin (1989) suggests. It is defined as the quantification of the linear association
between two continuous variables. It is inadequate to assess agreement in various instances, because it
evaluates only the association of two sets of observations (Altman & Bland, 1983). Moreover, it is
susceptible to the range of the data measured. Studies that compare assays that measure the same
variable using a wide range will always report a higher correlation coefficient compared to studies that
compare the exact same assays but for a narrower range of measurements. The coefficient can easily be
inflated by adding higher and lower values of measurements. Researchers should not compare the
correlation coefficients in different studies, before assessing the range of observation values. Even if the
new methods measurements deviate fairly from the reference measurements, but are related via a
specific transformation, the correlation coefficient will report a high value.

Specifically, using the measurement-error model as an example, Choudhary and Nagaraja (2017a) report
that the correlation depends on the between-subject variation in the population being measured (p. 10).
Using the measurement-error model’s-based moments (2.4), (2.5) the correlation coefficient is defined
as:

2
O,
oo lﬂl b

1
2 2\2 2 2 \2
(O'b-i-Gel) (,BlabJraez)

The correlation can be interpreted as the square root of the product of the reliabilities of method 1 and
2, given by

2 2
Oy Oy

2 27 2 2
o, +0, po; + o,
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Figure 2.9. The scatterplot of two sets of measurements with a fixed bias of 2 and a proportional bias of 2.5. The
dashed line shows the set of measurements, and the solid line shows the line of equity.

Thus, the correlation also depends on the between-subject variation in the population being measured. If
the methods are used in two populations, one with greater heterogeneity than the other, the methods
would exhibit higher correlation in the population with greater heterogeneity.

Ludbrook (1997) states that “Investigators often use the Pearson product-moment correlation coefficient
to compare methods of measurement. This cannot detect systematic biases, only random error.” As Janse
etal. (2021) and Liehr et al. (1995) report, the correlation coefficient will assess how well the observations
will fit on any straight line, regardless of the deviation from the line of equity. For this reason, a scatterplot
should always be used to assess the relation of the two variables in case no linear association is formed.
An example of the correlation coefficient inadequacy of measuring agreement is a comparison of two
methods when there is a constant deviation of n units (fixed bias). Even though the two methods will
never report perfect agreement the correlation coefficient might be close to 1. Figure 2.9 displays the
scatterplot of two sets of measurements with a fixed bias of 2 and a proportional bias of 2.5. The dashed
line shows the set of measurements, and the solid line shows the line of equity. The correlation coefficient
value is 1. Finally, simple correlation cannot cope with replicated data as Altman and Bland (1983) report.

Examples using misleading methods to assess agreement.

Most of the open-source devices developed for agricultural sciences are validated against an industrial.
Unfortunately, a vast number of articles follow inappropriate methods or limit their research into
descriptive measures that certainly don’t cover the goals of method comparison studies. First, statistical
inference tests are used, regardless of their assumptions been violated. As an example, Mesas-Carrascosa
et al. (2015) are using ANOVA and t-test assuming independent measurements. This is not valid since the
measurements were taken from the same device in 5-minute intervals. Another violation of the same
assumption can be found in Barnard et al. (2014). The authors are performing linear regression on the
instantaneous measurements from the two systems. The assumption of independent subjects is violated
since the measurements are taken from the same devices over time. Second, Mesas-
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Figure 2.10. Lineplots. The x-axis presents the time, while on the y-axis a percentage of cloudiness index is
presented. To differentiate between the two devices the authors use green color for the reference device and blue
for their prototype. The disagreement intervals are not obvious neither the sources of bias (fixed or proportional).
(source: Laerhoven et al. (2022))

Carrascosa et al. (2015), are not clearly reporting the experimental design since no experimental unit is
defined.

Third, in many articles, indices like RMSE (Root Mean Square Error) or MAE (Mean Absolute Error) are
used to assess the agreement between two devices. RMSE is just a measure of deviation between paired
data sets and is considered only a descriptive measurement of the data. Thus, it does not report possible
sources of disagreement, or ranges of disagreement. RMSE is not a formal test and the results provided
by this index will not allow any researcher to make any inference. Last, many authors use inadequate
graphs to report agreement. Laerhoven et al. (2022) use a lineplot (Figure 2.10). The x-axis presents time,
while on the y-axis a percentage of cloudiness index is presented. To differentiate between the two
devices the authors use green color for the reference device and blue for their prototype. The
disagreement intervals are not obvious neither the sources of bias (fixed or proportional). The same
method can be found in Mesas-Carrascosa et al. (2015). The authors compare the proposed and a
reference device, using ten 5-minute intervals of paired measurements. The results cannot be generalized
for all the devices that use the specific sensors since the analysis lacks statistical inference. In this case
there is a need for more experimental units to diminish any lurking variables that affect the agreement.
No sources of disagreement can be reported using this method.

To overcome all these challenges, this thesis focuses on the experimental design of every experiment
presented, correctly defining the experimental unit, fixed or random factors that must be modeled
correctly and possible covariates and lurking variables that might affect the analysis.

2.3.Designing and Using the Hardware
For the past 10 years, the dependency on smart devices for many tasks is evident. The flourishing of
development boards, especially the ones that follow the open-source mentality, ignited a chain reaction
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on the production of multiple microcontrollers and microprocessors. Intel and Texas Instruments were
the pioneers in the field. The emergence of the microprocessor and the microcontroller created a new
era.

A microprocessor, also called an integrated circuit or chip, is a system that has three different functions.
First, an input, then a process to run and last, an output. These inputs and outputs are a series of voltages
that are used to command external devices. The microprocessor needs input, then according to prior
instructions, outputs are provided.

When the microprocessor is inserted into a circuit then we have a microprocessor-based system. The
microprocessor will do nothing by itself unless it is embedded in a circuit.

A microcontroller is a complete microprocessor-bases control system built into a single chip. It contains
all the vital parts into a single device. The difference between the two is the general use. The
microprocessor is a system for general use while the microcontroller is designed for a single task or
purpose. For example, microcontrollers can be found inside a pocket calculator, a camera, a washing
machine, or a car’s electronic systems and are built for executing specific tasks. On the other hand,
microprocessors can be found inside computers and execute general purpose tasks like word processing,
video imaging, computer games etc. The microcontroller lacks processing power while the
microprocessor’s processing power has increased exponentially over the past decades. However, great
processing power means more power consumption. Thus, microcontrollers are efficient for applications
that are battery based but not limited to them. Washing machines do not need a 4-core microprocessor
since they only execute a few simple tasks. For this reason, engineers built them with microcontrollers
making the design simple and cost-effective.

The descriptions of the parts used to develop the devices of this thesis are presented from a maker’s
perspective. The technical details useful for the reader to understand this thesis’s case-studies are
mentioned and analyzed without discussing advanced technical information since it is beyond the scope
of this thesis. However, all the references are provided in case the reader wishes to delve deeper into
more advanced topics.

2.3.1. Microcontrollers
Microcontroller (MCU) designers focus on supporting peripherals used to carry out various tasks such as
climate control, DC motors, position or motion control, environmental monitoring, mobile phones,
cameras, appliances, security systems etc. Due to the integration of all functions on a single chip, their
sizes and power consumption is significantly smaller compared to microprocessors. Maintenance and
troubleshooting are another advantage of using MCUs instead of other more complex systems. However,
depending on the application the researcher/individual must choose from a vast variety of
microcontrollers. The introduction of EEPROM granted MCUs the ability to be electrically erased. Thus,
allowing for swift prototyping and In-System-Programming (ISP). In 1993 flash memory was introduced by
Atmel. There are many types of MCUs such as PIC, ARM, 8051, AVR, Intel, MSP etc. Each of them has their
own characteristics. AVR is the most common MCU used by companies like Arduino, Adafruit and others.
The AVR MCUs consist of a processor core, a flash memory, and RAM. It also includes additional parts, like
input and output ports (I/0), timers, serial communication ports, analog to digital converters (ADC) and a
USB port. The ATMEGA32u4 (Atmel, 2016a) MCU (figure 2.11a) is used in most of the case-studies of this
thesis since it comes with rich documentation. It is a low power CMOS 8-bit MCU with many interfaces
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and communication protocols. The ATmega 32u4 power supply ranges from 2.7 to 5.5 Volts. The MCU’s
speed can be either 8 or 16 MHz. Figure 2.11b. displays the 44 pins of the MCU. The pin mapping table is
available at (Arduino, 2023d). ATmega 32u4 is equipped with a 10-bit analog to digital converter (ADC),
which means that the MCU can read voltage signal in increments of 4.8mV if the reference voltage is 5
Volts (Z—?OJ or 3.2mV if the reference voltage is 3.3 Volts (?j . The input voltage increments for the 5
Volts reference are displayed in Figure 2.12. The ATmega 32u4 MCU provides 14 digital and 6 analog pins.
These pins work as inputs or outputs. ATmega 32u4 supports four important communication protocols.
The 1-Wire protocol, the Serial Peripheral Interface (SPl), the Universal Asynchronous Receiver-
Transmitter (UART) and the Inter-Integrated Circuit (I12C) protocol. These protocols are used to
communicate with peripherals such as SD cards, Real Time Clocks, or sensors. The protocols are described
in Section 2.3.4.

(a) (b)

Figure 2.11. (a) Atmega 32u4 on the left (source: Microchip Technology Inc). (b) Pinout ATmega 32u4 on the right
(source: Arduino documentation).

5 Volts

} 4.8 milliVolts

1023 increments
of 5 Volts <

0 Volts

Figure 2.12. The 10-bit resolution of the Analog to Digital converter. The 5 Volts are divided into 1023 increments
of 4.8 milli Volts.
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The ESP 32 (ESPRESSIF, 2023) (Figure 2.13) series is a MCU with embedded Wi-Fi and Bluetooth. It is
designed to achieve the best RF performance and low power consumption. It is designed for mobile,
wearable electronics and Internet-of-Things (I0OT) applications. It integrates an internal antenna switch,
and a variation of the chip has a surface-mount uFL connector for external antennas. The MCU’s
characteristics can be found in Appendix A (Table A2). ESP 32 offers 10 capacitive touch GPIO, 16 Pulse
Width Modulation Signals (PWM) output channels, 18 ADC input channels with 12-bit resolution, 2 digital
to analog converter (DAC) pins, RTC GPIOs (General Pin Input Output) routed to the RTC low-power
subsystem, which can be used when the ESP 32 is in deep sleep, 3 SPI interfaces, 2 12C interfaces and 3
UART interfaces for communication and other features which are describe in the datasheet.

The ESP 32 MCU is implemented in Chapter 3.

2.3.2. Development Boards
Microcontrollers are used to build development boards like Arduino, Adafruit (2023), ARM9 etc. The most
famous Arduino’s development board is the Arduino Uno (Figure 2.14a). It is based on the ATmega328P
microcontroller, and it is a user-friendly board.

Adafruit developed the feather proto 32u4 (Fried, 2023a) which is based on the ATmega32u4
microcontroller. It is very popular since it has a small footprint and other “shields” can be stacked on top
of it and perform more complex tasks. Shields are additional boards that usually will not include a
microcontroller rather than some electronics that perform very specific tasks. For example, the adalogger
feather wing (Fried, 2023c) is a real time clock (RTC) combined with an SD card reader. When it is stacked
on top of the feather proto 32u4 (Figure 2.14b), the maker can construct a powerful logger without the
need of soldering and wiring. These are open-source electronic platforms. They are easy to work with,
since they are equipped with pins and buttons that allow the user to connect electronics, sensors and
other modules that execute different tasks. Arduino and Adafruit, host countless tutorials on their sites
and other independent documentations and videos can be found in the web (Instructubles, n.d.; Fried,
2023d; Huth, 2023; Mechatronics, 2023).

& €SPRESSIF
ESP32-C6-WROOM-1U

@ €SPRESSIF

ESP32-WROOM-32E

RBERHE (L8
Eﬂiﬁﬁnﬁ’dﬁ’} FE.‘E E

Ml e (e
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(b)

Figure 2.13. (a) ESP-32 WROOM-32E, with Internal antenna, on the left (source: espressif, esp32 documentation) .
(b) ESP32-WROOM-32UE, with surface-mount uFL connector for external antennas, on the right (source: espressif,
esp32 documentation)
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Specifically, modestmaker (Huth, 2023) focuses on environmental monitoring and describes step-by-step
the DIY process to create loggers that store air temperature and humidity, water level and other
environmental characteristics remotely, in open-source servers. The author of the channel is a hydrologist
and describes the usefulness of open-source devices for his work.

Arduino’s popularity increased at high rates and for the past 10 years, the company created cross-
curricular content for almost all the educational levels (Arduino, 2023c). These tools are essential for
STEAM (Yakman, 2008) classes that empower and support students to connect the topics they study using
real world applications based on Science Technology Engineering Art and Mathematics. The company
extended their range of consumers by creating Arduino Pro (Arduino, 2023d) which consists of industrial
development boards and countless documentation which remains loyal to the Arduino’s user-friendly
application.

Figure 2.14. (a) Arduino Uno development board on the left (source: Arduino official web page) . (b) Adafruit feather
32u4 proto stacked with an adalogger on the right (source: Adafruit official web page).

Figure 2.15. Raspberry pi 3, model B stacked with a LoraWan Gateway with RAK2245 Pi Hat. This is the gateway
where all the LoRa nodes send their data. The Raspberry Pi connects via WiFi or 4G (dongle) to upload the data to
an IOT server in case no internet connection is available.
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Another development board which is very popular and surpasses in processing power the Arduino-like
products based is the Raspberry pi. It uses a microprocessor and is built in a way that can easily interface
with hardware. Unlike the typical Arduino and Arduino clone microcontrollers, Raspberry pi can run an
Operating System. The most common operating system used in Raspberry pi is Raspbian (Raspberry pi,
2023) and is a free operating system based on Debian, optimized for Raspberry pi. It can also be equipped
with “hats” which are similar to the shields discussed previously. Raspberry pi is used in Chapter 4. A
LoraWan Gateway with RAK2245 Pi HAT (RAK, 2023b) is used along with the Raspberry Pi 3, model B
(Figure 2.15). The board is equipped with Wi-Fi or 4G (using an external dongle) to upload data to an IOT
server (discussed in Section 2.3.8). The specifications of the board are summarized in Appendix A (Table
A3).

2.3.3. Arduino IDE

Apart from hardware, Arduino developed an interface called Arduino Integrated Development
Environment (IDE) which uses a variant of C/C++ programming language with an addition of special
methods and functions developed for electronics. Another alternative to Arduino IDE is MicroPython
(2013) which was developed by Damien George and CircuitPython (2023) created by Adafruit specifically
for microcontrollers. Both programming languages are a variant of python and are supported by specific
microcontrollers like ATSAMD21 (Microchip, 2023) or ESP32. For CircuitPython, any text editor allows the
user to develop code while Arduino code and MicroPython use specific interfaces.

In this thesis Arduino IDE was used to upload “sketches” on the development boards. Sketches refer to
code used for projects. When the Arduino project was born, Arduino IDE was used to upload code to
microcontrollers via a programmer. The programmer can be either internal or external and aids the
“burning” procedure. Burning refers to uploading the code to the board. The code is stored in the flash
memory and is not erased even if the power is disrupted. Using the IDE, a user can upload another code
replacing the old. Arduino IDE 2 (Figure 2.16) was released on September 12, 2022, adding more tools
compared to the older version. Specifically, autocompletion, a built-in debugger and syncing sketches with
Arduino Cloud (Arduino, 2023f) are three of the most important additions.

2.3.4. Electrical Connections and Communication Protocols

A microcontroller is a complete microprocessor-bases control system built into a single chip. Thus, one of
its three main functions is the inputs, processing the data and outputs. A microcontroller has digital and
analog inputs. Digital inputs can read two different states while the analog inputs can sense a range of
voltages. There is always a need to standardize communication. For example, when it comes to two people
interacting, person A wants to initiate conversation with person B the first action is saying “hi”. If person
B replies, then person A will start the conversation. If person B is not replying, then person A will either
repeat his first attempt by saying hi or stop the action. This can be considered as an example of a
communication protocol to start a conversation. The procedure is described in the diagram (Figure 2.17)
below.
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Figure 2.16. Arduino IDE 2. The interface where users can write, compile and upload sketches to the Arduino and

Arduino compatible development boards.
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Figure 2.17. A simplified analog as an example of communication protocols. Person A wants to initiate conversation
with person B. The first action is to say “hi”. If person B replies, then person A will start the conversation. If person
B is not replying, then person A will either repeat his first attempt by saying hi or stop the action.

The same idea using different variations applies to the way electronic parts communicate with the
microcontroller. There are four communication protocols for the development boards described
previously. The W1 (1-Wire), the 12C (Inter-Integrated-Circuit, 2 Wire), the SPI (Serial Peripheral Interface,
4 Wire) and the UART/RS232. Depending on the sensors or modules that perform a procedure, the
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manufacturers can choose a protocol to communicate with the microcontroller or simply output voltage
or current.

The 1-Wire protocol (for AVR microcontrollers)

The W1 protocol is a half-duplex bidirectional protocol. This means that information is sent from one
device to the other via one wire. Its advantage lies in the fact that only one pin per MCU is used plus a
ground reference. Most of the devices that use this protocol are powered by the protocol’s pin (parasitic
power supply). Having two contacts, 1-Wire devices are preferred in some cases since they are considered
as the most economical way to add electronic functionality to objects that are not electronic for
identification, authentication, delivery of calibration information and manufacturing data (Linke, 2008).
For every 1-Wire slave, there is a unique, unalterable factory-programmed 64-bit identification number
(ID), which corresponds to the devices address on the specific protocol.

Popular devices that use 1-Wire is the DS18b20 (Maxim Integrated Products, 2019) temperature sensor,
the iButton (Hindman, 2014) and others.

Summing up, the advantages and disadvantages of using 1-Wire are the following (Giovino, 2021):

- It uses only one wire for communication and a common ground compared to other protocols.
- Carries data for up to 100 meters.

- Sensors can be powered by the 1-Wire (parasitic power).

- Can be used combined to other communication protocols.

The disadvantages of using 1-Wire are the following (RF Wireless World, 2012):

- Low speed compared to other communication protocols.

- Since it is applied in both software and hardware the data synchronization of data at the
receiver must be implemented in software. This is considered a complex task.

- Evenifitis designed for long distance communication compared to other protocols, noise can
be inserted due to cable capacitance.

- Slave devices are manufactured only by one manufacturer (Dallas semiconductors).

UART (Universal Asynchronous Receiver/Transmitter) protocol

UART is one the most prevalent communication protocols in microcontrollers. This protocol uses
asynchronous means, which means that there is no clock that synchronizes the output of every device
transmitting. UART works with different types of serial protocols, when properly configured. It is
considered a hardware communication protocol and uses two wires (signals). The two signals are the
Transmitter (Tx) and the Receiver (Rx). The data are transmitted bit-to-bit serially using a baud rate. The
baud rate is the rate (bits per second) at which the data are sent and since there is no clock synchronizing
the devices, communication synchronization is achieved via common baud rate. Figure 2.18 displays the
protocol. Serial communications need less circuitry and wires, thus, reducing the cost of the application
(Pena & Legaspi, 2020). One of UART’s advantages is based on the designer side. UART based devices can
be robust and can assure quality. Properly designed UART devices can guarantee data transfer with no
errors. As Pena and Legaspi (2020) discuss, UART can be used in debugging, manufacturing function-level
tracing, customer of client updates and testing/verification of products.
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Figure 2.18. UART communication protocol. The two signals are the Transmitter (Tx) and the Receiver (Rx). The
devices share a common ground.

Summing up, the advantages and disadvantages of using UART are the following (Yida, 2019):

- Itis a very simple and well documented protocol.
- Thereis no need for a clock to achieve synchronization.
- It uses a parity bit which allows for error checking.

The disadvantages of using UART are the following:

- The data frame size is restricted to 9 bits.

- Multiple Master systems and Slaves cannot be used.

- Baud rates should be the same for the two devices communicating or within 10% of each
device to avert data loss.

- The transmission speeds are low.

The 12C (Inter-Integrated Circuit) protocol

The 12C communication protocol allows multiple peripheral devices to communicate sharing the same
bus. It only requires two signals, the serial clock (SDA) and the serial data (SCL). Those wires can support
up to 1008 peripheral devices. It supports a multi-controller system, allowing more than one MCU to
communicate with peripheral devices using the same bus. Most 12C devices can communicate at 100-400
KHz. Figure 2.19 displays the 12C communication protocol. In hardware level, usually two 4.7 KQ pull-up
resistors are needed. The value of the resistors depends on the amount of capacitance on the I12C lines
are needed to guarantee the smooth communication of the devices. The controller or master
communicates with the slaves (peripherals or other MCUs). The slave will only transmit data when the
master requires it. Every device has a unique address in an isolated system. Every slave device must be
configured before startup to define each operation.

The 12C communication is summarized as follows (Valdez & Becker, 2015):

1. When the master sends data to the slave:
a. Master (transmitter) sends a START statement and addresses the slave (receiver).
b. Master (transmitter) sends data to slave (receiver).
c. Master (transmitter) ends the transfer with a STOP statement.
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If the master wants to receive (read) data from the slave:

a.

b.
C.
d

Master (receiver) sends a Start statement and addresses the slave (transmitter).
Master (receiver) sends the requested register to read to slave (transmitter).
Master (receiver) receives data from the slave (transmitter).

Master (receiver) ends the transfer with a STOP statement.

Summing up, the advantages and disadvantages of using 12C are the following (Yida, 2019):

It supports multi-master and slave communication.

It is simple to establish amidst multiple devices since it only uses two bidirectional wires.
Adopts to user’s requirements.

Multiple master support.

Contains an acknowledgement mechanism.

The disadvantages of using UART are the following:

Requires pull-up resistors thus has slower speed than SPI.
As the number of devices increases it becomes more complex.

R=4.7KOQ VDD (Voltage) VDD (Voltage)
R R R R
! |
SCL SCK SDA SCK SDA
MASTER SLAVE 1 SLAVE 2
SDA .

Figure 2.19. The 12C communication protocol with one master and two slaves. A 4.7 KQ resistor is placed between
VDD and the two wires (SCL, SDA).
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SPI (Serial Peripheral Interface) Protocol

The SPI protocol is a synchronous, full duplex main-subnode-based interface mostly used for
communication with peripherals for short distances. The protocol has one master and many slaves. The
master is the microcontroller, and the slaves are the peripherals. It uses three or four wires. The following
description is based on the four-wire variation. Three of them are common for all the devices. The clock
signals are denoted as SCLK, CLK or SPI. The main out subnode MOSI (for slave). The main in subnode
MISO (for master). Last, the fourth wire (SS) is the slave wire where each device has its own in the master’s
side (Figure 2.20). According to (Usach, 2015) this interface provides relatively high transmission rates
with adaptable configurations. SPI is not officially specified. Even though this is an advantage since the
designer can maximize its configurability it entangles the interconnection between various parts. Figure
2.21 displays the four pins needed for SPI communication along with their connection. The slaves, usually
the peripherals, are connected in different designated pins on the master’s side.

Summing up, the advantages and disadvantages of using SPI are the following (Yida, 2019):

- No complicated address system like 12C.

- The fastest protocol compared to UART and I2C.

- Data can be continuously transmitted compared to UART.

- Datacan be received and transmitted at the same time since it is equipped with two different
wires for this task (MOSI, MISO)

The disadvantages of using UART are the following:

- Four pins are required compared to the two pins of UART and I2C.
- No acknowledgement mechanism compared to 12C.

- No error check procedure compared to UART.

- It can support only one master.

Master

Slave 1 Slave 2 O000 Slave n

Figure 2.20. SPI communication with one master and many slaves.
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Figure 2.21. Pin diagram for SPI communication.

2.3.5. Wireless Communication

Many wireless communication protocols have been designed in the past decades. Wi-fi, Bluetooth Low-
power, LoRa, GSM, 4G-LTE, Zighee and NB-IOT are dominant in the IOT community. Depending on the
application, each protocol has its own benefits and drawbacks. LoRa is more popular on power
consumption and distance range, although it is new compared to the other protocols. Wi-Fi, Zighee and
Bluetooth protocols are the most prevalent but will not surpass LoRa when it comes to distance range and
power consumption. However, LoRa protocol offers less baud rates. Thus, it is up to the
researcher/individual to decide which protocol to use. This thesis describes only Wi-Fi, LoRa, GSM and 4G
protocols since they were the ones used in the case-studies.

Wi-Fi (802.11)

Wi-Fi is a well-established wireless protocol. In the microcontroller world, many chips like Espressif’s ESP
32 or ESP 8266 (ESPRESSIF, 2023), Microchip’s ATSAMW?25 (Atmel, 2016b) and others embed it on the
MCU. Shields and individual modules that include 802.11 technology can be attached to the development
board using communication protocols as discussed in Section 2.3.4. There are many Wi-Fi protocol
standards created so far. ESP32 supports 802.11b/g/n/e/I (Banerji & Chowdhury, 2013). Figure 2.22a
displays the Adafruit HUZZAH32 -ESP32 (Fried, 2023b) development board and the Adafruit WINC1500
(Fried, 2022a), Wi-Fi shield for Arduino Uno is displayed on Figure 2.22b.
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Figure 2.22. (a) Adafruit HUZZAH32 — ESP32 feather board (source: Adafruit official web site). (b) Adafruit
WINC1500 Wi-Fi shield for Arduino Uno (source: Arduino official web site).

ESP 32 MCU has two different modes. First, the Station mode (STA) needs an access point to connect to
the internet and send the data to a server. It acts like a normal computer, getting an IP, behaving like a
client by sending requests or as a server, when other devices connected to the network send requests to
the ESP 32. In this case, Chapter 3 uses this mode to send the weather station’s data via Wi-Fi to a public
server. Second, the Access Point mode, where ESP 32 is simulating a router and other devices can connect
toit.

Wi-Fi protocol transmission frequency bands are 2.4GHz or 5GHz. The range covered by Wi-Fi is up to 70
meters with no extender. Moreover, in case the applications require a high bitrate then Wi-Fi is an ideal
choice. This protocol is ideal for areas where there is Wi-Fi coverage. Unfortunately, for precision
agriculture this is not the case most of the time. In the field there is rarely Wi-Fi coverage. Moreover,
greenhouses are usually equipped with Wi-Fi access points, but this is not the general rule. Furthermore,
the typical Wi-Fi module power consumption is around 95-240mA, which depends on the standard and
the operations of the Wi-Fi module. Table 2.1 presents the RF Power-Consumption Specifications for the
ESP32 series. The power consumption measurements are taken with a 3.3 V supply at 25°C of ambient
temperature at the RF port. All transmitters' measurements are based on a 50% duty cycle.

There are many libraries developed for the ESP 32. A list of the libraries can be found in Humfrey and
per1234 (2022). Although ESP 32 is a very popular module, other modules, and wireless technologies like
LoRa are more power efficient and cover a better distance range. However, Wi-Fi provides higher data
rate compared to LoRa. Moreover, Wi-Fi’'s documentation is rich since it is a rather old protocol. Vinod et
al. (2023) developed a smart 10T-based drip irrigation system for precision farming using the ESP-32
module.

Even though 802.11 is not considered as power efficient as other wireless technologies and the range is
quite limited, in 2016 the IEEE 802.11ah Wi-Fi standard was released (Tian et al., 2021) promising lower
power comsumption and better coverage. It enables Wi-Fi to be used as an 10T solution with a range
coverage of 1000 meters allowing for high data rate (from 150 Kbps — 78 Mbps).

Summing up, the advantages of using Wi-Fi communication protocol are the following:
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- High data rates.

- Easy to install.

Disadvantages:

- High power consumption.

- Short-distance communication.

LoRa (Long Range)

LoRa, which stands for long range, is a wireless protocol for low power wide area wireless network
(LPWAN) used by devices that implement IOT applications. The devices or end-nodes, are usually battery
powered thus, making the low power feature attractive for the network designers. LoRaWAN aims to
provide key 10T specifications such as bi-directional communication, end-to-end security infrastructure,
and services that focus on mobility and localization. It is a rather new wireless communication protocol
that is used for large scale wireless sensor networks (WSNs). The effective cost, long distance range and
energy efficiency makes this protocol appropriate for various applications. LoRa was created for low-
bitrate applications, like smart city, agricultural, biomedical sensors, and other (Costa & Duran-Faundez,
2018; Ji et al., 2019; Dragulinescu et al., 2020; Andrade & Yoo, 2019).

The architecture of LoRaWan is based on a star-of-stars topology, where gateways act as the relays to
forward messages between end-devices and a centralized network server (Lora Alliance, 2023b). The
gateways act as a transparent bridge and are connected to the network server (public or private) via
standard IP connections by converting RF packets to IP packets. Converse, the procedure is applied for IP
packets to RF packets. The communication is bi-directional, meaning that both gateway and end-node can
talk and listen to each other. This is a practical application since useful features like Firmware Over-the
Air (FOTA) (Giovino, 2019), which is upgrading the end-nodes firmware wirelessly, can be applied with no
physical contact. This is efficient, especially for agricultural applications, where sometimes hundreds of
end-nodes (depending on the gateway) are spread around many acres of land.

Table 2.1. RF Power-Consumption specifications for 802.11 (WiFi). The power consumption measurements are taken with a 3.3 V
supply at 259C of ambient temperature at the RF port. All transmitters' measurements are based on a 50% duty cycle. (source:
ESPRESSIF, 2023)

Min Typ Max Unit

Mode
Transmit 802.11b, DSSS 1 Mbps, POUT = +19.5 dBm - 240 - mA
Transmit 802.11g, OFDM 54 Mbps, POUT = +16 dBm - 190 - mA
Transmit 802.11n, OFDM MCS7, POUT = +14 dBm - 180 - mA
Receive 802.11b/g/n - 95~100 - mA
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LoRa’s physical layer is based on Chirp Spread Spectrum (CSS) modulation (Reynders & Pollin, 2016)
combined with Frequency Shift Keying (FSK) (Bensky, 2019). In other words, to send information LoRa
needs to convert those bits of information to electromagnetic waves, to travel via air. CSS and FSK are two
methods that make this conversion possible. The frequency the protocol uses is 169 and 433 MHz (for
Asia), 869 MHz (for Europe) and 915 MHz (for North America). These frequency bands are considered
license-free, thus LoRa Alliance recommends a duty cycle limitation of 1% in the European band. In other
words, the 10T device can transmit less than or equal to 1% of the time. This limitation is performed to
avoid interference between the devices. Moreover, LoORaWAN uses a range of 24 — 80 channels with either
125 kHz or 250 kHz bandwidth (The Things Network, 2023).

Examples of LoRa end-nodes include OEM brands (Figure 2.23a) which might include embedded OLED
screens along with wireless LoRa functionality. Figure 2.23b displays the Adafruit LoRa radio FeatherWing
(Fried, 2023f) which acts as a shield for the Adafruit feather development boards (described in Section
2.3.2). Figure 2.24 displays LoRaWAN applied in agriculture and summarizes all the applications and
benefits. Up to 1000 end-nodes can establish connection with a gateway. A LoRaWAN gateway can receive
and transmit signals over 15 kilometers in rural areas and up to 5 kilometers in dense urban environments
depending on the location of the end-node (indoors or outdoors) and the configuration of the data rate
and spreading factor (Semtech Corporation, 2020). The spreading factor is a parameter of LoRa’s physical
layer and is part of a mechanism that adapts the emission power and transmission data rate to the
network conditions around the device. Table 2.2 displays the spreading factor, the data rate, the bit rate
(bit/s) for Europe’s default channels. The highest the spreading factor, the longer the range covered but
the data rate is lowered. Moreover, the higher the spreading factor the longer it takes to send a message
with a fixed size thus, power consumption increases. Reduction of packet loss can be achieved by sending
the same message on different radio channels. The tradeoff is increased power consumption. The data
rates (DR) of LoRa protocol ranges from 0.3 to 11 Kbps. The DR adaptation allows a trade-off between
communication range and message duration. Moreover, due to the spread spectrum of the protocol,
different DRs are not interfering with each other and thus establish virtual channels improving the
capacity of the gateway. For power consumption efficiency the network server optimizes the spreading
factor and data rate individually for each end-node by means of Adaptive Data Rate (ADR) strategy.

Table 2.2. Spreading factors, Bandwidth, Data Rate and Bit Rate combinations for LoRa's transmission in Europe.

Data
Spreading Factor + Bandwidth Rate Bit Rate (bit/s)
SF12 /125 KHz 0 250
SF11 /125 KHz 1 440
SF10 /125 KHz 2 980
SF9 /125 KHz 3 1760
SF8 /125 KHz 4 3125
SF7 /125 KHz 5 5470
SF7 / 250 KHz 6 11000
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Figure 2.25 displays the LoRaWan network architecture. The end-nodes send packets of data to the
gateway. The gateway sends the data to the network server. Through the backend layers and the link layer
the data reach the application layer where they are gathered, displayed, and processed by the application
(described in Section 2.3.8).

There are three classes of end-point devices that serve the needs of the users according to the application
as described by Lora Alliance (2023b). First, Class A uses the lowest power and supports bi-directional
communication. This is the default class. It is launched by the end-device and is fully asynchronous. The
protocol used for this type of communication is the ALOHA (Baccelli et al., 2006). The end-device can enter
low-power mode, for a period of time set by the user. Second, Class B, which is bi-directional and
synchronize synchronzie the end-node with network by using periodic beacons and schedule open
downlink ping slots. The tradeoff for this configuration is additional power usage since the end-nodes
have to “wake up” from power down periods. Third, Class C, keeps the end-node active all the time thus,
reducing the latency. However, the power drain of the receiver increases which makes this class choice
efficient for continuous power supply only. This thesis uses class A end-nodes, since the case-studies are
based on renewable sources of energy (solar-panels) or limited battery applications (Chapter 4, 6). LoRa’s
power consumption of different transceiver manufacturers are displayed in Table 2.3.

Summing up the advantages of the protocol:

- Long distance range.

- Low cost.

- Low power.

- A single gateway for 500 to 1000 end-nodes, depending on the gateway.
- Resists multipath fading (Mahender et al., 2018) and Doppler effect.

- Firmware over-the-air update.

The disadvantages of the protocol:

- Low baud rate.

- Open frequencies are different for each country.

Table 2.3. Main current consumption details on LoRa/LoRaWan common transceivers from different manufacturers. (source:
Ibanez et al., 2017)

Transceiver Sleep Transmit Receive
Semtech SX1272 0.1mA (max 1 A) Min: 18 mA (7 dBm) 1050r11.2mA

Max: 125 mA (20 dBm)
Semtech SX1276 0.2 pA (max 1pA) Min: 20mA (7 dBm)

Max 120 mA (20 dBm) 10.8,11.50r 12mA
HopeRF HM-TRLF-LF/HFS JuA(min12pA max 3y Min:35mA (13 dBm) )

Max: 120 mA (20 dBm) 16 ma(min. 15mA, max. 18 mA)
Micochip RN2483 Up to 100-150 pA Min: 17.3 mA (-4.0dBm)

Max: 38.9 mA (14.1dBm) 14.2 mA
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Figure 2.23. (a) OEM LoRa development board embedded with an OLED screen (source: Wirelesslan.gr) (b) Adafruit
LoRa radio FeatherWing. A shield for the Adafruit feather development board series (source: Adafruit official web
site).
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Figure 2.24. Benefits of using LoRaWAN in agriculture. Up to 1000 end-nodes can establish connection to the
gateway. (source: LoRa alliance web site)
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GSM (Global System for Mobile Telecommunications)

GSM protocol (Rahnema, 1993) provides mobility for IOT devices thanks to its high coverage. Even though
many countries deprecated the protocol, Greece and other European countries are still using it. Its bit rate
is low, compared to 3G, 4G/LTE and 5G technologies. However, lower bitrate means lower power
consumption making this technology useful for transmitting sensor data from battery-powered devices.
The over-the-air bit rate is 270 Kbps. The uplink frequency range is 933-960 MHz.

GSM networks are generally compatible with a broader variety of devices. Thus, using GSM as the bridge
between end-nodes and IOT servers is an ideal combination for power efficiency and coverage. Moreover,
GSM modules are less expensive than 4G modules.

Adafruit Feather Fona (Fried, 2023e) is a development board that supports GSM technology. It uses a 32u4
MCU and the community offers abundant documentation. The power consumption of the Adafruit
module for the enabling GSM is 70mA on average. For a TCPIP connection it requires 150 mA on average
and disabling GPRS requires 113mA on average. The module can be put to sleep mode and will drop the
current draw, but the cellular connection will still be on. To disable the cellular connection, the module is
equipped with a dedicated pin that switches the GSM module off.

Last, the module is equipped with a uFL connector for external antennas.

A significant disadvantage to the other wireless communication protocols is the need for an internet
service provider. Usually, the fees are charged monthly, and a SIM card is needed. There are many
alternatives to local Greek providers such as Monogoto (2023) . Monogoto is a card Sim supplier for global
connectivity. Gartner Peer Insights (2023) provides a IOT service provider review with ratings. Users can
rate their experience with the Isited providers.

Chapter 6 case-study uses GSM cellular connection to upload the data to an 10T server.

4G LTE networks
4G/LTE is a fourth-generation mobile network technology which offers high-speed data transfer services.
Compared to GSM, 4G/LTE provides higher data rates and can reach up to 50 Mbit/s for the upload
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channel. However, its power consumption is higher than GSM’s. Arduino MKR1500 (Arduino, 2023g) is an
open-sourcekerseel development board that provides 4G services. Moreover, a 4G dongle can be used
to add 4G network connectivity to a Raspberry pi. Chapter 4 uses this configuration combining 4G and
LoRa wireless connectivity to create a gateway using a Raspberry pi 3 B+. More information about 4G/LTE
networks performance can be found on Krasniqi et al. (2018).

2.3.6. Designing the Hardware
There are many open-source programs for designing hardware prototypes. Fritzing (Knorig et al., 2009)
and Kicad (Evans, 2021) are very popular and easy to use.

Fritzing is an open-source software that makes electronics hardware design attainable for any individual
interested. It is used by engineers, artists, researchers, and makers for sharing their electronic devices’
documentation. Fritzing produces layouts for printed circuit boards (PCB) for mass production and can
also be used for educational purposes. It has a vast variety of libraries, allowing the user to input any kind
of electronic part, microcontroller, development board, shields etc. in their design. Figure 2.26a displays
Fritzing’s interface. Three layouts are available. A breadboard, a schematic, and a PCB layout. Depending
on the application the user chooses the appropriate output. When the user designs his project using one
of the three layouts, Fritzing converts the design in the other layouts simultaneously. Thus, making it
easier to output the design for different uses. A printed circuit board can be made at home using DIY
etching processes (monusuthar2016, 2017) or by sending the schematic Fritzing outputs in a PCB
development company. All the designs for the case-studies in this thesis were developed using Fritzing.

Kicad (Figure 2.26b) is an open-source Electronics Design Automation (EDA) suite. Similar to Fritzing, one
of its features is schematic entry, which is the step where the electronic diagram of the electronic circuit
is developed. However, Kicad adds more features and offers 3D rendering and a circuit simulator. Circuit
simulation is an important attribute. Usually, makers use the solderless breadboard to create a prototype.
Circuit simulation allows makers to create their prototype virtually and check for the circuit output for
troubleshooting in case the circuit is not working as expected during the breadboard prototyping
procedure.

2.3.7. Loggers for Environmental Monitoring and Sensor Working Principles.

There are many sensors developed for various applications. Air and liquid temperature sensors, air
humidity sensors, soil moisture sensors, PH sensors, Electrical Conductivity (EC) sensors, pressure sensors
etc. Each sensor has its own working principle. For example, thermistors are temperature sensitive
resistances. Resistance is affected by changes in temperature. Using Ohms law, a simple circuit called
voltage divider converts the resistance output to voltage. Figure 2.27a displays a voltage divider with a 5
Volt reference voltage. The output is connected to an analog input of Arduino Uno development board.
This is essential since an MCU can only read voltage. The resistance value can be calculated using the
following formula:

R, R,

Vout =Vin—2— thus, R, =Vout ——————.
+R, Vin—-Vout
R, is the thermistors resistance value. R, is the reference resistor (in this example 10 kOhms) and is

usually chosen to have the same value as the thermistors when temperature is 25°C. Vinis 5 Volts in this
example and Vout is the voltage read by the microcontroller. Further, R, is mapped to a specific
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temperature using functions provided by the manufacturer. The procedure for using thermistors including
the wiring and equations for converting resistance to temperature values along with methods to maximize
the accuracy of the thermistor’s measurement are described in Chapter 6.

Similarly, Fisher et al. (2018) developed an open-source cloud-connected sensor-monitoring platform for
measuring soil humidity using Watermark 200SS granular matrix sensors. The sensor’s measurement
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Figure 2.26. (a) Fritzing interface. A tool for designing electronics and producing documentation, on the left
(source: Fritzing official web site). (b) Kicad user interface, on the right. Kicad is an open-source Electronics Design
Automation Suite (source: Kicad official website).

circuitry consists of voltage dividers (the system is equipped with four sensors) and uses the same working
principle as the thermistors. The resistance of the sensor changes according to the soil moisture.

Every sensor uses its own communication protocol to connect with a logger. Sensor manufacturers usually
develop loggers that are compatible with their sensors allowing for plug and play features. This is because
the logger is already programmed for a specific sensor. Development boards allow a maker to construct
a high-quality logger and adapt its code to any sensor with a known communication protocol (discussed
in Section 2.3.4).

Arduino compatible sensors are built with one or more of the standard microcontroller communication
protocols. Unfortunately, these sensors are mostly used for educational purposes since the quality of the
readings is not always high and sometimes the measurements are unreliable. On the other hand, industrial
sensors might be compatible with the typical MCU communication protocols but there are cases where
their output is current, RS485 (Wang & Liu, 2021) and Serial Digital Interface at 1200 baud (SDI-12) (SDI-
12 Support Group, 2021). These protocols can be simulated using additional hardware or software with
an Arduino or Arduino compatible development board. Chapter 4 interfaces a soil moisture sensor with
RS485 output, with an Arduino compatible logger. Current output can be read by an Arduino or Arduino
compatible logger using additional hardware with an operational amplifier for simple linear signal
processing and a resistor for dissipating current. DFRobot is an electronics manufacturer that developed
an analog current to voltage converter (DFRobot, 2020) with a range of 4 to 20 mA (Figure 2.27b).
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Figure 2.27. (a) A voltage divider with input voltage 5 Volts. The output is connected to an analog input of the
Arduino Uno development board. (source: created using Fritzing) (b). SEN0262 Current-to-voltage module. The
module converts current that ranges from 4 to 20 mA to voltage (source: DFrobot official web site).

2.3.8. Internet of Things platforms.
IOT devices upload sensor or other forms of data in an 10T platform. The 10T platforms form a bridge
between devices and users by providing Application Programming Interface (API) (Red Hat, 2022), to ease
their control and management. Thus, administrators, developers, researchers and IOT users are facilitated
and relaxed from challenging configurations the API layer requires. 10T platforms offer space for
connecting, managing, monitoring, and controlling the data flow send by devices. Further, the device can
be controlled from the platform using a downlink. For example, an |OT device responsible for controlling
the lights in a warehouse can be coordinated by the user via the I0T platform, simply by sending a signal
to command switching on the lights for the user to enter the warehouse. In other words, the user can
issue any command that is not preprogrammed.

Babun et al. (2021) provide a survey for IOT platforms in a communication, security and privacy
perspective. The authors consider seven technical comparison criteria. The topology design, programming
languages, third-party support, extended protocol support, event handling, security and privacy.
Moreover, they present viable solutions for the platforms, to strengthen security and privacy. Last,
advantages and drawbacks of every IOT platform are presented to aid IOT administrators, researchers,
and users to make a choice based on academic judgement.

In this Section, three IOT platforms are presented since they were used in Chapter 3, 4 and 6. For more
information on 10T cloud providers, Zdravkovic et al. (2016) provide a survey in a functional and design
perspective to current IOT platforms and related research. For small or large-scale projects, there are
many free IOT platforms like ThingSpeak (2023) or Adafruit 10 (2023). Prototype designs are established
as small-scale projects and are usually free of charge. Later, if the user is pleased with the performance of
the system, the designer introduces the corresponding fees the platform requires.
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ThingSpeak

ThingSpeak is an IOT analytics platform service that allows the user to store, visualize and analyze their
data in real time. The toolbox this platform provides includes alert commands using web services like
Twitter, Twilio or email. Moreover, with MATLAB analytics the user can write and execute MATLAB code
(MathWorks Inc, 2022) to carry out preprocessing, visualizations, and statistical analyses. ThingSpeak
provides a vast number of tutorials for various IOT devices to connect.

First, the user signs up and creates a new channel (Figure 2.28). Then she/he sets up the fields where the
data will be stored. For example, if the IOT device sends air temperature and humidity data, Field 5 is for
humidity and Field 6 is for temperature (Figure 2.29).

ThingSpeak allows for various visualizations such as a filled area 2-D plot, a multiple series chart or a time
series chart. Other graphs can be created using MATLAB visualization tab, interacting directly with data of
any Field. Moreover, statistical analysis or any kind of calculation can be performed using the MATLAB
Analysis Tab. ThingSpeak, offers Widgets for every Channel. For example, Gauge meters, numeric displays,
Lamp indicators or image displays. The data gathered from the Fields can be exported in JSON, XML or
CSV format. Last, various Apps like Plugins, TimeControl, React, Talkback and ThingHTTP are provided.
Plugins is an App that allows the user to create Google Gauges, charts, or custom displays using HTML,
CSS, and JavaScript. Timecontrol works with other ThingSpeak Apps to perform an action at a specific time
or on a regular schedule. React works with other ThingSpeak Apps just like Timecontrol to perform actions
when a channel data meets a certain condition. For example, if the battery value of the IOT device runs
low, maybe below 3.7 Volts in case the device is powered by a LiPo battery, then the platform can email
the user. TalkBack enables any device to act on queued commands. ThingHTTP enables communication
among devices and web services without having to implement the protocol on the device level. For
example, React can work with ThingHTTP and send a request to a custom made HTTP server. All the
available documentation can be found in ThingSpeak (2023) or other resources online.

Adafruit 10

Similar to ThingSpeak, Adafruit 10 is a server provided by Adafruit, a company founded in 2005 by an MIT
engineer, Limor Fried. Her goal was to create an online shop/forum for learning and supplying electronics.
Her team provides numerous documentations based on their products but not limited to them. The
procedure to use the Adafruit 10 services is similar to ThingSpeak. The user has to sign up and choose a
data plan. The user can choose the Adafruit IO Baic plan, which is free and provides 2 devices, 5 groups
and 10 feeds. The server stores the data for 30 days and the user can retrieve them in an excel format.
Adafruit 10+ provides unlimited devices, groups and feeds plus other privileges for a monthly fee. Graphs
and apps are available for data processing and can be scheduled to notify the user if a condition is met via
email. Chapter 3 uses Adafruit |0.
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Figure 2.29. ThingSpeak data visualization from Field 5 and 6. The x-axis is the timeline while the y-axis displays the
value of the characteristic the sensor measures.

The Things Network (TTN)

The Things Network is an I0T ecosystem that establishes networks, devices and other solutions using
LoRaWan. It uses the Things Stack Community Edition, which is crowdsourced and decentralized
LoRaWAN network supporting the open-source community. The services provided by TTN are free for
limited use and the there are many options for other plans depending on the user’s needs. It is used as an
intermediate server and forwards the data in other |OT servers that offer data storage. The user can
establish a gateway or can use a gateway (owned by another user) which is open. By setting the open
setting on, the users support the community by offering LoRaWAN access to other users. Figure 2.30
presents The Things Network settings for the LoRa gateway used in the present research (Chapter 4). The
frequency plan is chosen as EU_863 870 _TTN for Europe.
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Figure 2.30. The Things Network settings for the LoRa gateway used in the present research. The frequency plan is
chosen as EU_863_870_TTN for Europe.
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3. A method comparison study between open-source and industrial weather
stations.

3.1.Goal of the Project

Meteorological parameter monitoring is essential in the agricultural field. Precision agriculture is based
on the characteristics measured and stored by individual sensors or a collection of sensors embedded in
one system. The latter is an example of weather stations. Many researchers publish their work on
inexpensive meteorological parameter monitoring systems deployed by open-source development
boards. Specifically, Kim et al. (2022) developed a Weather Station (KOSEN) and a server for provision of
weather information to farmers. Gunawardena et al. (2018) developed a low cost open-source distributed
sensor network and used an artificial neural network to connect the radiation errors that caused
disagreement between the novel device and the corresponding research grade sensors. The sensor
network development is based on an Arduino Mega. Khattab et al. (2019) developed an loT-based
cognitive monitoring system for early plant disease forecast based on Arduino Mega. Sagheer et al. (2020)
developed a cloud-based loT platform for precision control of soiless greenhouse cultivation using an
Arduino microcontroller.

An open-source weather station was developed and constructed for meteorological parameter
monitoring inside or outside greenhouses. The station can measure only air temperature and humidity,
but due to its modular nature other sensors can be added effortlessly since documentation for open-
source systems is rich and accessible to everyone. Two types of system evaluation were performed to the
novel device. First, the evaluation of the device’s operation. Second, the evaluation of the agreement
between the open-source and its corresponding industrial weather station, regarding their temperature
measurements. The experimental design and the statistical analysis are described in detail in Section 3.6
and 3.7.

3.2.Software
The device was programmed using Arduino IDE. The libraries used are listed in Table 3.1. The code was
simple since the station’s readings regarded only air temperature and humidity. In Figure 3.1, the
flowchart presents the sequence of the weather station’s functions. Arduino IDE consists of two functions.
The setup function, which runs the code only once from the moment the module is powered. The loop
function, which runs repeatedly until the module is powered down.

Table 3.1. Libraries used in the code and their functionality.

Library Functionality
FS Data Storage
SD Data Storage
RTCLib Real Time Clock
SHTC3 Sensor
AdafruitlO_WiFi Connecting to Adafruit IO
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Figure 3.1. Flowchart that summarizes the sequence of the weather station’s functions.

First, in the setup function of the Arduino IDE, we initialize the RTC, SD card, temperature/humidity sensor
functionalities and then the module connects to the Adafruit 10 server. If it fails to connect, the flow
continues, with the system not taking any action. Second, in the loop function of the Arduino IDE the
system is repeatedly acquiring the minutes of the timestamp from the RTC and is compared to the
operation minutes modulo 5 which is the remainder of the present minutes divided by 5. If the result is 0
then the temperature is acquired from the SHTC3 temperature/humidity sensor and the timestamp which
includes the present year, month, day, hour, minute, second. Third, a string is created and is stored as a
text file in the SD card. Finally, it connects to the Adafruit IO and sends the data. If the connection is not
established, the system retries for 10 seconds. If it fails to connect the system returns to the point before
the first decision-making procedure, acquiring repeatedly the minutes from the timestamp. The same
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3.3. Cost of the device
The total cost of the open-source weather station was about 55 Euros in 2021 market prices. Table 3.2
displays the cost of every component in detail.

3.4.Industrial Weather Station
The industrial weather station is from Symmetron company, equipped with a Thygro SDI-12 air
temperature and humidity sensor (Figure 3.2), a solar radiation sensor, solar panels, battery, logger, and
a solar radiation shield. The air temperature accuracy is £0.2°C and the resolution is £0.015°C. The total
costincluding the logger, the sensors, the battery and all the software was around 3000 euros. The service
costs for remote monitoring are additional.

3.5.Hardware

The open-source weather station constructed for this experiment consists of four major components.
First, the coordinator of the station’s functions is the ESP-WROOM-32 (ESPRESSIF, 2023) microcontroller
embedded in a wemos lolin evaluation board (Wemos Electronics, n.d.) (Figure 3.3b), which targets a wide
variety of applications, ranging from low-power sensor networks to the most demanding tasks, according
to the datasheet. Second, the logging function is performed by two components, a microSD card module
(Figure 3.3d) and a real time clock (RTC) DS3231 (Maxim Integrated Products, 2015) (Figure 3.3c). Third,
the temperature/humidity sensor is an Adafruit Sensirion SHTC3 Temperature and Humidity sensor
(Siepert, 2022) (Figure 3.3a), which has an accuracy of +0.2°C, response time 8 seconds and 0.01°C
resolution. Last, the device can store data in a server provided by the Adafruit company, Adafruit 10
(2023). The medium used for remote data logging is Wi-Fi, available in the greenhouse.

Figure 3.2. Temperature and humidity sensor enclosed in a radiation shield of Thygro SDI-12.
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Table 3.2. Detailed cost of every component for the construction of the open-source weather station.

Components Cost (In Euros)
LOLIN ESP-WROOM-32 10
SHTC3 3.5
SD-Card module 1
Real Time Clock 1
Box Enclosure 5
PCB 2
Tripod 20
Material for the radiation shield 5
Angle Brackets 2
Screws and Nuts 1
Wires 2
Screw terminals 2
Resistors 0.6
Switch 0.5
Total 55.6

3.5.1. Real Time Clock

The real time clock module is a DS3231 low-cost and highly accurate 12C module, with integrated
temperature compensated crystal oscillator. A CR2032 coin cell battery can be inserted into the battery
dedicated slot to maintain the time regardless of the MCU’s power state. It is a backup solution in case of
power failures or power saving modes. The information than can be retrieved from the module regarding
time is years, months, day, hours, minutes, and seconds. Due to its embedded sensor, temperature is also
available for compensation. It features a 32Kb memory for data storage. Furthermore, two programmable
time-of-day alarms and a programmable square-wave output are available. The last one is very useful
especially for low-power applications that need to wake the MCU up in predefined intervals. A
temperature-compensated voltage reference and a comparator circuit constantly monitors the voltage
external supply and switches to battery power if necessary. There are many libraries available for this
module. The one used for this project is RTClib from evaherrada (2023).

3.5.2. Temperature and Humidity Sensor

The sensor used for this project is an Adafruit SHTC3 (Siepert, 2022) temperature and humidity sensor by
sensirion. The breakout board was made by Adafruit which makes the connection with the MCU easy and
straightforward. All the necessary electronic components and circuitry to make the communication
between the sensor and the MCU are available in the breakout board. The communication protocol is I12C.
There is no need for soldering wires as the breakout board is equipped with a SparkFun Qwiic (Sparkfun,
2023) which is compatible with STEMMA QT (Fried, 2022b) connectors. These connectors are 3 and 4 pin
JST PH and are plug-n-play directly from the sensors to the STEMMA QT compatible development boards.
Last, there is a power regulator which allows the user to power the sensor either by 3.3 or 5 volts. The
library used for this module is the Adafruit SHTC3 (PaintYourDragon, 2022). The documentation with the
technical specifications, the guide to install the library and the wiring is available in Adafruit’s website.
Table 3.3 summarizes the technical specifications of the sensor.
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The device stores data in the sd-card and can transmit it to the IOT server every five minutes,
simultaneously. The sd-card module works as a back-up system in case the WiFi connectivity is lost.

The sensor’s solar radiation shield (Jakub, 2017) is custom made, using inexpensive and widely available
materials to the public. Specifically, four flowerpot plates were used which were painted with white spray
and 3 c¢cm nylon stand-offs were placed between them to be separated so air can flow freely. The
temperature sensor is placed inside to avoid direct sunlight exposure and prevent biased readings.

The box that houses the system is an IP66 plastic box (Kafkas, n.d.) and the body of the station is a camera
tripod (Hama, n.d.) embedded with aluminum angle brackets that contain mounting holes, which are
useful for placing the box on the desirable height. The circuit is displayed on Figure 3.4. The complete
finalized product is displayed in Figure 3.5. Headers were soldered on the Printed Circuit Board for the
vital and more expensive parts. This implementation makes it easier for developers to replace broken
parts and there is no need to construct the PCB from scratch or desolder components. The device was
tested in the laboratory for one week to make sure everything will work as planned during the field
experiment.

Figure 3.3. (a) Adafruit Sensirion SHTC3 temperature/humidity sensor. (b) ESP-WROOM-32 module, for
functionalities coordination and wireless connection. (c) Real Time Clock SD3231 to acquire the timestamp. (d) SD
card module to store the data
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Table 3.3. Technical specifications for the Adafruit SHTC3 temperature and humidity sensor.

Technical Specifications

Temperature

Accuracy +0.2°C from 0 to 60°C
Resolution 0.01°C

Measurement Range —40to 125°C

Humidity

Accuracy +2% from 20 to 80%
Resolution 0.01%

Measurement Range 0 to 100%

Power Consumption (typi-

cal scenarios)

Idle: 45 pA
Sleep Mode: 0.6 HA
Measurement: 430 HA

Response Time
Communication Protocol

8 seconds
12C

Figure 3.4. Finalized PCB, which does not include the sensor. All the parts were soldered, and the device was tested
for 1 week in the lab to make sure everything will work as planned during the field experiment
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Figure 3.5. The final product for a single system. The box that houses the system is an IP66 plastic box and the body
of the station is a camera tripod embedded with aluminum corners that contain mounting holes, which are useful
for placing the box in the desirable height.

3.6. Experimental Design

The experiment took place in the greenhouse facilities of the Laboratory of Agricultural Constructions and
Environmental Control, in the area of Velestino (latitude 39°44’, longitude 22°79’, altitude 85 m), Greece.
The topology consists of 3 industrial weather stations and 30 open-source, surrounding each industrial as
shown in Figure 3.6. This configuration reduces the cost of the experiment substantially since getting the
same amount of industrials as open source increases the cost. The logging interval is 5 minutes, and the
measurement is instant and not averaged. Due to Adafruit |0 server’s (discussed in Chapter 2.3.8.)
limitation, since the basic no fee plan was used, only one of the 10 devices per cluster (Figure 3.6) was
transmitting to the 10T server. The rest stored the data in the SD card. This configuration was made to
evaluate the wireless performance of the station.

Three tripods for the open-source weather station were placed next to each industrial. Each tripod
contained three radiation shields and each radiation shield contain 3 to 4 sensors and two boxes. Each
box contained five PCBs, one for each system. This design was followed since the space around the
industrial weather station was limited. Each sensor was placed 4 cm away from each other to avoid
interference.

| osw/s OSW/S Osw/s osw/s OSW/S | osw/s osw/s OSW/s osw/s.

Industrial
W/s

Figure 3.6. The topology of the experiment. Every industrial weather station creates a cluster of ten open-source
weather stations.

Industrial
W/S

Industrial
wW/s

aSW/s OsW/s
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Each PCB containing the open-source device, including the sensor, is defined as the experimental unit in
this experiment. The tripods can be considered as a random factor which creates a cluster of sensors. The
same applies for each box that contains the PCBs and each radiation shield that contains the sensors.
However, these factors will not be included in the model since it will make it more complex and the
variation coming from them will be included in the error term. The response of the experiment is the air
temperature. Since each device was capturing temperature measurements in a 5-minute interval for 7
days, the data are considered longitudinal, and the appropriate analysis will be followed. Theoretically the
devices would store 288 measurements (occasions) but due to network failure for specific times during
the day not all occasions were transmitted from the industrial weather stations. Furthermore, power
failures would cause the same issue for the open-source weather station since it is not equipped with a
battery. Table 3.4 summarizes the total occasions recorded per day that both devices transmitted
successfully. In case one of the weather stations missed a measurement, the corresponding occasion for
the other devices is discarded.

The cultivation was tomato and the industrial weather stations 1 and 2 were in the same chamber close
to the vegetation but the industrial weather station 3 was further away with no vegetation present. The
duration of the experiment was 7 days.

Table 3.4. Common occasions for both devices recorded per day.

Days Occasions
221
222
244
145
124
261
221

N o o WN

Table 3.5. The experimental design. The experimental unit is defined as the sensor and logger system. The data are
considered longitudinal. The design is balanced.

Experimental Design

Experimental Unit Sensor and logger system
Repeated Measurements Yes, averaged per time interval
Number of repeated measurements 51

Data category Paired, longitudinal data, 7 days
Sample size 30

Balanced/Unbalanced measurements Balanced
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3.7.Method Comparison Study Techniques

Rathnayake and Choudharry (2017) proposed semiparametric modelling and analysis for longitudinal
method comparison data. However, Choudhary and Nagaraja (2017a) (C & N) provided similar method
where the mean functions are modeled as polynomials (2.13) instead of penalized splines. Choudhary’s
and Nagaraja’s approach was followed, modelling the data using mixed-effects models assuming the
proportional bias is 1, to produce three assessment indices. Moreover, the methodology proposed by
Carasco et al. (2009, 2013) was also used to calculate CCC for longitudinal data. Last, Longitudinal
Concordance Correlation (Oliveira et al., 2018) index was evaluated by implementing the corresponding
R-package (Oliveira, 2020). The shared advantage for the first and the third methodology is that CCC is
calculated for all the time occasions and not summarized in one value like the second method. The
decision to follow these methodologies was based on the nature of the data. The present data are
longitudinal, and an attempt to calculate indices and intervals was made to assess agreement (CCC, TDI
and LOA) and one index to assess similarity (Fixed Bias) between the two systems. Choudhary’s and
Nagaraja’s R code (2017b) is available to fit a mixed-effects model (discussed in Section 2.1.5), considering
the occasions as repeated values. However, due to heavy computational burden, the model is unable to
converge and estimate its counterparts due to the large number of occasions per day. Thus, using National
Observatory of Athens (2023) summary method to report daily temperature, the days were divided into
8 time zones and temperature recordings were averaged per time-zone (Table 3.6). Then, the indices were
calculated for 51 occasions. Moreover, CCC was calculated using the “cccrm” (Carrasco & Martinez, 2022)
and “lcc” package (Oliveira, 2020). The difference between the three analyses was based on three main
parts. First, the analysis using C & N methodology provided CCC, TDI and limits of agreement for all time
occasions. However, for Carrasco’s methodology CCC was summarized as one value. Oliviera’s
methodology provided only CCC for all the time occasions plus the longitudinal Pearson correlation and
the longitudinal accuracy statistics. Second, C & N methodology fit the data using a different formulation
for the mixed-effects model compared to Carrasco and Oliviera. Table 3.7 summarizes the model
formulation per methodology for CCC calculation. Third, C & N methodology includes CCC, TDI and limits
of agreement while Carrasco’s and Oliviera’s only CCC.

Table 3.6. Summary of time zones used to report daily temperature from the National Observatory of Athens.

Time Intervals Time-Zone
00:00 - 02:59 1

03:00-05.59
06:00 - 08.59
09:00 - 11:59
12:00 - 14:59
15:00-17:59
18:00 - 20:59
21:00 - 23:59

0o NO UL &~ WN
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Table 3.7. Model formulation for the mixed-effects model per methodology for CCC evaluation.

C&N Carrasco Oliviera
Fixed Effects method method method
Random Effects subject, subject x occasions | subject, subject x method subject
Correlation Structure AR(1), ARMA, etc Compound Symmetry/ AR(1) NA
Variance-Covariate method NA method
Estimation Method ML REML REML

3.8. Results

3.8.1. Exploratory Analysis
The data consist of air temperature measurements taken by two kinds of devices — open-source (new
method) and the industrial (reference) on a method comparison study of 30 open-source weather stations
and 3 industrials. There are 30 subjects, 2 methods, 8 time zones and 7 days. Each day is divided into 8
time-zones as described in Section 3.6. Thus, 3360 measurements are expected to be counted. However,
there were 3060 of measurements in total, since not all days include all the occasions. The loss of data is
based on power failures or unsuccessful transmission from the industrial. Table 3.8 displays a summary
for the number of time-zones per day.

Trajectories of the differences per subject are displayed in Figure 3.7. The x-axis presents the occasions of
the experiment. The first digit defines the day and the second the time-zone. For example, occasion 11
represents the first day and first time zone. Occasion 24 represents the fourth time-zone of the second
day. There are 51 occasions in total. A trend throughout the days is obvious. The differences start with
around -3 units, decrease until they reach zero then increase, and reach a peak of approximately 4 units.
The open-source device underestimates then overestimates the temperature. The positive peaks are
noticed in the 5™ to 6™ time zone which corresponds to 12:00 am until 18:00 pm where the highest
temperatures are measured. Figure 3.8 presents the scatterplot of the industrial vs open-source device
per time-zone and the identity line is included in every plot. The open-source device underestimates the
temperature for time-zones 1, 2, 8 and overestimates for time-zones 5 and 6. For time-zones 3,4 and 7
both effects are noticed. Figure 3.9 presents the Bland-Altman plot without the limits of agreement per
time-zone. A trend is visible for time-zones 3,7 and 8. Figure 3.10 and 3.11 display boxplots of the
temperature differences per time zone and per time-occasion respectively.
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Trajectories of differences per subject

difference (Open-Source (-) Industrial)

S T R T L L L T L LT, . T L . T R T T B V. L S T, T L
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80

Occasions

Figure 3.7. Trajectories of the differences per subject. Occasion 11 represents the first day and first time zone.
Occasion 24 represents the fourth time zone of the second day. There are 51 occasions in total. A trend throughout
the days is obvious. The differences start with around -3 units, increase, and reach a peak of approximately 4 units.
Thus, the open-source device underestimates then overestimates the temperature.
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Scatterplot of Industrial vs Open-Source by time-zone
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Figure 3.8. Scatterplot of Industrial vs open-source by time-zone. The open-source device underestimates the
temperature for time-zones 1, 2, 8 and overestimates for time-zones 5 and 6. For time-zones 3,4 and 7 both effects
are noticed.
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Table 3.8. Time-zones per day. Days 1,2,3,6,7 include measurements for all the time-zones. However, day 4 and 5
include 5 and 6 time-zones respectively.

Days Time-Zones

N oo A WN R
00O 00O O U1 00 0O 00

Bland-Ailtman plot per time-zone
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Figure 3.9. Bland-Altman plot without the limits of agreement per time-zone. A trend is visible for time-zones 3,7
and 8.
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Boxplot of difference by Time-Zone
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Figure 3.10. Boxplot of the temperature differences per time zone.
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Boxplot of difference by Occasion
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Figure 3.11. Boxplot of difference by occasion. A cubic polynomial provides a reasonable fit.
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3.8.2. Agreement Analysis

A cubic polynomial provides a reasonable fit in Figure 3.11. Thus, a degree of q = 3 is chosen for the mean
functions (2.13). Model (2.12) is fit to the temperature data. However, regardless of the choice for the
correlation structure, the model either did not converge, or the standard deviation of the errors was
extremely high. This is a sign of inappropriate model fitting. The analysis continued using Carrasco’s
methodology. The model formulation considered AR(1) as the correlation structure, with correlation
parameter estimate @, = 0.5295. The random effects formulation was the same as the previous model.
The model was fit using restricted ML instead of ML as for the previous model. Table 3.9 summarizes CCC
estimate and the corresponding confidence intervals. The agreement is considered low since CCC estimate
is 0.3346 and its corresponding confidence interval is [0.2642, 0.4016]. Investigating model diagnostics,
(Figure C1, Appendix C), there is evidence of great deviation from normality thus the estimates are not
considered robust.

The analysis continues with the implementation of the lcc function from the “lcc” R-package by Oliveira
et al. (2020). Using the formulation described in Table 3.7, LCC is evaluated for all time occasions. Apart
from LCC, the function estimates the longitudinal accuracy and longitudinal Pearson correlation. These
indices are considered as the accuracy (LA) and precision (LPC) coefficient respectively (discussed in
Section 2.1.5.). Table A.10 (Appendix A) summarizes LCC, LPC and LA per occasion. Moreover, Figure 3.12
presents the estimates and 95% confidence intervals for the LCC, LPC and LA throughout the time
occasions. For LCC, the agreement is considered low. LCC ranges from 0.1146 to 0.2236. LPC ranges from
0.1234 to 0.2243 which reveals high deviation from the line of best fit. LA ranges from 0.9286 to 0.9969
thus the marginal distributions of the two measurement methods are close. The points on the plots
represent the concordance correlation coefficient considering independent measurements taken over
time. There is a significantly high difference between CCC and LCC.

Low values on the LPC and high values on LA are evidence of accurate but not precise measurements.
Thus, low precision is a possible source of disagreement between the two methods.

Table 3.9. CCC estimate and its corresponding confidence intervals. The agreement is considered low.

CCC estimated by variance components
CCC LL CI 95% UL Cl 95% SE CCC
0.3346 0.2642 0.4016 0.0351

Institutional Repository - Library & Information Centre - University of Thggsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



1.00°
0.751
3 0.501
0.251

0.00

1.001
0.751

< 0.501

0.25

0.001

(a) LCC - Open-Source VS Industrial

9Py
©afo o
B ooPo

=} = bt
ool

o o

101520 253035404550 5560657075
Time

(c) LA-Open-Source vs Industrial

o0 0

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time

Figure 3.12. (a) Estimates and 95% confidence intervals for the longitudinal concordance correlation. LCC starts
from 0.2236 for occasion 11 and reaches 0.1146. As the occasions increase LCC reduces. (b) Estimates and 95%
confidence intervals for the longitudinal Pearson correlation. (c) Estimates and 95% confidence intervals for the
longitudinal accuracy. The points on the plots represent the concordance correlation coefficient considering

independent measurements taken over time.
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3.9. Discussion

The construction of open-source devices for environmental remote monitoring forment a new trend for
affordable and fully configurable industrial and experimental equipment. Solely, the construction and
functionality validation are not enough to evaluate the devices’ performance and reliability. Thus, a formal
methodology that covers the experimental design and the statistical analysis was implemented to
investigate the areas of agreement and disagreement between a reference and a new device. This is the
first attempt to evaluate such devices under specific conditions (longitudinal data) using statistical
methods to assess agreement and there is certainly space for improving the methodology or extending to
other conditions.

Methods for assessing agreement for longitudinal data with a great number of repeated measurements
using time series can extend the current approach. The first attempt to fit the current data to mixed-
effects models using Choudhary’s and Nagaraja’s methodology failed to produce a valid model, regardless
of the different formulations of the correlation structure. Moreover, covariates such as humidity and
cluster effects (sensors hosted in the same radiation shield) can be considered as possible sources of
disagreement. Considering this information further actions can be considered to improve the agreement
and identify possible sources of disagreement between the reference and the new device.

Carasco’s methodology fits a proper model for the data. The results indicated low agreement since CCC
estimate is 0.3346 and its corresponding confidence interval is [0.2642,0.4016]. However, possible
covariates like humidity or location of the weather stations should be taken into consideration in future
research.

Olivier’s methodology produced a valid model and LCC, LPC and LA were estimated. However, there was
no specific correlation structure defined for the repeated measurements. The author’s methodology
revealed low agreement (LCC ranged from 0.1146 to 0.2236). LPC and LA provided an explanation about
the inadequate agreement. Since LPC is low [0.1234,0.2243] and LA is high [0.9286,0.9969], lack of
precision is one of the possible sources of disagreement.

For the hardware part, upgrades and additions can be considered for the open-source device, such as
power efficiency, adding solar panels and sleep modes to save energy, expand the environmental
characteristics measured such as solar radiation sensors (PAR sensors, pyranometers), soil moisture and
conductivity sensors etc. This task is supported by the huge amount of documentation and guides
available online.

Last, the wireless technology can be exchanged between Wi-Fi and LoRa, depending on the conditions
surrounding the area of coverage. If the infrastructure (field or greenhouse) the logger is established is
not equipped with Wi-Fi, LoRa wireless technology can be used (discussed in Section 2.3.5), equipped with
LTE or GSM cellular modules. Such applications are discussed in Chapter 4 and 6 where power outlets are
either available, thus using more power consuming cellular applications (LTE) or not available, using less
power consuming cellular technology (GSM).
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4. A method comparison study between an open-source and an industrial system
for measuring water content from perlite slabs.

4.1.Goal of the study
Perlite is a generic name for an amorphous volcanic rock. Markoska et al. (2018) describe Perlite’s features
and applications. When water is entering its structure vaporizes and escapes. This procedure causes its
expansion to 7-16 times its original volume. Perlite’s properties are useful for commercial application
since it has low bulk density, low thermal conductivity, high heat resistance etc. Due to its non-toxic
nature, it is applied in hydroponics as a substrate for various cultivations.

Perlite provides excellent water retention and suitable aeration for root growth in plants. Perlite’s particle
size can influence the water retention capacity of the expanded perlite. Finer particles are packed together
and provide an increased surface area thus retaining more moisture. On the other hand, coarser particles
provide less surface area per volume and retain less moisture but release it more rapidly. Thus, according
to the needs of the user, regarding moisture, particle size can vary (Lee et al., 2022).

According to Burés et al. (1997a; 1997b) the available volumetric water content in perlite with 0 — 4 mm
diameter is 13.6% and unavailable, 36.5 %.

Since perlite’s water content is non-uniform throughout the substrate, models are produced to predict it
(Lee et al., 2022). Thus, it is important to place multiple water content sensors simultaneously to different
location-points of the perlite slab, to collect data and estimate the model’s coefficients. However, one
perlite slab is just one sample. Multiple samples are needed to collect data under the same conditions.
Furthermore, soil sensors are expensive and usually a logger is needed which might not support wireless
communication or is substantially expensive to add one. A solution to this issue is the development of
open-source loggers that interface with industrial soil sensors. Moreover, the addition of any wireless
technology such as Bluetooth, Wi-Fi, LoRa, GSM or LTE to open-source loggers is considered a trivial task
when it comes to open-source devices. This is possible since open-source communities provides a vast
majority of documentation and straightforward tutorials.

Measuring more than one soil characteristic at the same time has proven to be more insightful than
measuring only soil water content. Measuring other soil characteristics, such as electrical conductivity,
temperature, water content and pH simultaneously, is a useful tactic since prediction models might
include covariates that could improve their specificity and sensitivity.

Industrial and reliable sensors usually need their corresponding logger. However, the industrial loggers
are limited to specific functions and are mostly compatible with the manufacturer’s sensors. Further,
industrial loggers are expensive with restricted configurability.

The present research focuses on two main goals. First, the design and construction of an open-source
logger for soil moisture sensors but not limited to them. Second, the evaluation of the agreement between
the open-source system (including the sensor) and its corresponding industrial. Other sensors can be
plugged into the logger using one or more of the communication protocols discussed in Section 2.3.4. If
the sensor’s communication protocol is not supported by the development board, then it can be simulated
using electronic parts that are usually provided with a breakout board making it easy to communicate
with the MCU. A Modbus RS-485 soil, temperature, conductivity and pH sensor was used to take
measurements from perlite slabs during an aquaponics experiment in the greenhouse facilities of the
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Laboratory of Agricultural Constructions and Environmental Control, in the area of Velestino (latitude
39°44', longitude 22°79’, altitude 85 m), Greece. Tables B1 and B2 (Appendix B) summarize the chemical
composition and the physical properties of the perlite slab during the experiment. The product’s name is
Geoflor Hydro and the distributor is Perlite Hellas S.A. According to the company, the product is the
traditional coarse perlite for all agricultural uses. It provides suitable aeration, water absorption and is
chemically stable, clear of any pest seeds and diseases. The cultivation during the experiment was
cucumber.

4.2, Design of the Device

The device was designed as a portable logger that can be used for in situ measurements and at the same
time as laboratory equipment. Thus, it is battery operated or can be powered via an electrical outlet using
micro-USB to USB-A cable. When the battery is charged the device will be powered directly via the
electrical outlet. Furthermore, it was purposely fitted in a rather small enclosure box to increase
portability for field measurements. Wireless connectivity via LoRa was embedded via the development
board and a gateway is needed for cloud storage. In case there is no available internet connection a
portable 4G/LTE module can be plugged into the gateway. Alternatively, the gateway can connect to the
IOT server using Wi-Fi or ethernet). Figure 4.1 displays the final product.

Figure 4.1. The open-source logger with the water content, temperature, electrical conductivity and pH sensor.
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4.2.1. Hardware

Soil Moisture Sensor

The sensor (Figure 4.2) is a soil moisture, temperature, electrical conductivity and pH sensor probe
constructed by ComWinTop (ComWinTop, 2023). The trait of the perlite slab under investigation is water
content. The sensor’s principle is based on the measurement of the dielectric constant of the substrate.
When the moisture in the substrate changes, then a considerable amount of the dielectric changes. Then,
it can measure the substrate’s volumetric water content. The volumetric water content (%) is calculated
by multiplying the volumetric water content by bulk density. The sensor measures a cube of 73cm?3 since
the probe is 7 cm long. It is suitable for soil, water, nutrient solution, and other substrates immersion for
long-term monitoring. The sensor is equipped with automatic temperature compensation. It is durable
and anticorrosive since it is made from flame-retardant epoxy resin. The communication protocol with
the MCU is RS-485. Since the MCU is not equipped with an RS-485 driver, an external module is used. The
sensor’s manufacturer offers an executable file where the user can interact with the sensor (Figure 4.3).
A USB to RS-485 Waveshare industrial isolated converter (Waveshare, 2018) was used to connect the
sensor with the computer for configuration and debugging purposes. The sensor’s technical specifications
are summarized in Table 4.1.

.AD e
CKReS®”

Figure 4.2. Soil moisture, temperature, electrical conductivity and pH Sensor by ComWinTop. (source: ComWinTop
official webpage).
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Figure 4.3. Sensor's interface. The program is available by ComWinTop company (source: ComWinTop official

webpage).

Table 4.1. Technical Specifications for the Industrial Soil Moisture, Temperature and Electrical Conductivity sensor.

Technical Specifications

Power Supply 5~30VDC

Operating Temperature —40°C ~80°C

Interface RS-485

Current Consumption 6mA @ 24V DC

IP Rating 1P68

Soil Moisture

Range From completely dry to fully saturated
(From 0 % to 100 % of saturation)

Accuracy £2% (0~50 %)
+3 % (50~100 %)

Long term stability < 1%RH /year

Response Time <4s

Soil Temperature

Range —40°C ~ 80°C

Accuracy +5°C (25°C)

Response time <15s

Long-term stability

< 0.1 %°C/year

Electrical Conductivity

Built-in temperature compensation sensor
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Range 0~20,000 uS /cm
Accuracy +3 % for 0 — 10,000 uS/cm
+5 9% for 10,000 — 20,000 uS /cm
Long Term Stability < 1% uS/year
Response time <1s
pH
Range 3—9pH
Accuracy +0.3 pH
Long Term Stability <5%/year
Response Time <10s

Figure 4.4. The development board, Adafruit feather MO RFM95 LoRa Radio (900 MHz). (source: Adafruit official
website)

The development board

The development board is an Adafruit feather MO RFm95 LoRa radio module (Figure 4.4) (Fried, 2023f)
for European bands (900 MHz). The microcontroller is an ATSAMD21G18 ARM Cortex MO processor,
clocked at 48 MHz at 3.3 Volts logic. Since it is a feather product, it has a 3.7 Volt Lithium polymer
connector and built-in battery charging. Technical Specifications can be found in Appendix Table A7. More
details about the pinout can be found in Appendix Figure Al. A uFL connector can be soldered on the
board and the user can choose from a wide variety of LoRa antennas. According to Adafruit’s official
website the range can be between 2 km line of sight by soldering an 8.2cm wire antenna, or 20 km by
setting tweaking and directional antennas. The manufacturer provides a detailed guide to run a simple
LoRa sketch using the board. The code can be adapted to the user’s needs.

MAX485 TTL to RS485 module

MAX485 (Maxim Integrated Products, 2014) is the intermediate between the RS-485 Sensor and the MCU.
It is a low-power transceiver for RS-485 communication protocol. It minimizes Electro Magnetic
Interference (EMI) and reduces reflections caused by improperly terminated cables, thus allowing for
error-free transmission up to 250 Kbps. The module allows half-duplex communication. In stand-by mode
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Figure 4.5. Uart serial port to RS485 Converter module and its connection diagram with the MCU (source: fruugo
(2023)).

the module draws 300 pA and it allows for 32 receivers on the same bus. Its supply voltage is 5 Volts.
Figure 4.5 presents the breakout board for the module and the connection with the MCU. The
communication protocol between the MCU and the RS-485 module is UART (discussed in Section 2.3.4.).

Adafruit Miniboost 5V (TPS61023)

The sensor’s operating voltage ranges from 5 to 30 Volts DC. The development board’s output while it
operates on battery is 3.3 Volts. Thus, a boost converter is needed to increase the voltage to at least 5
Volts. The TPS61023 (Texas Instruments, 2019) is built on a breakout board from Adafruit. Its input is 2
to 5 Volts and the maximum current drawn from a LiPoly battery while on nominal voltage is 1100 mA.
The module provides a stable 5.2 Volts.

Nokia 5110 LCD Monitor and the PCD854 controller

Nokia 5110 LCD monitor was first manufactured for the NOKIA cell phone company for the respective cell
phone. Its controller, PCD8544 is a low power CMOS LCD driver designed to drive a graphic display of 84
columns and 48 rows. Its supply voltage ranges from 2.7 to 3.3 Volts making it ideal to work with a feather
development board. To connect to the MCU, 5 pins will be dedicated. A backlight is available, but it is not
recommended for low power applications. The choice of the Icd monitor was based on its low power
consumption. It is easy to integrate as it requires an SPI-like serial bus interface to communicate with the
MCU and displays text or pictures using 84x48 pixels.
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LoRa Gateway

The LoRa gateway used in this research was developed using a Raspberry pi 3 B+ with a RAK2245 Pi Hat
(Figure 2.15). The greenhouse is equipped with internet connectivity via Wi-Fi but is unreliable. Thus, a
4G/LTE USB dongle is connected to the Raspberry pi to provide continuous connectivity with the server.
A detailed guide to establish the RAK2245 Pi Hat is provided by the manufacturer of the RAK2245 Pi Hat
(RAK ,2023a). Figure 4.6 displays the LoRa Gateway including the 4G/LTE dongle.

4.2.2. Software
The sketch has three main functions. First, the measurement function, which is responsible for measuring
the soil’s water content, temperature, electrical conductivity and pH. Second, the communication with
TTN (The Things Network) function to upload the data to ThingSpeak (discussed in Section 2.3.8). Third,
the activate sleep mode for power saving function. The MCU communicates with the sensor via UART.

The measurement function uses the microcontroller’s UART communication protocol. The microcontroller
sends an eight-byte code (in hexadecimal form) to request data from the sensor. The sensor responds and
sends eleven-byte code (in hexadecimal form). The manufacturer gives an example of how to convert
from hexadecimal to decimal. Figure 4.7 displays a response frame from an example provided by the
manufacturer. The fourth and fifth byte corresponds to the water content. The sixth and seventh to the
temperature, the eighth and ninth to the electroconductivity. To convert the hexadecimal to decimal in
the sketch, the following lines of code are used.

soil int = int(values code[3]<<8|values code[4

1)
soil temp = int (values code[5]<<8|values code[6]);
soil ec = int(values code[7]<<8|values code[8]);
soil pH = int(values code[9]<<8|values code[10]);

The values are stored in global variables which are defined as real numbers.

The communication function is based on the “LMIC” framework (IBM et al., 2015) provided by IBM. It
supports LoRaWAN Class A devices which are compatible with the development board’s radio (HopeRF).
For the LMIC to run on top of Arduino environment the library “hal.h” is used. To connect to TTN two keys
are needed. The API key, which is provided by the TTN when the user adds a new application and the
DevEUI (Device Extended Unique Identifier) which is assigned by the manufacturer of the LoRa module.
The payload sent to the gateway is received by TTN. A complete guide to send data to TTN using Adafruit
Feather Lora MO is available by LoRa Vsb Cz (2023). TTN receives the payload, decrypts it using a payload
decoder and forwards it to Thingspeak using an integration. Integrations are used to process and act on
data by triggering events. To allow TTN to communicate with Thingspeak, a webhook is created. A detailed
guide can be found on The Things Stack (2023). The Arduino sketch for this research and the additional
code for the TTN payload formatter is available on GitHub (Bataka, 2023).
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Figure 4.6. Raspberry pi 3 B+ combined with a RAK2245 Pi Hat for LoRa gateway deployment. To connect to the
server a 4G/LTE dongle is added with a SIM card.

Sensor responds:

; Number
KA Function of - . Error Error
Code B humidity | temperature | conductivity Check | Check
v PH | (o) | (Hi)
0x02 OxFF 0x03 0x00
0x01 0x03 0x08 0x38 Ox75
0x92 0x9B 0xE8 0x38

Temperature: FF9B H= -101 => temperature= -10.1°C
Humidity: 292 H= 658 => humidity= 65.8%

Conductivity: 3E8 H= 1000 => Conductivity = 1000 us/cm
PH: 3E8 H= 56 => PH= 5.6

Figure 4.7. The example of a response frame provided by the manufacturer of the sensor. The fourth and fifth byte
corresponds to the water content. The sixth and seventh to the temperature, the eighth and ninth to the electrical
conductivity and the tenth and eleventh corresponds to pH.
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4.2.3. Cost of the Device
The cost of the device is summarized in Table 4.2 and for the LoRa gateway in Table 4.3. The list is based
on end of summer 2023 prices for local Greek vendors, mouser (Europe) and ComWinTop (Chinese
vendor).

Table 4.2. Summary of the cost for the construction of the open-source device.

Cost per part and total (in Euro, no VAT included)

Adafruit Feather MO LoRa 32.85
MAX485 TTL to RS-485 module 0.94
Soil,EC,Temperature Sensor 34
Adafruit Adalogger FeatherWing 8.41
Enclosure Box 6.37
Switch 0.65
LiPoBattery 5000 mAh 16.13
Cable Gland PG-07 0.2
Antenna 15.59
Nokia 5110 module 4.68
uFl connector 0.67
Adafruit MiniBoost 5V @ 1A — TPS61023 4.8
Wires 2
PCB 2.5
Total 129.39

Table 4.3. Summary of the cost for the construction of the LoRa gateway.

Gateway Cost (in Euros, Vat included)

Raspberry Pi 3 B+ 50

RAK2245 pi Hat 137.09
Huawei E3372H-320 4G Mobile Router 62.99
Total 250.08
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Figure 4.8. HH150 Handheld Meter and SM150 Soil Moisture Sensor used as the industrial device for the method comparison
study.

4.3.The reference device
The industrial device (Figure 4.8) used for the method comparison study is a Handheld Meter (HH150) and
SM150 Soil Moisture Sensor. The device’s technical characteristics are listed in Table A8 (Appendix A). The
cost of the device is around 760 Euro including Vat, excluding shipping costs (end of August 2023 German
market prices).

4.4.Experimental Design
The perlite slabs are displayed in Figure 4.9, 4.10 and 4.11. A circle of 5 cm diameter was drawn on every
slab (Figure 4.9). Each circle was 10 cm away from the planting area. All the measurements were taken
inside the circle to minimize the water content variability. However, location bias could be still present
regardless of the sensor’s precision. This will be included in the error term. All the slab’s rows are assumed
homogeneous. The selection of the sample was performed using R and its sample function. The R script
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for this experiment is available in GitHub (Bataka, 2023). All the slabs were numbered, and 100 numbers
were selected using sample’s output. Then, a coin was flipped to choose the device that will take the first
measurement. Repeated measurements were taken using a slightly different procedure for each device.
For SM150, after insertion, the measurement button was pressed, a measurement was taken and then
for the next repeated measurement the button was pressed again. For the open-source device, after
insertion, a measurement was taken, then the device was switched off and on and another measurement
was taken. Another way to take the repeated measurements was to insert the sensor, then re-insert it in
the same spot. However, once the perlite particles are disturbed, there might be bias if one attempts to
remeasure the same spot.

A preliminary experiment was performed to investigate the data and the experimental conditions. The
analysis revealed proportional bias significantly different from one. Thus, the mixed-effects model
formulation was inappropriate to fit the data. The approach followed after the examination of the
preliminary data was Taffé’s (2018), since the author is using measurement error models. Taffé’s approach
requires a sample size of 100, 10 to 15 repeated measurements from the reference and one or more from
the new device. Thus, 10 repeated measurements were taken for the SM150 and 3 for the open-source
device. Figures 4.10 and 4.11 display the SM150 and the open-source device respectively. Table 4.4
summarizes the experimental design.

Table 4.4. The experimental design details summarized. The experimental unit is the perlite slab. There were 3
repeated measurements for the open-source device and 10 for SM150 per slab. The data are considered unlinked
since the repeated measurements are not paired. The sample size is 100 and the data are unbalanced.

Experimental Design

Experimental Unit Perlite slab
Repeated Measurements Yes
Number of repeated measurements 3 for OS, 10 for SM150
Data category Unlinked
Sample size 100
Balanced/Unbalanced repeated measurements Unbalanced repeated measurements
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Figure 4.9. A circle of 5 cm diameter was drawn on every slab. Each circle was 10 cm away from the planting area.
All the measurements were taken inside the circle to minimize the water content variability.

Figure 4.10. HH150 handheld meter and SM150 soil water content sensor. All the measurements are taken with
the sensor inserted inside the circle.
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Figure 4.11. Water content sensor connected to the open-source device. The measurement is taken inside the circle,
next to the one taken from SM150. Its measurement marks are obvious on the left side of the circle.

4.5. Agreement and Similarity Techniques

The analysis to evaluate the agreement and similarity between SM150 consists of two steps. First,
exploratory data analysis was performed to present the data and investigate the model’s assumptions.
The preliminary experiment revealed a proportional bias of 0.335 which violates the mixed-effects
model’s assumption of similar proportional bias between the two devices. Thus, the measurement error
model approach was followed. Specifically, Taffé’s approach (2018) was followed fitting (2.25 - 2.27). For
the agreement and similarity analysis, “methodCompare” package was implemented. Bland-Altman plot
with confidence intervals for the LOAs was also produced using “Blandr” R-package. Moreover, for the
exploratory analysis parts of Choudhary’s and Nagaraja’s R-script (2017b) was used.

4.6.Results

4.6.1. Exploratory data analysis
Figure 4.12 displays a boxplot for the water content (%) measurements per device. SM150’s
measurements are significantly higher than the open-source’s. Moreover, the plot reveals outliers for
both devices.

The trellis plot (Figure 4.13) for the soil water content (%) measurements reveals several important
findings. The vertical axis is divided into rows and each row displays all the repeated measurements for
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both devices using method-specific colors. Pink color represents the measurements for the open-source
device while blue represents the measurements for SM150. The open-source device underestimates the
soil water content for most of the subjects by a non-constant quantity. The between-subject variation is
higher compared to the within-subject variation.

Figure 4.14 displays a scatterplot for the water content (%) measurements of the SM150 versus the open-
source device. Each subject is represented by a unique id number and the repeated values share the same
id subject number symbol. Since the SMM150 has 10 repeated values but the open-source 3, the values
that are not available for both devices are discarded. The open-source device underestimates the water
content measurements for all subjects apart from subject 6, 28 and 47. Moreover, the scatterplot reveals
low correlation between the methods. Table 4.5 presents a summary of the measurement range for the
water content (%) for both devices.

Table 4.5. A summary for the water content (%) measurements. The table presents the minimum, 1st, 2" and 3¢
quartile, the mean and the maximum value of the measurements.

Summary for the water content (%) measurements

Minimum Q1 Median Mean Q3 Max
15.8 29.2 32.2 31.98 348 | 454
uw (
= =]
o _]
2
- 0
R o ;
> |
& |
[ H
g &
5
[1]
S D S—
™ |
o
(9]
{63 o)
= - -
SM150 Open-Source
Methods

Figure 4.12. Boxplot for the water content (%) measurements per device. SM150’s measurements are significantly
higher than the open-source’s
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Figure 4.13. Trellis plot for the soil water content measurements. The vertical axis is divided into rows and each row
displays all the repeated measurements for both devices using method-specific colors. Pink color represents the
measurements for the open-source device while blue represents the measurements for the reference device. The
open-source device underestimates the soil water content for most of the subjects by a non-constant quantity. As
the measurement range increases the difference decreases revealing dependance of the difference on the
magnitude of the measurements.
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Figure 4.14. Scatterplot for the water content (%) measurements of the reference device versus the open-source.
Each subject is represented by a unique id number and the repeated values share the same id subject number
symbol. The open-source device underestimates the water content for all subjects apart from subject 6, 28 and 47.
The scatterplot reveals low correlation between the methods.
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4.6.2. Agreement Evaluation

The measure_compare function of the “methodCompare” package fits a measurement-error model (2.25
- 2.27) by assuming that a, = 0 and b, = 1. Figure 4.15 presents the extended Bland-Altman plot. The
points in the plot are not centered at zero, suggesting a difference in the fixed bias (as reported previously
in the exploratory data analysis). There is an obvious non-constant, fan-shaped spread thus, revealing
heteroscedastic differences. Regression based limits of agreement for difference in water content (%)
determined by the open-source and SM1500 devices are superimposed in the plot. It is expected that the
95% limits of agreement include 95% of differences between the two devices.

Figure 4.16 presents the bias plot. The bias_plot function visually assesses the fixed (differential) and
proportional bias relative to the reference method using the methodology described in Section 2.1.4. The
plot is produced by graphing a scatter plot of the open-source device and of SM150 versus the best linear
unbiased predictor (BLUP) of SM150 (reference device) with their two corresponding regression lines. A
second scale is added on the right axis, displaying the relationship between the estimated amount of bias
and the BLUP of SM150. Moreover, the analysis performed to estimate the bias considers the
heteroscedasticity effect. The fixed and proportional bias estimates are 11.669 (95% Cl
[8.6113,14.7276])) and 0.46 (95% ClI [0.3696,0.5513]) respectively. Table 4.6 presents the bias
estimates and their corresponding (95%) confidence intervals. The equal scale assumption for the mixed-
effects models is not valid according to the proportional bias estimate and 95% confidence intervals. The
interpretation of the bias equation is simple and straightforward. For example, if the true unobserved
value (approximated by the BLUP) is 25%, then the open-source device will measure on average
23.169 % (0.46 - 25 + 11.669). The blue dashed line refers to the open-source device regression line
while the black solid line refers to the SM150 regression line. The red solid line corresponds to the total
bias produced by the open-source device when measuring the true unobserved value (approximated by
its BLUP). As the magnitude of the water content (%) increases the bias increases.

Figure 4.17 presents the compare plot, which is produced using the compare_plot function. This plot
allows the visualization of the bias-corrected values of the open-source device. The blue solid line presents
the open-source device regression line before recalibration and its corresponding measurements are
presented with a blue solid circle. The red dashed line presents the open-source device regression line
after recalibration and its corresponding measurements are presented by red solid rhombus symbols. The
black solid line presents the SM150 regression line, and the corresponding measurements are presented
with a black transparent circle. After recalibration, the open-source device’s measurements are centered
around the SM150 measurements. However, the spread around the regression line seems to be higher
than before for lower and higher values. This can be justified from the proportional bias value which is
lower than one. The recalibration formula was produced by substituting the differential and proportional
bias in (2.28):

« Y -11.669
%= "048
Figure 4.18 presents the precision plot. This plot allows the visual comparison for the precision of the
open-source device with SM150. A scatter plot is created for the estimated standard deviations against

the BLUP of the true unobserved value. The standard deviations are estimated after the open-source
device is recalibrated. The open-source device’s precision decreases as the measurement magnitude
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increases. The SM150 has higher precision compared to the open-source device. Specifically, the SM150
device is almost 6 times more precise than the open-source.

Extended Bland-Altman limits of agreement (LoA) plot

— Regression line
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Figure 4.15. Extended 95% Bland-Altman limits of agreement. The differences depend on the magnitude of the
water content since they increase when it increases. Moreover, the variability is not constant across the
measurement range since it increases when the measurement range increases. The points in the plot are not
centered at zero, suggesting a difference in the fixed bias.
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Table 4.6. The differential and proportional bias of the open-source device compared to SM1500 (reference).

95 % Confidence Intervals
Bias Estimate 2.50 % 97.50 %
Differential 11.6694 | 8.6113 14.7276
Proportional 0.4605 | 0.3696 0.5514

Comparison of the methods
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Figure 4.16. Compare plot. This plot allows the visualization of the bias-corrected values of the open-source device.
The blue solid line presents the open-source device regression line before recalibration and its corresponding
measurements are presented with a blue solid circle. The red dashed line presents the open-source device
regression line after recalibration and its corresponding measurements are presented by red solid rhombus
symbols. The black solid line presents the SM150 regression line, and the corresponding measurements are
presented with a circle.
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Figure 4.17. Precision plot. This plot allows the visual comparison of the precision of the open-source device with
that of SM150. A scatter plot is created for the estimated standard deviations against the BLUP of the true
unobserved value. The standard deviations are estimated after the open-source device is recalibrated. The open-
source device’s precision decreases as the measurement magnitude increases. The SM150 has higher precision
compared to the open-source device. Specifically, the SM150 device is almost 6 times more precise than the open-
source.
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4.7.Discussion

An open-source device for measuring perlite slab’s water content was designed and constructed to assist
aquaponics experiments in the greenhouse facilities of the Laboratory of Agricultural Constructions and
Environmental Control, in the area of Velestino (latitude 39°44’, longitude 22°79’, altitude 85 m), Greece.
To investigate the validity of the device’s measurements a method comparison study was designed. An
SM150 water content (%) sensor with its corresponding Handheld Meter (HH150) was used as the
reference device. A sample of 100 perlite slabs were chosen randomly and measured. The experimental
design included repeated measurements. The samples were balanced but the repeated measurements
were unbalanced. The between-subject variation of water content (%) ranged from 15.8 to 45.4.

Investigating the data from a preliminary experiment a measurement-error model was fit to assess the
proportional bias of the open-source device compared to the SM150. The findings discouraged the use of
mixed-effects models to assess the agreement and similarity of the two methods since the proportional
bias was significantly different to 1 which is a violation of the model’s assumptions. The extended Bland-
Altman plot revealed heteroscedastic differences and an underestimation of the open-source device
compared to the SM150 for the water content (%) measurements. The methodology used for the analysis
was Taffé’s (discussed in Section 2.1.2) since the author fits the data using a measurement-error model.
The fixed bias estimate is 11.669 (95% Cl [8.6113,14.7276]) units of water content (%) and the
proportional bias 0.46 (95 % ClI [0.3696,0.5514]). According to the bias plot, lower bias seems to be
found in lower values of the measurement range and increases as the magnitude of the measurements
increase.

If the accepted difference between the two methods is 5%, then a researcher could use the device for
the measurement range of [25, 35]% of water content. Overall, the bias plot can be a guide for using (or
not) the two devices interchangeably. The measurement range used by a researcher is based on the
quality characteristics of the perlite slab according to Burés et al. (1997a; 1997b).

After recalibration, the agreement seemed to improve. However, the spread around the regression line
seems to be higher than before for lower and higher values.

During the experiment, two more characteristics of the perlite slabs were measured. The electrical
conductivity and the temperature. Taffé’s approach does not include covariates thus, further research
should be carried out using the data from the current experiment that could reveal possible sources of
disagreement. Last, further research is vital for evaluating indices like CCC and TDI produced by
measurement-error model counterparts.

The open-source device can be modified for measuring more environmental characteristics regarding
aquaponics applications. The data can be fed to a prediction model for crop damage prevention or growth
estimation. Open-source devices are essential since their low cost allow researchers to increase
replications and improve the prediction models’ precision.
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5. A method comparison study between open-source and industrial pH meter
logger and sensors.

5.1.Goal of the Study

The acidity of fleshy fruit, as measured by titratable acidity and/or pH, is an important component of fruit
organoleptic quality. Fruit acidity is associated with the presence of organic acids, with malic and citric
acids to be the most abundant in most ripe fruits (Etienne et al., 2013). There is an interrelated
relationship between pH and titratable acidity. Titratable acidity is determined by neutralizing the acid
present in a known quantity of food sample using a standard base, while the endpoint for titration is
usually a target pH (or the color change of a pH-sensitive dye). The titratable acidity of fruits is used, along
with sugar content (sweetness), as an indicator of maturity (Tyl & Sadler, 2017).

Citrus is one of the most important commercial fruit crops in the world, and fruit weight, size, acidity and
maturity index, harvest time, chemical and nutritional composition are important quality traits for fresh
citrus consumption and acceptance by the citrus industry. Organic acids and sugars expressed as total
soluble solids (TSS) vary according to species, varieties, and environmental and horticultural conditions
such as climate, rootstock, and irrigation (Lado et al., 2014). In citrus fruits, the perceived flavor depends
on the combination of taste and aroma, in which the sweet and sour taste attributes are principally result
from the presence of sugars and acids in the juice, and the aroma depends on many volatile organic
compounds (Benjamin et al., 2013; Zheng et al., 2016). The TSS/acidity ratio has been used worldwide as
the main commercial maturity indicator of citrus fruit internal quality. In general, a TSS/acidity ratio of at
least 6 or higher is acceptable for commercial marketability, however important differences may exist
depending on the citrus species. Ratios acceptable for commercialization usually range from 7-9:1 for
oranges and mandarins to 5-7:1 for grapefruits. For lemon this index is not applied even though in India,
the ripening period, juice content and a total acidity of 9% are considered as good indicators of a mature
fruit (Lado et al., 2014).

An open-source device for measuring pH was designed and constructed for the needs of this research.
The benefits of using an open-source device interchangeably with a corresponding industrial are mostly
based on the lower cost and configurability of the former. Thus, a method comparison study between the
open-source device and an industrial was designed to evaluate their agreement and similarity. This study
will reveal measurement ranges where the difference between the two devices might be acceptable or
not. Using recalibration methods the agreement might increase and improve.

5.2.Design of the Device

The device was designed as a portable logger that can be used for in situ measurements and at the same
time as laboratory equipment. Thus, it is battery operated or can be powered via an electrical outlet using
micro-USB to USB-A cable. When the battery is charged the device will be powered directly via the
electrical outlet. Furthermore, it was purposely fitted in a rather small enclosure box to increase
portability for field measurements. The power consumption was measured using an AXIOMET AX-178
polymeter (AXIOMET, n.d.). A measurement is taken every one minute and stored in the micro-SD card.
The consumption is 15.3761 mAH with no sleep mode activated.

5.2.1. Hardware
The open-source logger is equipped with two sensors. A pH sensor (DFRobot, 2022) from Seeed studio
and a temperature sensor DS18B20 (Maxim Integrated Products, 2019). A 16-bit analog to digital
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converter is added to the design to improve the precision of the voltage reading since the output of the
sensor is analog. The development board for this device is the Adafruit feather proto 32u4 (discussed in
Section 2.3.1). An Adafruit Featherwing logger was added for instant capture of the measurement in a
microSD card embedded with a timestamp by pressing a push button. A Nokia 5110 LCD monitor (Philips,
1999) was added to display the values of voltage, pH, temperature, and battery. A 1200 mAH LiPo battery
is the main power source of the device which can be charged via micro-USB to USB-A while the device is
operating.

The pH Sensor

SEN0169 (Figure 5.1) is an analog pH meter, specifically designed for Arduino and Arduino-compatible
microcontrollers. The electrode is considered industrial. The sensor has long life (>0.5 years in long-term
monitoring mode), is highly accurate (0.1 pH in room temperature), it has fast response (< 1 minute),

Figure 5.1. DFRobot PH meter (SEN0169) (source: DFRobot official website).

Figure 5.2. Waterproof DS18B20 digital temperature sensor for Arduino and Arduino compatible microcontrollers.
(source: DFRobot official website).
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has a measuring range from 0 to 14 pH and includes a gain adjustment potentiometer. The output voltage
of the electrode is linear and is capable of long-term monitoring. The sensor has an industrial built and
uses a BNC connector and PH2.0 sensor interface. Table 5.1 summarizes the technical specifications of
the probe. The communication between the sensor and the MCU is one-way since the sensor transmits
data using an analog MCU pin. Since the 32u4 MCU uses a 10-bit ADC, an ADC1115 16bit ADC and gain
amplifier is added to increase the sensor’s precision.

The temperature sensor

DS18B20 (Figure 5.2) is a waterproof digital temperature sensor designed for Arduino or Arduino
compatible microcontrollers. According to the manufacturer, since the sensor’s signal is digital no signal
degradation is present even if the distances between the MCU and the sensor are very long. The sensor
provides 9-to-12-bit resolution temperature readings (configurable via software). The communication
protocol between the MCU and the sensor is 1-Wire (discussed in Section 2.3.4). Multiple DS18B20
sensors can connect on the same 1-Wire bus since they are produced with a unique silicon serial number.
Table 5.2 summarizes the technical specifications of the sensor.

Table 5.1. Technical Specifications of pH sensor SEN0O169.

Specifications |

Module Power 3.3 or 5 Volts
Measuring Range 0-14 pH
Measuring Temperature | 0 ~ 60°C
Accuracy +0.1 pH (25°C)
Response Time <1 minute
Interface Analog Output

Table 5.2. Waterproof DS18B20 digital temperature sensor specifications.

Specifications |

Module Power 3t0 5.5 Volts

Measuring Range* -55°Cto 125°C

Accuracy +0.5°C from -10°C to 85°C

Resolution 9to 12 bits ADC

Interface 1-Wire

Steel tube dimensions 6mm diameter by 35 mm long
Notes |

e *The temperature range is between -55°C t0 125°C.
However, since the junction between the cylinder and the
cable is a heat tube, the manufacturer recommends
-55°C to 100°C.

e Multiple sensors share the same pin.

e Includes a temperature-limit alarm system.

e Query time is less than 750ms .
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ADS1115 16bit ADC with gain amplifier

This module is a precision ADC with 16 bits of resolution. The first 15 bits are used for the value and the
last one for the sign of the value. It is equipped with a voltage reference and an oscillator. It uses 12C
(discussed in Section 2.3.4) communication protocol to interact with the MCU. Four different slave
addresses can be selected allowing four different ADS1115 modules to be connected in the same bus. Its
operating voltage ranges from 2 to 5.5 Volts. Furthermore, it can converge signals at rates up to 860
samples per second. Its second functionality includes programmable gain amplifier that provides input
ranges from inputs to as low as +256 mV with increments of 0.0078125 mV, thus measuring both small
and large signals with high resolution. Moreover, it offers an input multiplexer which provides two
differential or four single-ended inputs. Last, the module operates in continuous conversion mode or a
single-shot mode. This means that it automatically powers down in single-shot mode, reducing the power
consumption during the measuring periods. To avoid damaging the module, the gain should be set more
than or equal to the input voltage of the channel. Table 5.3 summarizes the technical specifications of the
module.

5.2.2. Software
DFRobot provides a library for the SEN0169 via GitHub (Aryall1111l, 2022). The library includes a
calibration mode. However, the calibration was performed manually and is described in Section 5.2.5 due
to the MCU’s incompatibility. Furthermore, the code was developed without using the library.

The code functionality is described as follows. First, the MCU reads the signal of the pH sensor via the
ADS1115, in continuous mode using a single input channel. Second, in case an instantaneous
measurement needs to be taken and stored the user will press the push button and the measurement
embedded with a time stamp will be stored in the microSD card. The function button() and store() provide
these functionalities. After the calibration procedure, the equation is stored in the sketch and the
measure() function returns the pH measurement after inserting the input voltage. The function measure()
returns the proper calibration line, depending on the temperature of the liquid. The sketch is available in
GitHub (Bataka, 2023).

Table 5.3. ADS1115 16bit ADC technical specifications.

| Specifications |

Module Power 2 t0 5.5 Volts
Current Consumption 150 pA continuous mode
Programmable Data Rate 8 to 860 SPS
Interface 12C
Input Channels 4 single / 2 differential
Notes ‘

e Internal low-drift voltage reference
e [Internal Oscillator
e Internal PGA
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5.2.3. Calibration Method
The calibration procedure was performed using two pH buffers. Eight measurements were taken. The first
two were taken from 4.01 and 7.01 pH buffers when the liquid’s temperature was 7.5°C. The same
procedure followed for temperatures of 12.5°C, 17.5°C and 22.5°C. The probe was removed from the
solution 1 minute after its insertion to reach the response time according to the sensor’s datasheet. The
temperature of the buffer solution was measured using the DS18B20 temperature sensor. Table 5.4
summarizes the voltage and their corresponding pH values. Each temperature interval is using the
calibration equation of the corresponding midpoint temperatures. For example, equation (5.1) will be
used for the range between 5°C and 10°C. Figure 5.3 presents the four calibration lines per temperature

range (5.1 -5.4).

Y75¢c = —6.27615x + 16.4456

Vi2.50¢c = —6.1349695x + 16.25767

Y1750¢ = —6.0241x + 16.09036

Ya2.50c = —6.04351x + 16.1196615

(5.1)
(5.2)
(5.3)

(5.4)

Table 5.4. Temperature of the pH buffer during the calibration procedure. Eight measurements were taken. Four

for 4.01 pH buffer and four for 7.01 pH buffer.

Temperature Temperature Range (°C) Voltage pH
7.5°C [5,10] 1.983 4.01
13.5°C (10,15] 1.505 7.01
17.5°C (15,20] 1.998 4.01
22.4°C (20,25] 1.509 7.01
7.5°C [5,10] 2.007 4.01
13.5°C (10,15] 1.509 7.01
17.5°C (15,20] 2.010 4.01
22.4°C (20, 25] 1.514 7.01

Institutional Repository - Library & Information Centre - University of Thespaly

10/06/2024 05:15:18 EEST - 18.191.91.199




Calibration Lines

o X e~ 75 °C
n W == 126G
A + 17.5°C
225°C
!
w |
-+
o
-
T MY
S e
o ;
©
™ h LS
R
ok
N
WL
\ W
o g
o Af.‘_
T T T T T T T ™ T T
1.5 1.6 1.7 1.8 19 20 21 22 23 24 2.8

Volts

Figure 5.3. Callibration curves for 7.5°C, 13.5°C, 17.5°C and 22.4°C.

The equations were added to the Arduino sketch in the measure() function. PH was automatically
calculated depending on the temperature measurement.

5.2.4. Cost of the Device
Table 5.5 summarizes the cost per component and the total cost. The cost can be reduced if parts like the
development board and the ADS1115 can be replaced by cheaper equivalents from other brands.
Furthermore, the final product is usually not using development boards, removing the inessential parts.
Thus, the cost and the device’s footprint reduce, especially when the PCB is designed and printed with
Surface Mounted Discrete (SMD) electronic parts replacing the through hole equivalents.
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Table 5.5. Device cost in 2023 local vendor prices and international vendor Mouser.

ltem Cost
DFRobot PH meter Pro Kit

(SEN0619) 70
Temperature Sensor DS18B20 3
Adafruit Feather proto 32u4 18.75
Adafruit Adalogger FeatherWing 8.41
Adafruit ADS1115 ADC 16bit 18.4
microSD Card 3
Coin Cell Battey 1
IP66 Enclosure Box 5
PCB 1.5
Nokia 5110 module 4.68
Others (Wires, Solder) 2
Total 127.63

5.3.The reference device
The reference device is a Hanna Instruments HI9024 Waterproof pHMeter (Hanna Instruments,
1996)(Figure 5.4b). It is a heavy-duty pH meter designed for laboratory use and its accuracy is sustained
even under harsh industrial conditions. It can easily be calibrated and has three memorized buffer values
(4.01, 7.01 and 10.01). The device has automatic buffer recognition thus avoiding errors during the
calibration procedure. Moreover, it is equipped with a temperature compensation function. The
temperature can be measured using a temperature sensor probe or can be entered manually. Since there
was no temperature sensor available, the temperature was set manually using the DS18B20 sensor which
was embedded in the open-source logger. Thanks to its waterproof cylindrical case the temperature
sensor was inserted in the solution that was intended to be measured during the experiment. The
technical specifications of the reference device are summarized in Table A9 (Appendix A). The specific pH
meter model is not available in the market since it is considered obsolete. An equivalent but contemporary
model is HANNA HI 99171. Its cost in Greek local vendors is around 585 Euro including the shipping cost.

5.4.Experimental Design

The target solution was retrieved from two varieties of citrus fruits. Each fruit is considered an
experimental unit. In total, 15 grapefruits and 15 juice oranges (Valencia variety). Each unit was hand
squeezed (Figure 5.4a), and its juice was measured by the open-source device and by a Hanna HI 9024 pH
meter. The order of measurement was randomized using R’s sample function, and 10 repeated
measurements were collected. The procedure to retrieve the repeated measurements was sequential.
First, the sample function was used to define the instrument that will measure first. Then, the other
instrument was used. In this way 9 more measurements of the same juice were taken by first cleaning
each instrument using deionized water and then taking the measurement. The data are considered linked
since they are paired over the measurement times. Figure 5.4c displays the open-source pH sensor and
the measurement procedure. Table 5.6 summarizes the experimental design information.
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Figure 5.4. (a) The hand squeezing procedure. (b) Hanna pH meter. (c) DFRobot pH meter probe.

Table 5.6. Summary of the experimental design information. The sample size is 30, since each fruit is considered
one experimental unit. There were ten repeated measurements, and the design was balanced. The data are
considered linked.

Experimental Design

Experimental Unit Fruit
Repeated Measurements Yes, sequentially
Number of repeated measurements 10
Data category linked data
Sample size 30
Balanced/Unbalanced measurements Balanced
Possible Covariates Temperature, juice quantity, instrument turn

5.5.Method Comparison Study Techniques
To evaluate the agreement and similarity between Hanna HI9024 and the open-source device CCC was
calculated using model (2.11) and the methodology of Choudhary and Nagaraja (2017a) and Carrasco et
al. (2013). TDI was calculated using the methodologies by Choudhary and Nagaraja (2017a) and Escaramis
et al. (2010a). The measures of similarity and repeatability were calculated using the methodology from
Choudhary and Nagaraja (2017a).

R-code, R-packages and datasets are available online (Choudhary & Nagaraja, 2017b; Carrasco & Martinez,
2022; Escaramis et al., 2010b). Specifically, the R-package is “cccrm” from Carrasco and Martinez (2022)
and the function cccUst() which uses the U-statistic approach (King et al., 2007a).

Moreover, using model (2.25 — 2.27) and “MethodCompare” R-package, the proportional and fixed bias
are evaluated. Last, the extended Bland-Altman plot, the bias plot and the plots after recalibration were
produced using the same package.

Bland-Altman plot with confidence intervals for the LOAs was produced using “Blandr” R-package.
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The code was modified and adjusted to the experiment’s needs and is available on GitHub (Bataka, 2023).

5.6.Results
The “Chapter5.R” R-script (Bataka, 2023) was used to perform the analysis. In this experiment the type of
the fruit (grapefruit or juice orange), temperature, quantity of the juice and the turn which the
instruments measured first are considered covariates.

5.6.1. Data Exploration

Data exploration follows using three different graphs. Figure 5.5a displays a scatterplot for the pH
measurements of Hanna pH meter versus the open-source. To avoid using the same plotting symbol per
subject and visualize the repeated measurements, each subject is represented by a unique id number
and the repeated values share the same id subject symbol. Using this method, a dependence structure is
developed, and more information is available in one plot. A systematic underestimate of the open-source
device for pH measurements is clear in the graph. There are two clusters formed in the data. The lower
left corresponds to the grapefruit pH while the upper right to the juice oranges. Figure 5.5b displays a
Bland-Altman plot (averages vs differences) without the limits of agreement. For higher values of pH, the
differences seem to have slightly higher spread compared to lower values of pH. This is a sign of possible
heteroscedastic errors. There is no obvious trend in the Bland-Altman plot suggesting a common scale for
the assays, verifying the common scale assumption for the mixed-effects model. This is also obvious in
the extended Bland-Altman plot (Figure 5.8).

Figure 5.6 displays a trellis plot. The vertical axis is divided into rows and each row displays all the repeated
measurements for one subject and both devices using method-specific colors. Blue color represents the
measurements for Hanna pH meter while pink represents the measurements for the open-source device.
Since the repeated measurements are plotted in one row, within-subject variability is visible and easy to
compare with the between-subject variability. The open-source device shows slightly less within-subject
variation compared to Hanna. The between-subject variation ranges between 2.78 to 3.7 and a summary
is presented in Table 5.7. A consistent bias is also visible in the graph, suggesting a constant fixed bias
throughout the measurement range. The open-source device underestimates the pH measurements by
approximately 0.22 units.
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Figure 5.5. (a) Scatterplot for the pH measurements of Hanna pH meter versus the open-source. Each subject is
represented by a unique id number and the repeated values share the same id subject number symbol. A systematic
underestimate of the open-source device for pH measurements is clear in the graph. There are two clusters formed
in the data. The lower left corresponds to the grapefruit pH while the upper right corresponds to the juice oranges.
(b) Bland-Altman plot (averages vs differences) without the limits of agreement. For higher values of pH the
differences seem to have slightly higher spread compared to lower values of pH. This is a sign of possible
heteroscedastic errors. There is no obvious trend suggesting a common scale for the assays, verifying the common
scale assumption for the mixed effects model.
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Figure 5.6. Trellis plot for the pH measurements. The vertical axis is divided into rows and each row displays all the
repeated measurements for one subject using method-specific colors. Blue color represents the measurements for
the Hanna pH meter while pink represents the measurements for the open-source device. The open-source device
underestimates pH measurements for most of the subjects by approximately 0.22 units. Moreover, the within
subject-variation for the open-source device is less than Hanna’s. The between-subject variability ranges between

2.78 and 3.7.

Figure 5.7a and 5.7b display the interaction plots for subject x method and subject x time interaction
respectively. For the subject x method interaction plot the average per subject for every measurement is
plotted on the vertical axis and each method on the horizontal (Figure 5.7a). There is evidence of subject
x method interaction since the lines intersect. Figure 5.7b displays the subject x time interaction. The
repeated measurements are averaged per method for each subject (vertical axis) and the time points are
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displayed on the horizontal axis. A few of the lines intersect, providing evidence of possible interaction
between subjects and time.
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Figure 5.7. (a) Interaction plot between method and subjects. There is evidence of subject x method interaction
since the lines intersect. (b) Interaction plot between subjects and time. A few of the lines intersect, providing
evidence of possible, but not strong interaction between subjects and time.
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Figure 5.8. Extended Bland-Altman plot and LOA. There is slight evidence of heteroskedastic errors. No trend is
apparent; thus, a common scale is assumed for the assays.

Institutional Repository - Library & Information Centre - University of Thggsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



Table 5.7. The minimum, 1st quartile, median, mean 3rd quartile, and maximum pH values per device. The
measurement range lies between 2.78 and 3.7.

Minimum Q1 Median Mean Q3 Maximum
Open-Source 2.780 2.868  3.045 3.053 3.220 3.410
Hanna 2.940 3.110 3.220 3.275 3.460 3.700

5.6.2. Choosing the proper model

Initially, the data were fit to the homoscedastic model with no covariates for linked data (2.11), then the
corresponding heteroscedastic. However, the additional computational burden provided by the subject
to occasion interaction for the linked data hindered the procedure to calculate the confidence bounds for
the indices. Thus, the unlinked homoscedastic and heteroscedastic were chosen to proceed with the
analysis. Figure C2a, in Appendix C, displays the standardized residuals versus fitted values of the
homoscedastic model for Hanna pH meter and the open-source device and Figure C2b displays the
absolute values of standardized residuals versus fitted values for the same model. There is no obvious sign
of a fan shape. A formal criterion will be used to compare the homoscedastic and the heteroscedastic
model. AIC and BIC were calculated, and the heteroscedastic model was chosen (Table 5.8). The
heteroscedastic model is slightly better than the homoscedastic model. Either can be chosen. In this case
the heteroscedastic is chosen for illustrative purposes. The analysis for the homoscedastic model can be
found in Appendix C.

Later, model (2.14) was used to fit the data, which includes the covariates (discussed in Section 5.4)
without interactions. According to AIC and BIC criteria, the model without covariates was chosen. Table
5.9 displays AIC, BIC, Log-Likelihood and degrees of freedom for the heteroscedastic models with and
without covariates.

Table 5.8. AIC, BIC, Log-Likelihood and degrees of freedom for the homoscedastic and the heteroscedastic model.
The heteroscedastic model is slightly better than the homoscedastic model. Either can be chosen. In this case the
heteroscedastic is chosen for illustrative purposes. The analysis for the homoscedastic model can be found in

Appendix C.
‘ AIC BIC Log-Likelihood  Degrees of Freedom
Homoscedastic | —2945.889 —2919.507 1478.945 6
Heteroscedastic | —2999.128 —2963.952 1507.564 8

Table 5.9. AIC, BIC, log-likelihood and degrees of freedom for model selection. The model which does not include
covariates is slightly better than the one which includes the covariates. Thus, the model with no covariates is
selected for further analysis and indices calculation.

Covariates ‘ AIC BIC Log-Likelihood  Degrees of Freedom
No —2999.128 —2963.952 1507.564 8
Yes —2641.498 —2597.528 1330.749 10
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To account for heteroscedasticity, a sequence of 20 values starting from 2.78, which is the minimum value
for the average values of the two methods, and 3.7 which is the maximum value for the average of the
5

’

two methods was created. Then, the variance function (Section 2.1.2) was defined as g(u,,0) = |ui

~ S YtV . . ~
where(; =h(y, . ¥:,) :M The variance function parameter U, can also be chosen as the

2

average values per subject of the reference. No significant changes are reported regardless of the choice
of 00, . The parameter 6, =4.07 for Hanna and 6, =3.28 for the open-source device. The model’s

counterparts are displayed in Table 5.10.

Diagnostics for the optimal model (Figure C3, Appendix C) display the standardized residuals on the
horizontal axis vs the quantiles of the standard normal distribution. The plot reveals a slight deviation
from the normal distribution. The standard errors for the estimates are reasonable thus the agreement
and similarity indices evaluation proceeds using this model.

Substituting the ML estimates from Table 5.10 in (2.21, 2.23) to obtain the fitted distribution (Y1, Y2) given
the pH level { is

N (—0.22) (0.04062325 + 2.615606 x 10~ 87*07 0.03934918 )
2\\ 3.05 /)’ 0.03934918 0.04062325 + 7.374885 x 10787328

And of D given [ is
D|ti~N;(—0.22,0.002548149 + 2.615606 X 107845497 + 7.374885 X 10_8ﬁ3'28)

The intra-method differences distribution given (I are produced by substituting the
parameters from Table 5.10 in (2.35):

D, |ii~N;(0,5.231212 x 107871*97)
D,|ii~N;(0,1.474977 x 108713-28)

D1 denotes the differences for Hanna pH meter and D, denotes the differences for the open-
source device .

The range of (i is taken to be U = (2.78, 3.70), the observed measurement range. The findings from the
exploratory analysis are confirmed from the model’s ML estimates. Specifically, Hanna’s estimated error
standard deviation is larger than the open-source’s. The error standard deviation for Hanna increases
from 0.0104 to 0.0334. For the open-source the standard error deviation is smaller than Hanna’s and
increases from 0.0078 to 0.0199. Both error standard deviations are dominated by the between-subject

standard deviation which is evaluated as ,\/eXp(abz) +exp(o.) =0.2011.
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Table 5.10. Model counterparts. The fixed bias is — 0.13. Recalibration actions can be taken to improve the
agreement by adding the constant. The standard errors seem reasonable for the model’s validity.

Parameter Estimate SE 95% Interval
B —0.22 0.01 [-0.23,-0.20]
Hy 3.27 0.04 [3.20,3.35]
log(oy) 324 026  [-3.75-2.72]
log(y*) ~6.67 026  [-7.18,-6.15]
log(c,) _17.46 161  [-20.61,-14.31]
log(c?) _16.42 161 [-19.58,-13.27]
& 4.07 0.70 [2.71,5.44]
5, 3.28 0.70 [1.91,4.65]

5.6.3. Similarity Assessment

For the similarity assessment, two indices are evaluated. First, fixed bias which represents the difference
in means of the two devices under the equal scale assumption (discussed in Section 2.1.3). Second, the
precision ratio. Since the errors are heteroscedastic and the precision is defined as the error variance of
Hanna over the error variance of the open-source, Figure 5.9 displays the precision as a function of
magnitude of measurement. Table 5.11 summarizes the two indices. The open-source device is twice to
three times more precise than Hanna. The fixed bias is -0.22 units for the open-source device compared
to Hanna. The open-source device underestimates the pH measurement 0.22 units since the entire
interval is below zero. Overall, the two devices cannot be considered similar. The open-source is
considered superior because of its higher precision. These findings are consistent with the exploratory

analysis.
Table 5.11. Precision ratio estimates as a function of magnitude of measurement. The open-source device is twice
to three times more precise than Hanna. The fixed bias is -0.22 units for the open-source device compared to Hanna.
The open-source device underestimates the pH measurement 0.22 units since the entire interval is below zero.
| Similarity Assessment
Lambda Estimate Confidence Interval
- 278 1.7987 [1.0397,2.7374]
© 370 2.8322 [1.7702,5.4713]
Estimate Confidence Interval
Fixed Bias —-0.2215 [-0.2398,-0.2033]
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Figure 5.9. Precision ratio with the corresponding confidence intervals. The open-source device is more precise than
Hanna, especially while the magnitude of the measurements increases. The open-source device is twice to three
times more precise than Hanna.

5.6.4. Evaluation of Repeatability

CCC, TDI and the limits of agreement are calculated for the intra-agreement of each device separately.
Figure 5.10 displays the limits of agreement as a function of magnitude of measurement. The limits of
agreement for the open-source device are included in Hanna’s LOA. Table 5.13 summarizes the ranges for
the 95% limits of Agreement for pH data as a function of magnitude of measurement. The open-source
device LOA are narrower comparing to the Hanna pH meter. Thus, the open-source device has better
repeatability compared to Hanna. Based on the distributions of D1 and D;, the intra-method limits are
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centered at zero. In Figure 5.14a, CCC index is presented for inter- and intra- agreement. The dashed and
dotted line represent the intra-method agreement for Hanna and open-source device respectively. For
Hanna the lower bound ranges between 0.9955 and 0.9534 and for the open-source between 0.9975
and 0.9830. The intra-method agreement for both devices is considered excellent. However, the open-
source device has higher intra- method agreement compared to Hanna. This conclusion is expected since
the similarity assessment reported smaller error variation for the open-source device. Figure 5.14b,
presents TDI (0.9). For the open-source device, which is represented by the dotted line, TDI (0.9) upper
bound ranges between 0.0181 and 0.0462 while for Hanna, dashed line, between 0.0286 and 0.0945.
The interpretation for TDI (0.9) is as follows : the bound of 0.0181 implies that 90% of the time the
difference between two replications of the open-source device on the same subject falls within +£0.0181
when the true pH value is 2.78. The TDI bounds for both devices are only 0.67 — 1.25 % of the magnitude
of measurement, indicating a high degree on intra-method agreement. Table 5.12 displays CCC and
TDI(0.9) along with their corresponding bounds for the minimum and maximum range of the
measurements.

5.6.5. Agreement Assessment

Using formula (2.20,2.21) to calculate the limits of agreement using the model’s counterparts in Table
5.10 and the variance function, the inter and intra agreement are displayed in Figure 5.10. For the inter-
agreement of the devices, Table 5.12 summarizes the ranges for the 95% limits of Agreement for pH data
as a function of magnitude of measurement. The inter-method limits, based on the distribution of D, are
centered at —0.2215. For lower pH values the LOA are narrower compared to the higher pH values and
range from [—0.3464,—0.3237] for lower LOA and [—0.1193,—0.0966] for upper LOA. The intervals
reveal a systematic underestimation of the pH measurements from the open-source device. Figure 5.11
presents Bland-Altman plot and limits of agreement and their corresponding confidence intervals
superimposed. The two assumptions for the LOA are considered valid (discussed in Section 2.1.4) thus no
regression is used. “Blandr” R package was used to produce the plot.

Table 5.12. Summary for CCC and TDI(0.9) for the intra- method agreement.

Grid CCC for repeatability: Hanna Lower Confidence Bound
2.78 0.9973 0.9955
3.7 0.9732 0.9534
Grid CCC for repeatability: Open-Source Lower Confidence Bound
2.78 0.9985 0.9975
3.7 0.9904 0.9830
Grid TDI for repeatability: Hanna Upper Confidence Bound
2.78 0.0243 0.0286
3.7 0.0777 0.0945
Grid TDI for repeatability: Open-Source Upper Confidence Bound
2.78 0.0181 0.0213
3.7 0.0462 0.0562
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Table 5.13. 95% limits of agreement for inter-method Agreement for pH data as a function of magnitude of
measurement. The inter-method limits, based on the distribution of D, are centered at -0.22. For lower pH values
the LOA are narrower comparing to the higher pH values and range from [-0.3464, -0.3237] for lower LOA and
[—0.1193,—0.966] for upper LOA.

Limits of Agreement

Inter-Method

Minimum Q1 Median Mean Q3 Max
Lower —0.3464 —0.3369 —0.3305 -0.3321 | -0.3263 | -0.3237
Upper —0.1193 -0.1167 -0.1125 -0.1109 | -0.1060 | -0.0966
Table 5.14. 95% limits of agreement for intra-method Agreement for pH data as a function of magnitude of
measurement. The open-source device has narrower LOA compared to Hanna pH meter. Thus, the open-source
device has better repeatability compared to Hanna. Based on the distributions of D; and D;, the intra-method limits
are centered at zero.
Limits of Agreement
Intra-Method
Hanna Minimum Ql Median Mean Q3 Max
Lower —0.0926 -0.0713 | -0.0540 | —0.0564 | —0.0400 | —0.0289
Upper 0.0289 0.0400 0.0540 0.0564 0.0713 0.0926
Open-Source Minimum Q1 Median Mean Q3 Max
Lower —0.0550 —0.0446 | —0.0356 | —0.0366 | —0.0280 | —0.0216
Upper 0.0216 0.0280 0.0356 0.0366 0.0446 0.0550
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Figure 5.10. 95% Limits of inter- and intra- method agreement. The intervals reveal a systematic underestimation
of the pH measurements from the open-source device. For the 95% limits of the intra-method agreement the open-
source device has narrower LOA compared to Hanna pH meter; thus, the open-source device has better
repeatability compared to Hanna. For lower pH values the LOA are narrower compared to the higher pH values.
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Figure 5.11. Bland - Altman plot using "blandr" package. Apart from the limits of agreement and the mean
difference, their corresponding confidence intervals are plotted.

Table 5.15 presents CCC and TDI estimates, and lower and upper confidence bounds respectively before
recalibration. The estimates for CCC range between 0.5970 and 0.6032 and the corresponding lower
confidence bounds range between 04776 and 04839 throughout the pH measurement range. TDI (0.9)
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estimates range between 0.2883 and 0.3031 and their corresponding upper confidence bounds range
between 0.3095 and 0.3232 throughout the pH measurement range.

Figure 5.12a presents one-sided 95% pointwise confidence bands for CCC as a function of the magnitude
of the measurements. The solid line represents CCC lower confidence bound for the inter-method
agreement and ranges between 0.4776 and 0.4839. CCC lower band decreases as the pH level increases.
Thus, the agreement becomes progressively worse but only by a small amount. The inter-method
agreement is not considered satisfactory. Figure 5.12b presents the one-sided 95% pointwise upper
confidence bands for inter- and intra- method versions of TDI (0.9) and their reflections over the horizontal
line at zero. For the inter- method agreement TDI (0.9), which is represented by the solid line, upper
confidence bound ranges between 0.3095 and 0.3232. As the pH level increases from 2.78 to 3.7 TDI
increases. The bound of 0.3232 shows that 90% of differences in measurements from the devices fall
within +0.3232 when the true value is 3.7. Such a difference is unacceptably large for many applications.
The bounds of 0.3095 and 0.3232 are, respectively, 8.36 and 8.74 % of the true value. No big difference
seems to exist for the inter-method agreement throughout the pH measurement range. The similarity
evaluation reveals that a difference in the means of the devices is a contributor to disagreement. TDI and
CCC will improve after recalibration.

Overall, as the magnitude increases TDI increases and CCC decreases. This means that the intra- method
agreement becomes worse as the magnitude increases. High intra- method agreement CCC values reflect
that the within-subject variations for both assays are very small compared to the between-subject
variation.

Table 5.15. CCC and TDI estimates with their corresponding lower and upper confidence bounds throughout the pH
measurement range.

| Before Recalibration

Grid CCC Lower Confidence Bound
2.78 0.6032 0.4839
3.7 0.5970 0.4776
Grid TDI Upper Confidence Bound
2.78 0.2883 0.3095
3.7 0.3031 0.3233
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Figure 5.12. (a) One-sided 95% pointwise confidence bands for CCC as a function of the magnitude of the
measurements. The solid line represents CCC lower confidence bound for the inter-method agreement and ranges
between 0.4776 and 0.4839. The agreement is considered insufficient. The dashed and dotted line represents the
intra-method one-sided 95% pointwise confidence band for Hanna and open-source respectively. For Hanna the
band ranges between 0.9979 and 0.9987 and for the open-source between 0.9986 and 0.9997. The intra-method
agreement for both devices is considered excellent. (b) One-sided 95% pointwise upper confidence bands for intra-
method versions of TDI (0.9) and their reflections over the horizontal line at zero. The open-source device has higher
intra- method agreement compared to Hanna.

Using Escaramis et al. (2010a) methodology to calculate TDI (0.9), the estimate is 0.2767 and the upper
bound is 0.2880. Table 5.16 summarizes the results. Compared to Choudhary’s and Nagaraja’s
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methodology, Escaramis TDI (0.9) is a little lower. This is probably because the devices are assumed to
have equal variances compared to (2.11) since the mixed-effects model formulation is not the same.

Using Carrasco’s methodology to evaluate CCC using U statistic, CCC estimate is 0.6024 and the
corresponding 95% confidence interval is [0.5328 0.6639]. Carrasco’s method provides similar results
compared to Choudhary’s and Nagaraja’s methodology estimate.

Last, Figure 5.13 displays the Bias-plot. The proportional bias is 0.965 (95% ClI [0.9352, 0.9938]) and the
fixed bias —0.1052 (95% ClI [—0.2013,—0.091]). The fixed biases estimate is different compared to
Choudhary’s and Nagaraja’s method probably because the parameter estimation method is different.
However, the red solid line which corresponds to the total bias confirms the findings in Table 5.11 since
the total bias ranges from [—0.235, —0.21].
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Figure 5.13. Bias-plot. The proportional bias is bias is 0.965 (95% Cl [0.9352, 0.9938]) and the fixed bias -0.1052
(95% Cl [-0.2013, -0.091]). The fixed biases estimate is different compared to Choudhary’s and Nagaraja’s method.
However, the red solid line which corresponds to the total bias confirms the findings in Table 5.11.
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5.6.6. Recalibrating the open-source device

The similarity evaluation reveals that the fixed bias (difference in the means) contributes to the
disagreement between the two devices. Recalibration of the open-source devices by subtracting —0.22
from its measurements makes the mean difference zero and improves the extend of agreement
substantially. Table 5.17 reports CCC and TDI estimates and confidence bounds after recalibration. CCC
improves significantly. The lower confidence bands range from 0.9194 to 0.9407 revealing excellent
agreement throughout the measurement range. TDI also improves and ranges from 0.1052 to 0.1215
throughout the measurement range. The agreement for this research’s case study is considered
acceptable. TDI (0.9) and CCC were also calculated after recalibration using methodology developed by
Escaramis and Carrasco respectively (Table 5.18). They are both close to Table 5.17 values with TDI (0.9)
and CCC lower than Table 5.17 values.

Table 5.16. Summary of TDI (0.9) and CCC with their corresponding bounds using Escaramis and Carrasco’s
methodology respectively.

Before Recalibration

TDI (0.9) - Escaramis

Estimate 0.2767
Upper Bound 0.2880
CCC - Carrasco
Estimate 0.6024
Confidence Interval [0.5328,0.6639]

Table 5.17. CCC and TDI estimates after recalibration. Both indices improve significantly and report excellent

agreement between the devices.

After Recalibration

Grid CcccC Lower Confidence Bound
2.78 0.9666 0.9407
3.7 0.9509 0.9194
Grid TDI Upper Confidence Bound
2.78 0.0857 0.1052
3.7 0.1048 0.1215

Institutional Repository - Library & Information Centre - University of Thgspaly

10/06/2024 05:15:18 EEST - 18.191.91.199



Table 5.18. TDI (0.9) from Escaramis and CCC from Carrasco after recalibration. The agreement improved
significantly and is now considered excellent.

After Recalibration

TDI (0.9) - Escaramis

Estimate 0.0707
Upper Bound 0.0734
CCC - Carrasco
Estimate 0.9641
Confidence Interval | [0.9510,0.9740]

5.7. Discussion

Soil analysis is very important before the establishment of cultivation. Soil pH is one of the main
measurements of the soil analysis. Soil pH measurement indicates whether the soil is acidic or basic but
also shows the availability of essential nutrients and toxicity of other elements if their relationship with
pH is known (Thomas, 2018). The knowledge of soil pH reveals the possible necessity of its adjustment
especially in extreme soil pH values (acidic or alkaline). Moreover, soil pH determines the type of fertilizers
that can be used to ensure nutrient availability and a balanced plant nutrition. By monitoring the pH values
regularly (every 2 to 3 years) in a field, it might be essential to raise the pH of the soil from acidic to near
neutral pH values by liming (Jensen, 2010). Apart from the effect of soil pH to nutrient absorption by plant,
it is mentioned that substrate pH may also influence the rhizosphere microbiome (Ferrarezi et al., 2022).
In hydroponics, the pH of the nutrient solution is very important to reach a balanced nutrition for the
cultivation. In-situ analysis methods based on pH sensors can improve efficiency and reduce costs.
Compared to soil, soilless culture substrate typically has a relatively simple, stable, and artificial-controlled
composition thus, mitigating the disadvantages of direct measurement method. Therefore, direct
measurement appears to be suitable for frequent, rapid, and accurate pH measurement in soilless culture
substrate. However, the large error of this technique still needs to be solved (Chen et al., 2021).

A portable open-source device that measures the pH of the juice of grapefruits and oranges was designed
and constructed for laboratory experiments and in situ measurements. To evaluate its functionality, a
method comparison study between the open-source device and a corresponding industrial was designed.
The statistical analysis to assess their agreement was based on indices and graphical methods using mixed-
effects models. The agreement indices evaluated were the Concordance Correlation Coefficient (CCC) and
the Total Deviation Index (TDI). TDI estimates and confidence bounds were evaluated using (2.11) and
methodology described in Section 2.1.5 and by methodology proposed by Escaramis et al. (2010a)
described in Section 2.1.5. There were small differences between the two methods probably due to the
mixed-effects models’ different formulation.

Overall, agreement between the two devices is not satisfactory but improves to excellent levels after
recalibration since the main source of disagreement is the fixed bias (0.22 pH units).

Further experiments can be conducted to investigate the agreement for an extended range of
measurements and a greater variety of fruits. Moreover, the open-source device can be used in other
applications that include soil pH or substrate pH in soilless cultivations and future method comparison

Institutional Repository - Library & Information Centre - University of Thgggaly
10/06/2024 05:15:18 EEST - 18.191.91.199



studies can be designed to assess the agreement and similarity between the two devices for various
applications.
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6. FruiTemp: Design, Implementation and Analysis for an Open-Source
Temperature Logger Applied to Fruit Fly Host Experimentation

6.1. Goal of the Study

The goal of this study was to create an inexpensive custom-made device that records core, surface
temperature and external air temperature of a fruit and test it in laboratory conditions and further in field
experiments of interest. The essential specifications for the device are portability, power efficiency, user-
friendly interface, and a weatherproof enclosure. The sensor specifications include sensor tips as less
invasive as possible to reduce the insertion hole diameter on the fruit, accurate and precise readings.
Additionally, an important consideration was the reduction of its development cost that would make
feasible to bulk produce in-house for increased sample size in experimental trials.

The Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann) (Diptera Tephritidae) is one of the
most notorious agricultural pests worldwide. Medfly originated from the Afrotropical region and exist in
wide range of climates in many parts of the world (Liquido et al., 1991; White & Elson-Harris, 1992; De
Meyer et al., 2002; Papadopoulos et al., 2013). It is an extremely polyphagous species that completes
many generations per year according to environmental conditions. It can infest approximately 353 hosts
from 67 different families (Liquido et al., 1991; Papadopoulos et al., 1996; Benjamin et al., 2015). It is
extremely damaging for many fruit species and cultivars since the infestation rates may reach 100%
(White & Elson-Harris, 1992; Fimiani, 1989; Tzanakakis & Katsoyannos, 2003). In Greece, it completes 3—
7 generations per year. It overwinters at the larval stage, in locations where the temperature during the
cold months is low, inside infested fruits, mostly in apples and bitter oranges (Papadopoulos et al., 1996).
Those fruits, such as apples remaining on the trees in autumn, often after harvest, provide the last
breeding resources for female medflies and they receive the last ovipositions (Tzanakakis & Katsoyannos,
2003). Prevailing climatic conditions determine both developmental process and survival of these last
immatures and whether the life cycle can be completed yielding adults, next spring. The rate of successful
overwintering and hence the fate of these individuals largely determine the population growth and
infestation rates of the next season (Papadopoulos et al., 2001).

Being ectotherm, as all arthropods, egg and larvae development and survival of medflies depend on the
temperature conditions within the last infested fruit. Living at the edge of environmental stress (i.e.,
winter conditions of temperate areas) small fluctuations may become detrimental for immatures survival
within fruit. On the other hand, collectively small fluctuation may greatly affect the developmental
process that is extremely low under such conditions (Papadopoulos et al., 2003). Hence, acquiring precise
data on temperature fluctuation is important for studying overwintering dynamics for medfly and other
similar insect species. Thus far, most population growth models rely on air or soil temperature data and
often place little emphasis on the overwintering generation and its particulates (Gutierrez et al., 2009;
Gutierrez & Ponti, 2011; Ponti et al., 2009; Vera et al., 2002). As mentioned above, medfly’s larvae
overwintering success is determined by the temperature and the type of the host (Papadopoulos et al.,
1996, 2001, 2003).Thus, measuring the core temperature of the fruit and comparing it with its surface
temperature and the temperature of the environment, would greatly enhance our understanding of the
overwintering dynamics of medfly in temperate areas and would pave the way for furthermore detailed
approaches on insects overwintering. Agreement between core temperature and fruit surface
temperature needs to be established to use the latter as a proxy for the former in fruit fly related
experiments allowing for the least possible damage and intervention regarding the host.
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An open-source logger integrated with precise and slightly intrusive point medical temperature sensors
was developed to conduct a series of experiments regarding the FF-IPM project (FF-IPM). There are many
devices available in the market to measure the inner fruit temperature (Hengko, n.d.) but most of them
are either expensive, highly intrusive or incapable of logging temperature in remote places or outdoors in
general, such as a tree, for many days. FruiTemp is an open-source system designed to measure accurately
and precisely the temperature inside the core and the surface of a fruit and the environment surrounding
it. Thermistor probes were used to precise the estimation of the temperature inside the apples which are
considered ideal winter hosts of medfly.

The workflow of this project is summarized in Figure 6.1.

6.2. Design of the device

The device (Figure 6.2, 6.3a,b) is a portable, waterproof temperature data logger that is equipped with
two fine precision medical temperature sensors and a harsh environment temperature probe. It can log
data according to the interval prespecified by the user and has low power consumption needs. It is
equipped with a real time clock powered by a backup battery to include a time stamp for every reading
and a micro-SD card module to store the data. Further, it has an on/off waterproof switch and is enclosed
in an IP54 flanged box.

|
: Design of f / e ‘ ¥
Design of the Data /,’ Data Analysis using irerpretation | Design of

?mngmp ™1 Laboratory —», Collection | Statistical Methods to ol the F_leld
Device Experiment / Assass the Agreement Experiment

[ J

Figure 6.1. Initially the device was designed according to specifications based on the nature of the experiment.
Then, the laboratory experiment was designed, and data collection followed. Data analysis involved statistical
methods to assess the Agreement. The experiment’s findings confirmed the initial hypothesis thus designing the
field experiment.

surface sensor
\

O : core sensor

IP 54 enclosure

~— environment
temperature
probe

T~ 0n/Off switch

Figure 6.2. The device consists of two precise medical sensors inserted in the fruit and an environmental
temperature probe. There is also an On/Off waterproof switch. The box is waterproof (IP 54) and flanged.
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6.2.1. Hardware

The main parts of the system are the microcontroller, Adafruit feather 32u4 proto board, (Fried, 2023a)
which is the processing module that coordinates all the others. The second most important parts are the
Amphenol NTC thermistor MC65 series (Amphenol, 2014) and the Amphenol Industrial Temperature
Sensor JS8746A (Amphenol, 2019). The former sensor is a very fine point medical temperature sensor
(1.65 mm diameter maximum), and the latter is a harsh-environment sensor for air temperature with a
cylindrical enclosure. The size of the MC65 series makes it the best available solution for the experiment,
which requires the least intrusive way to measure the temperature of the fruit’s core. Furthermore, a
smaller diameter thermistor for the sensing part was not chosen although available, because, as the
thermistor is inserted in the core of the fruit it might be damaged due to the friction between the flesh of
the fruit and the thermistor during its insertion. The vital parts that contribute to the precision and
accuracy of the system are the ADS1115 16-bit ADC—4 channel with Programmable Gain Amplifier (Texas
Instruments, 2009)—which increases the ADC resolution from 10 to 15 bits and amplifies the analog signal
of the sensor and the LM4040 Voltage Reference Breakout (Texas Instruments, 2013), which stabilizes the
reference voltage to achieve more accurate readings. Table A4 (Appendix A) displays the specification of
the thermistors used.

The battery used for the system to be portable is a 1200 Mah Li-po battery, which can be recharged by
means of a micro-USB connector while in operation. The use of headers in a Printed Circuit Board (PCB)
allows researchers to easily replace parts that might be damaged or not working properly. A detailed list
of the components can be found in Appendix B. Moreover, since the Adafruit feather series has the same
footprint for every module, the microcontroller board can be switched with a wireless development board
without affecting the design of the hardware.

The design is simple but efficient and is based on open-source technology. The MCU used is a 32u4, 8-bit
microcontroller, clocked in 8 Mhz. This choice was based on low consumption of the microcontroller and
the vast number of guides and tutorials available that can provide guidance even for amateur users. Since
the 32u4 is equipped with a 10-bit analog to digital converter and the input range to the ADCis 0 to 2.048
Volts, a 16-bit analog to digital converter (ADS1115) equipped with an amplifier was added to the device.
The readings from the thermistor are sent directly to the ADS1115, which uses an I12C connection with the
microcontroller and the signal is amplified and digitized using 15 bits, instead of the microcontroller’s 10-
bit ADC. The amplification gain according to the datasheet and the input voltage from the thermistor is 2,
which means that the Vcc used to calculate the value of the thermistor in volts (Table A6, Appendix A,
ADC value formula) is 2.048 Volts. Moreover, since the microcontroller reference voltage is not stable, an
LM4040 voltage reference breakout is used (0.1% output voltage tolerance) by defining the reference as
2.048 volts. Last, all the reference resistors used to create a voltage divider to read the resistance of each
thermistor are of high precision and are described in detail in Table A4 (Appendix A). A logger shield was
used to write all the data to a micro-SD card integrated with a timestamp. The current time was acquired
by the real time clock PCF8523. The logger shield uses a 3 Volt CR1220 battery to keep track of the time
even if the power is cut from the microcontroller to the logger shield. The schematic is available in Figure
Al (Appendix A).

Institutional Repository - Library & Information Centre - University of Thegsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



Physical Features of the Device

The dimensions of the device (Figure 6.3b) are 136 mm x 83 mm x 44 mm. The box is equipped with mount
holes useful in securing the device on the tree with nylon plastic cable ties. The MC65 (Figure 6.3c) and
JS8746A (Figure 6.3d) sensors’ length is 400 mm and 1000 mm, respectively. Heat-Tubes are used to
protect the MC65 sensors and silicone is applied in the junction between the sensor and the heat-tube to
make it stiff and protect it from damage while we insert it in the fruit.

(b)

(d)

Figure 6.3. (a) The data logger interior consists of an Adafruit 32u4 proto, an Adafruit FeatherWing logger, an
ADS1115 ADC with a gain amplifier and an LM4040 Voltage reference breakout. (b) The case of the system is an IP
54 flanged box. (c) The MC65 precise medical sensors. (d) The JS8746A environment temperature probe with its
enclosure.
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6.2.2. Software

The datasheet of the ADS1115 includes the choice of samples per second that has a range of 8 to 860. The
Adafruit library for the ADS1115 (Herrada, 2023) was used and modified in the main code, which by
default uses 128 samples per second.

The logging interval is adjusted according to the users’ needs. For the FF-IPM experiments the device was
configured for 1 and 15-minute intervals.

The code was based on GitHub (OSBSS, 2018) and the instructions to provide it are in GitHub (Bataka,
2023). The GitHub example is based on another thermistor of the manufacturer Vishay, the ADS1115
usage, the Hoge-2 equation, the resistance reading and the manual sample average. Logger functionality
was implemented by adding the Real Time Clock and the SD-card code. Sleep functionality for the MCU
was used to reduce power consumption. Reduction of the self-heating effect functionality was added by
powering the thermistor only when a measurement is taken. The coefficients of the thermistors were
configured accordingly using the method described in Section 6.2.3. The code is also available in GitHub
(Bataka, 2023).

Code Description
First the libraries used in the sketch are included.

#include <Wire.h> Libraries Use
#include <SD.h> <Wire.h> library for the 12C
#include <Adafruit ADS1015.h> <sb.h> library for the SD module
. " . o <Adafruit_ADS1015.h> |library for the ADS1115 ADC
# }nc lude RTC:!‘ ib.h "RTClib.h" library for the real time clock
#include <stdio. ]-"1> <stdio.h> library for additional c++ functions
#include <Adafruit SleepyDog.h> <Adafruit_SleepyDog.h> |library for the sleep mode
bdef] VBATPIN A9 > A voltage divider is connected between the BAT pin
erine (pin where the battery is connected) and pin 9.
RTC DPCF8523 rtc: Construct objects Thus, this is the pin where we will retrieve the
Adafruit ADSlllé ads: from the battery voltage using the battery() function.
File myFIle; corresponding
constructors.
void setup () |
pinMode (6, OUTPUT) ;
digitalWrite (6, LOW) ;
Wire.begin () ;
Serial.begin(115200); Initializing
ads.beglnﬂ); constructors for
ads.setGain (GAIN_ONE) ; - Wire, ADS1115,
SD card, RTC.
if (!SD.begin(10)) {
while (1); —
}
//rtc.adjust (DateTime (F(_ DATE ), F(_ TIME )));

}

void loop () |
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//Entering sleep Mode

for(int index=0;index<7;index++) {
Watchdog.sleep (8000) ;

}

//Retrieving Date and Time
DateTime now = rtc.now();
//powering the thermistors
digitalWrite (6,HIGH) ;

delay (1000) ;

intlé t adcO0_average = samples(0);
intl6 t adcl average samples (1) ;
intl6 t adc2 average samples (2) ;
digitalWrite (6,LOW) ; ADC values
// powering down the thermistor

// get the resistance

float RO _avg = resistance (adc0 average);

float Rl _avg = resistance (adcl_average);

Perform multiple
iterations to get
higher accuracy

float R2_avg = resistance(adc2 average);// get the temperature using the

Hoge-2 equations

float temperature0 avg = hoge ext (RO _avg); //for the external

float temperaturel avg = hoge (Rl _avg); //for the MC65

float temperature2 avg = hoge(R2 avg); //for the MC65
writesd(temperaturel avg, temperature2 avg, temperaturel avg,battery());

}

//Calculating battery capacity

float battery() { —
float measuredvbat = analogRead (VBATPIN) ;

measuredvbat *= 2; // we divided by 2, so multiply back

measuredvbat *= 3.3; // Multiply by 3.3V, our reference voltage S—

measuredvbat /= 1024; // convert to voltage
return (measuredvbat) ;

}

// Get resistance --—————-——--——--"""—"—————— //
float resistance(intl6 t adc)

{

Function to

read

battery
voltage.

—

float ADCvalue = adc*(4.096/2.03); // Vcc = 4.096 on GAIN ONE setting, Ar-

duino Vcc = 3.3V in this case

float R = 10000/ (32767/ADCvalue-1); // 32767 refers to 15-bit number

return R;

}

————————— // —

float steinhart (float R)

{ Function
float Rref = 10000.0; that uses the
//float A = 0.003368620; resistance as
float A = 0.0033540154; input and
//float B = 0.00024057263; outputs
float B = 0.00025627725; temperature
//float C = -0.0000026687093; — using
float C = 0.000002082921; Steinhart’s

// float D = -0.00000040719355; equation.
float D = 0.000000073003206;
float E = log(R/Rref);

—
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float T = 1/ (A +

(B*E) + (C*(E*E)) + (D*(E*E*E)));

return T-273.15;

}

void writesd(float t1,

{

myFile = SD.open("fruitl.txt",

float t2, float ext, float measuredvbat)

FILE WRITE);

// if the file opened okay, write to it:

if (myFile) ({

DateTime now
myFile.print
myFile.print
myFile.print
myFile.print
myFile.print
myFile.print
myFile.print
myFile.print
myFile.print

myFile.print
myFile.print

= rtc.now();
year(), DEC) ;

now
A
now. month(), DEC) ;
v/n)

now.day (), DEC);

1] "),.

now.hour (), DEC);
")

now.minute (), DEC);

ow.second (), DEC);

" H);

myFile.print (ext, 3);
myFile.print (", ")
myFile.print l 3);
myFile.print (", ");
myFile.print 2 3);

(n
(
(n
(
(n
(
(n
('
(n
myFile.print(':");
(n
(
(e
(
(t
(
(t
(

myFile.print (",");
myFile.print(measuredvbat);
myFile.println();

Serial.println ("DONE writing on sd");

// close the file:

myFile.close () ;

} else {

// 1if the file didn't open, print an error:
Serial.println ("error opening test.txt");
}

}

// Perform multiple iterations to get higher accuracy ADC values

noise)

intl6é t samples (int pin)

{
int n=10; // number of iterations to perform
int32 t sum=0; //store sum as a 32-bit number
for (int i=0;i<n;i++)

{

intl6 t value = ads.readADC SingleEnded(pin);

sum = sum + value;
delay (10);

}

int32 t average = sum/n;

return average;
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6.2.3. Calibration Method

The thermistors were calibrated using conventional non-expensive methods by accessing the sensor’s
temperature resistance curves (Thermometrics, 2014). The procedure was based on Ohm’s Law and the
Hoge-2 equation (Hoge, 1988). Only the MC65 thermistor is described since the JS8746A was calibrated
the same way.

First, resistance ratio of the thermistor was recorded in a range of 0 to 44°C to choose the category of
coefficients according to Table A5 (Appendix A). This method is implemented by using a voltage divider
and the formula Rt in Table A6 (Appendix A). The reference resistance is 10 KOhms with a tolerance of
0.05%. The ADCvalue in the formula corresponds to the readings of the ADS1115 analog to digital
converter (15 bits of precision and 1 bit for the sign) and amplifier which was used to increase the precision
and resolution of the reading since the ADC of the microcontroller has only 10 bits. The ADC value was
calculated using the formula in Table A6. Vcc on gain two is 2.048 as the dataset of the ADS1115 suggests.
The signal was amplified by only a gain of two since the output of the thermistor can only range between
0 and less than 2.048 volts. LM4040 was used to set a reference of 2.048 with a 0.1% tolerance. This
addition improved the accuracy and precision of the system since it keeps the voltage reference stable,
and the values achieve less fluctuation than using the MCU’s reference voltage. The first formula on Table
A6 calculates the resistance of the thermistor. The value 10,000 is the reference resistance and 32,767 is
215 — 1 which is the ADC number of bits.

The material of the thermistor is type F. For that reason, Table A5 was used to choose which coefficients
were appropriate to form the Hoge-2 equation which is the best calibration equation comparing to nine
more for the MF501 NTC thermistor according to Liu (2018). For the present application the values of the
resistor ranged between 0.5 to 3.223 so the second row was chosen (0.36035 to 3.274), this ratio is close
to optimal linearity, according to Rudtsch and von Rohden (2015) reporting that for a microK-type of
instrument, optimum linearity is achieved in the resistance ratio range between 0.2 and 1.2. Figure 6.4
summarizes the calibration procedure.

Measuring Measuring the Rt using Ohms Law | Choose the proper coefficients for the
ADC Value | ™ and Voltage Divider ' e Hoge-2 equation

Figure 6.4. The calibration procedure. First, the ADC value is measured. Second, Rt is retrieved using Ohm's Law
and a voltage divider. Last, proper coefficients from the manufacturer are chosen as an input to Hoge-2 equation.
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6.2.4. Power Consumption and Power Saving Techniques

FruiTemp runs on a 1200 mAh Li-po battery which can be recharged by means of a micro-USB connector
while in operation. Power consumption reduction was achieved using software and hardware techniques.
The microcontroller periodically goes to sleep, and the watchdog timer (Matalon, 2016) awakes it for
temperature sampling. The microcontroller is clocked at a low frequency of 8 Mhz. When the device is
measuring and recording, which means that it is awake from the sleep function, it takes 6 s to measure
and log the data and has an averaged power consumption of approximately 9.735 mA. When the device
enters sleep mode the power consumption drops to an average of 1.944 mA approximately. The average
consumption of the device including both modes is 3.148 mA, for a logging interval of 1 sample per minute.
Unfortunately, the watchdog library will enable sleep mode in increments of 8 seconds. For example, if
the user wishes to wake the board every 5 minutes, a loop needs to be created that will run 38 times to
reach 5.06667 seconds. Thus, the MCU will not be able to wake up exactly after five minutes. Moreover,
every MCU will act differently after the watchdog function is enabled. In Section 6.7 a solution is proposed.

6.2.5. Cost of the Device

The trade-off between cost and linearity (Amphenol, 2021) affected the design. The thermistor
manufacturer suggests a circuit including a differential amplifier that improves the linearity of the
thermistor. Since the ADS1115 includes 4 single channels or 2 differentials, the single channels were used,
since the sensors were 3, leaving one channel unused. By using 2 differential channels, only 2 thermistors
can be supported.

Other devices, like HOBO MX2303 which is weatherproof, power efficient, has high accuracy (+0.2 °C)
and has an additional Bluetooth connection, could be a good fit to the experiments demand but it is only
equipped with two probe sensors instead of three, the diameter of the sensors (0.53 cm) is wider than
the proposed system’s internal sensors (0.165 cm) and the housing of the sensor is a cylindrical stainless
steel compared to the proposed system’s internal sensor, which is a point epoxy material which senses a
significantly smaller area than the HOBO MX2303. Overall, the HOBO MX2303 is inappropriate because it
provides only two sensors, compared to our device, which provides three, and the sensors of the HOBO
MX2303 are much more intrusive compared to the proposed systems sensors. Last, the Hengko
temperature and relative humidity data recorder sensor is specifically made for fruits and vegetables, but
it only provides one sensor, has an a non-acceptable for the experiment accuracy (+0.5 °C) and its probe
is highly intrusive compared to the proposed system.

The total cost was around EUR 110 (end 2020 market costs) which can be reduced substantially by not
using breakout and development boards (for example Adafruit 32u4 proto), instead create a PCB that
include only the vital parts for the system that will also decrease the size of the device. The costs of the
individual parts are displayed in Table 6.1.
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Table 6.1. FruiTemp individual parts’ cost.

Part Cost (In Euro) Quantity
Adafruit ADS1115 16-bit ADC-4 channel 18.4 1
PGA breakout board
Adafruit LM4040 breakout board 6.35 1
Adafruit Feather 32u4 Proto 16.9 1
Adafruit Adalogger Feather Wing 7.58 1
Amphenol NTC Thermistor MC65 series 6.59 2
Amphenol Industrial Temperature 18.91 1
sensor JS8746A
Metal Film Resistor Vishay/Dale 518 5
10Kohms, 0.05% tolerance 5ppm
Metal Film Resistor Vishay/Dale 113 1
10Kohms, 0.1% tolerance 5ppm
Lithium Polymer single cell 3.7 1
Volt/1200 mah
8.9
Switch and waterproof cap 0.6 1
Cable glands PG7 0.6 1
IP54 Hammond flanged box 6.78 1
Wires/PCB/Heat Tubes 4 1
| Total 107.69

6.2.6. Bias Removing Techniques, Accuracy and Measurement Range

According to Ebrahimi-Darkhaneh (2019), a thermistor dissipates power in the form of heat when current
flows through it due to its nature since thermistors are resistors. For that reason, the input voltage of the
LM4040 was connected to pin 6 of the MCU and adjusted the code to power the thermistor only when a
reading is going to take place.

Manual averaging was also added to the code. The function was getting 50 readings using a 10-millisecond
interval, which according to Goumopoulos (2018), for the thermistor the author used, 50 readings for
every cycle delivered an optimal accuracy after proper calibration.

The MC65 thermistor reports an accuracy of 0.05°C and the JS8746A reports an accuracy of 0.15°C
according to the manufacturer’s datasheet. The external ADC and the bias removing techniques used are
not expected to add extra bias. The measuring range of the MC65 as reported in the datasheet is —40°C
to 105°C and for JS8746A is —40°Cto 120°C, but since the coefficients used to form the Hoge-2 equations
were retrieved for a range of 0°C to 44°C, the present configuration suggests using this measurement
range and is not limiting the device since it can be programmed to switch the parameters when the
temperature is below 0°C or above 44°C.

6.3. Design of the Method Comparison Study: Measuring the Agreement Between
the Core and the Surface Thermistor.

The difference between the core and the surface temperature of apples was tested by inserting the green

MC65 sensor (Figure 6.3c) in the core, 3.3 cm below the surface and the yellow MC65 sensor, 0.5 cm

below the surface of 80 apples of the cultivar “Golden Delicious”. The apples had similar diameter (mean
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= 6.94 cm, st.dev = 0.355) and firmness (mean = 7.49 and st.dev = 0.535). To simulate temperature
fluctuations 8 fixed temperature conditions of 2 °C, 5 °C, 15 °C, 20 °C, 27 °C, 30 °C, 34 °C and 43 °C were
used.

The external temperature sensor was measuring the fixed temperature during the experiment since all
devices like fridges or furnaces fluctuate within an interval around the fixed value. The values of the
readings are provided in Table 6.2. For the first fixed temperature condition 10 apples were placed in a
commercial fridge (PITSOS P1KCL3606D) set at a fixed temperature of 2°C. For the 5°C condition 10 apples
were placed in a commercial fridge with a fixed temperature of 5°C. For the 15°C condition 10 apples
were placed inside an Elvem CLP 600 chamber (Figure 6.5b) fixed at 15°C. For the 20°C 10 apples were
placed in a controlled temperature room fixed at 20 °C. For the 25°C 10 apples were placed in a controlled
temperature room fixed at 25 °C.

For the rest of the temperature conditions, a WTC binder 78,532 furnace was used and set the
temperature for 27°C, 34°C and 43°C.

To reach the desired temperature the apples were placed for 15 hours in the commercial fridges, chamber
and the controlled environment room and 4 h in the furnace per desired temperature. Then, an apple was
picked and pierced with a sharp needle of 33 mm length and 3 mm diameter, inserted the green sensor
and fixed it with sticky tape, pierced the apple 0.5 cm below the surface, inserted the yellow sensor, fixed
it with duct tape and placed the apple in one of the aforementioned places with the logger. After 15
minutes, the logger was switched on to make the temperature stable in case it increased/decreased
during the insertion routine and 15 measurements were taken every 3 seconds. The procedure was
repeated for 10 apples per fixed temperature. The experimental design of the laboratory experiment is
summarized in Table 6.3.

6.4. Agreement Techniques

The study of agreement comprises of two important parts. The first part is to quantify the extent of
agreement between two measurement methods/instruments/or procedures and to determine whether
this is sufficient so that they can be used ‘interchangeably’. The second part is to compare important
characteristics of the measurement methods such as bias and precision (Choudhary & Nagaraja, 2017a).
The first goal of the study is the quantification of the difference between the core and the surface
temperature. The second goal is the comparison of important characteristics such as bias and precision of
the measurements since the bias reveals the trend of the difference along various ranges of temperature
between the core and surface temperature of the fruit. The precision might reveal possible variations of
the temperature readings probably due to difference in temperature fluctuations in the two points of
interest.

Table 6.2. The means and standard deviations of the reference temperatures measured by the external
temperature sensor per fixed condition.

2°C 5°C 15°C 20°C 25°C 27 °C 34°C 43 °C

Mean 3.663 5.897 15439 18.8 26.948 33.931 31414 43.289

Standard Deviation 1.88 0.954 0.049 0.237 0.376 0.554  0.554 1.156
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The approach followed in this case-study is based on measurement error models that predict the true
latent trait using an empirical Bayes approach (Taffé, 2018) as described in Section 2.1.4. An R package is
available for the implementation of the method (Taffé et al., 2019) . A graphical illustration of the
estimated bias between measurement approaches and the precision of each is produced as well. Since
the package focuses on recalibration of the two methods the source code of the package is modified to
remove the recalibration step, which is not relevant in our case. The adapted code is presented in detail
in GitHub (Bataka, 2023) following model (2.25), (2.26) and equation (2.27).

The temperature of the thermistor placed in the core of the fruit is considered the reference. Thus, yzij is

ith
the j" repeated measurement of the I subject for the thermistor placed in the core. Then Vi is the

measurement for the thermistor placed on the surface of the fruit, where i=1...,80 the number of
subjects and j=1,...,15 the number of repeated measurements. The data are considered linked since

they were paired.

This configuration was chosen since the goal of the field experiment targets the difference between the
core and the surface temperature of the fruit. The measurement-error model was chosen since the goal
of this case-study was to quantify the differential and proportional bias compared to mixed-effects models
which assume that the proportional bias is the same for both methods.

6.5. Design of the Field Experiment

The experiment took place in apple orchards, in the mountainous village of Drakeia, south Pelion, at 500m
altitude, Volos, Greece. The climatic conditions of the area during the summer months exceed 30°C and
during the winter can drop below zero especially during nighttime. The sensors were installed in apple
varieties Granny Smith and Red Delicious (Starking) after the harvest period. First, a tree was randomly
selected and installed the first FruiTemp logger on the peak of a tree’s crown, the second to the east side
of the tree, and the third on a low full shaded point (Figure 6.5a). The selection of fruits/subjects varied
according to their daily sun exposure. The apple located on the peak of the tree was exposed to the sun
continuously during the day, the apple located to the south-east side of the tree was exposed to the sun
for less time than the one on the peak and the last one was full shaded during the whole day. One sensor
(MC65) was placed inside the core of the apple just before the side of sperm and the other (MC65) 1.5 —
2 mm away from the surface of the fruit. The third sensor (JS8746A) was also placed on the tree next to
the fruit to measure the temperature of the environment (Figure 6.3d.). The system logging interval was
adjusted to 15 min. After 24 h the next apple was measured for a total of 15 fruits. After the 24-h
procedure each fruit was evaluated for its qualitative characteristics.

Institutional Repository - Library & Information Centre - University of Thggsaly
10/06/2024 05:15:18 EEST - 18.191.91.199



""'Illf

____,_, gaa
L/ /7,
/. e

(b)

Figure 6.5. (a) The proposed device set during the field experiment. (b) The proposed device set in the Elvem CLP
600 chamber during the laboratory experiment.

Table 6.3. Summary of the experimental design for the laboratory experiment.

Experimental Design

Experimental Unit Fruit
Repeated Measurements Yes, simultaneously
Number of repeated measurements 15
Data category Linked data
Sample size 80
Balanced/Unbalanced measurements Balanced

6.6. Results

Table 6.2 displays the temperature for every fixed condition (fixed temperature inside the fridges, room
and furnaces described in Section 6.3) during the laboratory experiment, measured by the external
temperature sensor, including the mean and standard deviations. The external sensor was placed 20 cm
away from the fruit in all cases.

According to the scatterplot in Figure 6.6 the pairs of the measurements do not seem to deviate more
than 0.5 units from the identity line. This is interpreted as minor differences among the core and surface
temperatures especially for temperatures ranging from 9°C to 19°C. In Figure 6.7 the Bland—Altman and
limits of agreement (LOA) plot is displayed, which was generated using the “MethodCompare” package in
R version 4.0.2 (The R Foundation for Statistical Computing, Vienna, Austria). The limits of agreement in
the plot (blue dashed lines and a solid line for the regression) indicate that there is a positive bias of the
measurement method for low temperature values and a negative bias for high values. The linear trend of
the Bland—Altman plot indicates possible correlation between differences and averages, and difference in
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precision of the methods which is confirmed in the precision plot (Figure 6.8). There were no outliers
detected.

Scatterplot of Core vs Surface
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Figure 6.6. Scatterplot of measurement pairs including the identity line.
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Figure 6.7. Bland—Altman LOA plot. The blue dashed lines are the limits of agreement, and the solid blue line is the
regression line.
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Precision plot
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Figure 6.8. Precision plot showing the precision of each measurement method. The blue dots correspond to the
precision of the surface readings along the temperature and the black dots to the precision of the core.
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Figure 6.9. The Bias Plot. The bias is displayed as the red line and reveals the bias throughout the range of
measurements. For the value of 30°C the bias is approximately —0.2°C. The black horizontal line is the zero
reference for bias, the dashed blue and green line is regression of the Surface and Core temperature readings,

respectively. The solid black line is the identity line.
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After the analysis, the results revealed a differential bias of 0.331 (95% Cl: [0.299,0.363]) and a
proportional bias of 0.982 (95% Cl: [0.981, 0.983]). The bias is positive for low values and negative for
high values. Table 6.4 summarizes the differential and proportional bias for the measurement at the
surface relative to the measurement at the core of the fruit and associated 95% confidence intervals.
Bland—Altman LOA plot on the other hand estimates a differential bias of 0.958 (95% ClI: [0.658, 1.28])
and a proportional bias of 0.976 (95% Cl: [0.958, 0.989]) revealing the inadequacy of the specific method
since it only assesses the variability of the differences but not each method separately.

The bias is displayed in Figure 6.9 and decreases as the true values increase until it reaches 0 at around
19°C then increases at the opposite direction. Specifically, almost a zero bias was found around 19°C,
—0.2°Cat 30°C and almost —0.4°C at 40°C. According to our results for a temperature of 40°Cin the core,
the surface sensor will measure 39.612°C (0.331 + 0.982 * 40), which gives a total bias of around —0.4°C
compared to the core. The precision of each sensor is displayed in Figure 6.8 indicating that the core
measurements are more precise than the surface temperatures revealing fluctuations of maximum 0.1°C
on absolute value when the surface temperature is measured and a constant difference of precision
between the core and the surface of 0.2°C with the core being more precise. This indicates that the core
retains the temperature for more time than the surface much more in lower temperatures rather than in
higher.

6.7. Improving Fruitemp — Future Work

The development board used for Fruitemp is an Adafruit feather proto 32u4. Feather series (Fried, 2023d)
includes other microcontrollers with embedded wireless modules which have the same footprint for every
solution. This feature makes Fruitemp a modular system and allows the user to add different development
boards of the feather series, to include other functionalities such as wireless communication like LoRa,
GSM, 4G, WiFi, Bluetooth LE etc. No additional wiring or soldering is needed. Moreover, FeatherWings
are shields placed on top of any Feather development board extending the system according to the
individual’s needs. For example, DS3231 Precision RTC FeatherWing offers various wake up modes. When
the MCU is in sleep mode the DS3231 can send a signal and wake the MCU at a prespecified interval. This
is not possible using PCF8523 as discussed in Section 6.2.4. To add wireless functionality the Adafruit
Feather MO with RFM95 LoRa Radio can be added instead of Feather proto 32u4. For the LoRa gateway
(Figure 6.10), another Feather MO with RFM95 LoRa Radio is used connected with an Adafruit Feather
Fona (Fried, 2023e) via I12C (Section 2.3.4). The LoRa development board acts as an intermediate between
the end-nodes and the Feather Fona which is equipped with a GSM module and sends data to ThingSpeak
(Section 2.3.8) via GPRS. Figure 6.11 displays ThingSpeak’s interface. The 3 visualizations are for the core,
surface and air temperature. Since the core and surface differencies are small a change in the scale of the
graph can make the discrepancies more obvious. Red dots represent the measurements. The gateway is
powered using a 12 Volt lead acid battery. The battery is charged using a 30 Watt solar panel. The new
design is under development.
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Table 6.4. Differential and Proportional bias for the measurement at the surface relative to the measurement at
the core of the fruit and associated 95% confidence intervals.

Bias Estimate 2.5% 97.5%
Differential 0.331 0.299 0.363
Proportional 0.982 0.981 0.983

Figure 6.10. LoRa gateway consists of an Adafruit feather MO with RFM95 LoRa module connected via 12C with an
Adafruit Feather Fona which sends the data to ThingSpeak via GPRS.
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Figure 6.11. ThingSpeak interface. The core, surface and air temperature are visualized using linegraphs. Red dots
represent the measurements.

6.8. Discussion

The FruiTemp prototype was built to aid the needs of gathering data for the overwintering dynamics of
medfly in marginal for its existence areas in the frameworks of the Horizon 2020 funded project FF-IPM.
The system promotes the open-source community and inexpensive methods that can be adopted in other
studies in entomology and agriculture. This project can be a guide for non-specialized researchers to build
systems that can aid them on a wide range of similar experiments.

The proposed device has low cost, fine sensors, portability, energy efficiency and accuracy as assessed in
laboratory conditions. A field experiment was further designed and implemented successfully. The
proposed device combines all the characteristics that can be found in widely used commercial devices
such as the Hobo Mx2303 (Hobo, 2019) and the Hengko which are much more expensive and more
intrusive to the fruit samples.

Agreement methods utilized were straightforward to implement and graphical tools make it easier for an
individual with basic statistical background to interpret the results.
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Other upgrades and optimizations can be applied to increase the reliability, precision, and accuracy of the
device. The method described by Liu (2018) can be used to retrieve the coefficients for the Hoge-2
equation, to improve the calibration part. Since the thermistor curves provided by the manufacturer
delivers a typical scenario of the sensors, an oil bath can be used to retrieve the Hoge-2 coefficients. In
that case, calibration can be applied for each individual thermistor.

The FruitTemp prototype can be easily adapted to serve additional experimental needs in entomology
and in ecology. Understanding insect phenology (seasonal occurrence), population growth and dynamics,
as well as patterns of aging in the wild is still a major challenge in both applied ecology and entomology.
Precise temperature recording in micro-habitats, such as a host fruit for medfly larvae, is of paramount
importance for gaining insights regarding field biology of pikilotherms. FruitTemp provides an inexpensive
open-source system that can be used in a wide range of studies besides overwintering. The data generated
from these kinds of experiments will feed population modeling with reliable data that increase the
precision of the projection and assist the management activities often implemented against insect pests.

Future research involves a detailed assessment of temperature fluctuations in the core of the fruit given
standard temperature external conditions and the study of different hosts. Last, more experiments will
be conducted to assess the wireless version of FruiTemp using LoRa and GSM wireless technology.
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7. General Discussion

This thesis consists of two main topics. First, the design and construction of open-source devices to assess
agricultural and industrial experiments. Second, the development of method comparison studies to assess
the agreement between open-source devices and their corresponding industrials.

The method comparison study provides exploratory and inferential analysis. Depending on the
experiment, indices are produced to assess the agreement and the similarity between the two devices.
Four experiments were conducted and applied the methodology described in Chapter 2.

First, an open-source wireless weather station was designed and developed to assist experiments
conducted in the greenhouse facilities of the Laboratory of Agricultural Constructions and Environmental
Control, in the area of Velestino (latitude 39°44’, longitude 22°79’, altitude 85 m), Greece. The advantages
for such devices include two parts. First, the inexpensive design and second the configurability. The device
was equipped with only one sensor that measures air temperature and humidity. However, the great
number of tutorials and documentations allows users to integrate the device with multiple sensors and
wireless technologies. Since the data points (repeated measurements) were 1,438 (every 5 minutes for 7
days with some data loss) a summary method was applied based on the National Observatory of Athens,
the measurements were averaged using 8 daily time zones. For the analysis three different methodologies
were applied to evaluate the concordance correlation coefficient, based on mixed-effects models, for
longitudinal data. First, Choudhary and Nagaraja (2017a) proposed a method to evaluate CCC but their
approach did not produce a valid model. Second, Carrasco’s (2009) approach produced a single index for
CCCand its estimate is 0.3346 [0.2642,0.4916]. Oliviera’s approach estimated a Concordance Correlation
Coefficient based on longitudinal data called Longitudinal Concordance Coefficient (LCC) which is the
product of two components, the longitudinal Pearson correlation (LPC) and the Longitudinal Accuracy
(LA). LPC evaluates the deviation of the measurements from the line of best fit while LA evaluates the
deviation from the identity line. LCC estimate ranged from 0.1146 to 0.2236 since the index is produced
for every time occasion of the data. LPC estimates were close to LCC and LA estimates ranged from 0.9286
to 0.9969. Overall, the analysis revealed low agreement between the two devices. A possible source of
disagreement is the precision of the devices. Moreover, several factors such as humidity, location of the
stations and cluster effects could have affected the agreement. Last, since the averaging in time-zones
leads to loss of possible vital information, time series theory should be further researched and
implemented to method comparison studies.

Second, a water content logger system was designed and developed to assist experiments conducted in
the greenhouse facilities of the Laboratory of Agricultural Constructions and Environmental Control, in
the area of Velestino (latitude 39°44’, longitude 22°79’, altitude 85 m), Greece. The system consists of a
wireless LoRa portable logger equipped with RS-485 communication protocol and a water content,
temperature and electroconductivity sensor for soil and soilless substrates. The substrate for the current
experiment was perlite. The data were unlinked, and the sample size was balanced unlike the repeated
measurements which were unbalanced. A preliminary experiment revealed proportional bias significantly
different from 1 thus, Taffé’s approach was followed since there was no assumption for proportional bias
unlike the mixed-effects models. The analysis reported 11.669 units of water content (%) fixed bias and
0.46 proportional bias. Taffé also provided precision assessment and a recalibration method. Precision
analysis reported lower precision for the open-source device which is almost 6 times less precise than the
corresponding industrial. After recalibrating the open-source device the agreement was improved for
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most of the values, but not the lower and the higher values in the measurement range. The agreement
was adequate, assuming the acceptable difference is 5%, for the measurement range of [15,35]% of
water content. Future work includes experiments for more substrates and measurement ranges.

Third, a pH logger was designed and constructed to assist experiments for acidity evaluation in citrus
fruits. The device is almost 5 times less expensive than its corresponding industrial. Apart from pH, a
temperature sensor was added for temperature compensation since pH readings are affected by
temperature. The open-source device was calibrated using pH buffers for four different temperature
ranges. A method comparison study was designed between the open-source system and a Hanna HI9024
Waterproof pH meter. For the agreement and similarity assessment the data were fit to mixed-effects
models and Choudhary’s and Nagaraja’s approach was used to produce two indices (CCC and TDI) and an
interval (limits of agreement) for assessing agreement and repeatability. For similarity assessment, fixed
bias and precision ratio were estimated along with their 95% confidence intervals. Since the errors were
heteroscedastic, the indices were estimated throughout the measurement range. Agreement is
considered mediocre since CCC estimate is approximately 0.597 to 0.6032 with a lower bound of
approximately 0.4776 to 0.4839 throughout all the measurement rage. TDI(0.9) estimate is 0.2883 to
0.3031 with an upper bound of 0.3095to 0.3232 throughout all the measurement range. After
recalibration the agreement was excellent since CCC estimate is approximately 0.9667 to 0.9509 with a
lower bound of approximately 0.9407 to 0.9194. For TDI(0.9) the estimate is 0.0857 to 0.1048 with an
upper bound of 0.1052 to 0.1215. CCC and TDI(0.9) estimated by Carrasco et al. (2009) was 0.9781 and
Escaramis et al. (2010a) 0.0670. The fixed bias is —0.2215 pH units and the main source of disagreement.
The precision ratio reported that the open-source device is twice to three times more precise than Hanna.
Repeatability is considered excellent since CCC estimate is close to 1 for both methods and TDI(0.9) is
approximately 0.0243 to 0.0777 with an upper bound estimate of 0.0286 to 0.0949 for Hanna pH meter
and 0.0181 to 0.0462 with an upper bound estimate of 0.0213 to 0.0563 for the open-source device
throughout the measurement range. Overall, after recalibration the agreement is excellent, and the two
devices can be used interchangeably.

Fourth, an open-source logger integrated with precise and slightly intrusive point medical temperature
sensors was developed to conduct a series of experiments regarding the FF-IPM project. The logger’s gain
is based on its portability, low cost and the sensors’ design. Specifically, the fine medical sensors are
inserted in fruit’s core and surface with the lowest possible hole diameter compared to other commercial
and industrial sensors. The cost is almost half compared to other devices and can be reduced even more,
by designing it with only parts essential for its functionality. Moreover, wireless technology can be easily
implemented to the open-source device, reducing substantially the labor cost for data gathering. Apart
from the device, a method comparison study was designed, and statistical methodologies were adopted
to evaluate the agreement between temperature measurements taken from the core and the surface of
the fruit. For the agreement analysis Taffé’s approach was followed since the needs of this research
regarded evaluation of the fixed and proportional bias of the surface compared to the core temperature.
The results reported a fixed bias of 0.331°C and proportional bias 0.982. The FruitTemp prototype could
be easily adapted to serve additional experimental needs in entomology and in ecology. Understanding
insect phenology (seasonal occurrence), population growth and dynamics, as well as patterns of aging in
the wild is still a major challenge in both applied ecology and entomology. Precise temperature recording
in micro-habitats, such as a host fruit for medfly larvae, is of paramount importance for gaining insights
regarding field biology of pikilotherms.
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This thesis focuses on the promotion of the open-source philosophy for assisting research and industry in
the agricultural field. Apart from the proposal of four devices applied in different agricultural fields, a
formal method was investigated to assess the agreement between open-source and commercial or
industrial devices that are proven to work efficiently. This work goal is to encourage the development of
a formal protocol to validate open-source devise using proper experimental design and statistical tools.
The four case-studies can be used as a format and adopted to other future experiments. Moreover, the
methodology discussed in this thesis can be extended and improved, staying faithful to the open-source
philosophy which is evolving during the past decade. Business models and licenses for open-source
devices are discussed in Appendix D1. This framework sets the ground for shared knowledge and grants
the opportunity to any person, regardless of her/his educational level or financial status, to build their
own business or community.
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8. Conclusions

This thesis highlights the need to develop a protocol that assesses open-source devices, regarding their
functionality and the validity of their measurements. The most effective way to validate the
measurements of a novel device is to compare them to established commercial/industrial ones. The
official and reliable process to accomplish this task is to design and apply a method comparison study
which includes proper experimental design and statistical tools to assess the agreement and similarity
between the two devices. This methodology is applied mostly in medical research (Bland & Altman, 1999;
Khan et al. 2020) but not limited to it. This thesis adapts the statistical tools to assess agreement of medical
devices/methods, to open-source devices developed for agricultural applications. The four case-studies
can be used as a detailed guide to design and perform method comparison studies for open-source
devices in the specific field.

Further, all of the established and widely used methodologies for assessing agreement, graphical and
index-based, are presented and compared depending on the nature of the method comparison study in
four case-studies unlike other research (Essack et al., 2009; Davis et al., 2007; Khan et al. 2021; Lunney et
al., 2018; Igic et al., 2010; Perez-Jaume & Carrasco, 2015) where only one or a few of them are presented.
Moreover, compared to already published papers (Essack et al., 2009; Laerhoven et al., 2022), the current
research proposes a step-by-step guide to validate open-source devices, including the experimental
design, descriptive statistics and a variety of formal statistical assessment and encourages the
development of a protocol applied to this highly blooming field. Bongers et al. (2018) describes parts of
the proposed guide but only reports Bland-Altman plot and ICC.

Last, novel devices for commercial and laboratory use are presented, and validated using the approach
proposed by this thesis. The procedure to develop and evaluate them using the concept of agreement is
available online (Bataka, 2023) thus, respecting the spirit of the open-source philosophy.
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Appendix A

Table A1. ATmega32u4 pin mapping (source: Arduino (2013))

Pin Number

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
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Pin Name

PE6 (INT.6/AINO)

UVce

UGnd

UCap

VvusB

(SS/PCINTO) PBO

(PCINT1/SCLK) PB1

(PDI/PCINT2/MOSI) PB2

(PDO/PCINT3/MISO) PB3

(PCINT7/OCOA/OC1C/#RTS) PB7

RESET

GND

XTAL2

XTALL

(OCOB/SCL/INTO) PDO

(SDA/INT1) PD1

(RX D1/AIN1/INT2) PD2

(TXD1/INT3) PD3

(XCK1/#CTS) PD5

GND1

AvCC

Mapped Pin Name

Digital pin 7

+5V

RD-

RD+

UGND

UCAP

VBus

RXLED

SCK

\V[eN]

MISO

Digital pin 11 (PWM)

RESET

+5V

GND

XTAL2

XTALL

Digital pin 3 (SCL)(PWM)

Digital pin 2 (SDA)

Digital pin 0 (RX)

Digital pin 1 (TX)

TXLED

GND

AvCC



Pin Number

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44
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Pin Name

(ICP1/ADCS) PD4

(T1/#0C4D/ADC9) PD6

(T0/0C4D/ADC10) PD7

(ADC11/PCINT4) PB4

(PCINT5/OC1A/#0C4B/ADC12) PBS

(PCINT6/0OC1B/OC4B/ADC13) PB6

(OC3A/H0C4A) PC6

(ICP3/CLKO/)0C4A) PC7

(#HWB) PE2

Veel

GND2

(ADC7/TDI) PF7

(ADC6/TDO) PF6

(ADC5/TMS) PF5

(ADC4/TCK) PF4

(ADC1) PF1

(ADCO) PFO

AREF

GND3

AvCCl

Mapped Pin Name

Digital pin 4

Digital pin 12

Digital Pin 6 (PWM)

Digital pin 8

Digital Pin 9 (PWM)

Digital Pin 10 (PWM)

Digital Pin 5 (PWM)

Digital Pin 13 (PWM)

HWB

+5V

GND

AnalogIn 0

AnalogIn1

Analog In 2

AnalogIn 3

Analog In 4

AnalogIn 5

AEF

GND

AvCC



Table A2. ESP 32 variations characteristics.

| ESP32

| ESP32-52

| ESP32-53

| ESP32-C3

| ESP32-C6

| Announcement Date

| 2016, September

| 2019, September

| 2020, December

| 2020, November

| 2021, April

| Main processor

| Tensilica Xtensa 32-bit LX6 (up
to 240MHz) (optionally dual

| Tensilica Xtensa 32-
bit LX7 (up to 240MHz)

| Tensilica Xtensa 32-bit
LX7 dual core (up to

| RISC-V 32-bit (up to
160MHz)

| RISC-V 32-bit (up to
160MHz)

core) 240MHz)
| SRAM | 520KB | 320KB | 512KB | 400KB | 400KB
| ROM | 448KB | 128KB | 384KB | 384KB | 384KB
| ITAG |V | v | ? | v | v
| Cache | 64KB | 8/16KB | ? | 16KB |?
(configurable)
| WiFi | Wi-Fi 4 | Wi-Fi 4 | Wi-Fi 4 | Wi-Fi 4 | Wi-Fi 6
| Bluetooth | BLE 4.2 (upgrade to 5.0, with | X | BLE5.0 | BLE5.0 | BLE5.0
limitations)
| Ethernet | v | X | ? | X | ?
| RTC memory | 16KB | 16KB | 16KB | 8KB | ?
| PMU | v | v |? | v | ?
| ULP coprocessor | v | ULP-RISC-V | ? | X | ?

| Cryptographic

| SHA, RSA, AES, RNG

| SHA, RSA, AES, RNG,

| SHA, RSA, AES, RNG,

| SHA, RSA, AES, RNG,

| SHA, RSA, AES, RNG,

Accelerator HMAC, Digital HMAC, Digital Signature HMAC, Digital HMAC, Digital
Signature Signature Signature

| Secure boot | v | v | v | v | v

| Flash encryption % | XTS-AES-128/256 |V | XTS-AES-128 | XTS-AES-128
| sPI |4 | 4 |? |3 |?

| 12C |2 |2 | ? |1 | ?

| 128 |2 |1 | ? |1 | ?

| UART |3 |12 | ? |2 | ?

| SDIO Host |1 |0 |2 |0 |0

| SDIO Slave |1 |0 |0 |0 |0

| GPIO | 34 | 43 | 44 | 22 | 22

| LED PWM | 16 |8 | ? |6 | ?

| MCPWM | 6 |0 |2 |0 |0

| Pulse counter |8 | 4 |? |0 | X

| GDMA* |0 |0 | ? |6 | ?

| UsB | X | USB OTG 1.1 | ? | Serial/JTAG |?

| TWAI** |1 |1 | ? |1 | ?

| ADC | 2x 12-bit SAR, up to 18 | 2x 13-bit SAR, up to | ? | 2x 12-bit SAR, up to | ?

channels 20 channels 6 channels
| DAC | 2x 8-bit | 2x 8-bit | ? | X | X
| RMT | 8x transmission/reception | 4x | ? | 2x transmission + 2x | ?
transmission/reception reception
| Timer | 4x 64-bit | 4x 64-bit | ? | 2x 54-bit + 1x 52-bit | ?
| Temperature Sensor | v | v | ? | v | ?
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| Hall Sensor | v | X

| ?

| Touch Sensor | 10 | 14

Table A3. Raspberry Pi 3, model B Specifications

Processor

Quad Core 1.2 GHz Broadcom BCM2837 CPU

RAM

1GB

Wireless Connectivity 1

BCM43438 wireless LAN (WiFi)

Wireless Connectivity 2

Bluetooth Low Energy (BLE)

Wired Connectivity 1 100 Base Ethernet
Wired Connectivity 2 40-pin extended GPIO
Wired Connectivity 3 4 USB 2 ports

Media Output 1

4 pole stereo output

Media Output 2 1 composite video port

Media Output 3 1 full size HDMI port

Media Input 1 1 CSI camera port for connecting Raspberry Pi
camera

Media Input/Output 1 1 DSl display port for connecting a Raspberry
Pi touchscreen display

Media Input/Output 1 1 Micro SD port for loading an operating
system and storing data

Power Source 1 Micro-USB power source up to 2.5 A

Table A4. Specifications of the thermistors.

Thermistor Tolerance Resistance at 25 °C Nominal Thermistor Diameter
o 1.65 mm
MC65F103A 0.05°C 10 KOhms maximum
JS8746A-0.15 0.15°C 10 KOhms 5.8 mm
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Figure A1. The circuit sketch describes the connections among the electronic parts. The sketch was created using
Fritzing.
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Table A5. The coefficients of the Hoge-2 equation based on the values of the fraction Rt/R25, which is the value of the resistance
measured using Ohm’s Law over the value of the reference resistance (10 KOhm in our case).

Rt/R25 range a b c d
68.600 to 3.274 3.3538646E-03 2.5654090E-04 1.9243889E-06 1.0969244E-07
3.974 1o 036036 3.3540154E-03 2.5654090E-04 2.0829210E-06 7.3003206E06
0.36086 to 0.06831 3.3539264E-03 2.5609446E-04 1.9621987E-06 4.6045930E-08
0.06831 to 0.01872 3.3368620E-03 2.4057263E-04 -2.6687093E-06 -4.0719355E-07

Table A6. Formulas used to calculate the resistance of the thermistor (Rt), the temperature reading (Hoge-2) and the ADC value.

RT Temperature Reading (Hoge-2) ADC Value
10000 1 : : y .
32767 do Ve on gain two
ADCvalue -1 A+Blog Rolie log Rollsp log R \._ reference

ref

ref ref

Table A7. Adafruit feather MO RFM95 Lora Radio technical specifications.

Technical Specifications

Flash Memory
RAM
Clock
Microcontroller
Lipo connector
Footprint
Logic/Power
GPIO pins
Analog Outputs
Analog Inputs
Communication Protocols
Battery Readings
ADC Resolution
DAC Resolution
LoRa module

256 K
32K
48 MHz
ATSAMD21G18 ARM Cortex MO
Yes
51mm x 23mm x 8mm
3.3 Volts
20
1
10
Hardware Serial, 12C, SPI
Yes / Pin A7
12 bit
12 bit
S$X1276 with SPI interface (Hope RF)
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Adafruit Feather M@ RFM69
https://www.adafruit.com/products/3176

The Microchip (nee Atmel) SAMD2L is an
ARM Cortex-Mo+ running at 48 MHz with
32kE on-chip SRAM, Z55KE Flash memory
and built in USB. ALl GPID 45 3.3V
in/out max unless otherwise stated
SERCOMs can be used as UART (TX on
SERCOM pad @ or 2, RX on any pad), I2C
5CL on pad 1),

{5CK on pad 1) or pad @ or 2 (30K on pad
3), MISO on any pad remaining)

.W?.
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RFM Radio Control
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Figure A2. Adafruit Feather MO RFM69 pinout (source: Adafruit official website).

Table A8. SM150 soil moisture sensor and HH150 meter technical specifications.

SM150 soil moisture sensor

Accuracy
Measurement Range
Salinity Error

Output Signal

Output Compatible with
Maximum Cable Length
Power Requirement
Operating Range
Environment

Sample Volume
Dimensions/Weight

+3% vol over 0 to 70% vol and 0~60°C
0~100% vol but less accurate above 70% vol
+5% vol over 100 to 1000 mS.m™and 0~60% vol
0~1V differential 0 to 60% nominal

HH150, HH2, GP2, GP1, DL6, DL2e

Im

5 —-14VDC, 18mA for 1 s.

—20 to 60°C

IP68

55 X 70mm diameter

143 x 40mm diameter/0.1 kg

HH150 Meter

Accuracy

Resolution
Battery/life/stand by life
Environmental
Compliance

+7.5 mV (negligible effect on SM150 accuracy)
0.1% of volumetric reading or 1ImV

2 XGP alkaline AAA/10000 readings/1 year
Noncondensing

CE, FCC & ROHS
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Table A9. Technical specifications for Hanna Instruments HI9024Waterproof pH meter.

Technical Specifications
0.00 to 14.00 pH
+399.9 mV (ISE); +1999 mV (ORP)

Range
0.0t0100°C; 0.0to 70°C
0.01 pH
Resolution 0.1 mV (ISE); 1ImV (ORP)
0.1°C
+0.1 pH
Accurfcy +0.2 mV (ISE); +1 mV
{at 20°C) +0.2°C; +0.5°C
Automatic with 3 mentioned
Calibration

standard buffers (4.01, 7.01, 10.01)
Temperature Compensation Automatic or manual 0 to 70°C

Environment 0 to 50°C; 100% RH
oi _ 196 x 80 x 60 mm (meter)
imension 340 x 230 x 80 mm (Kit)

Table A10. Summary of the LCC, LPC and LA for the assessment of agreement between the industrial and open-
source device.

Time LCC LPC LA
1 11 0.2236  0.2243  0.9969
2 12 0.2217 0.2225  0.9967
3 13 0.2199 0.2206  0.9964
4 14 0.218 0.2188  0.9962
5 15 0.2161 0.217  0.9959
6 16 0.2142 0.2152  0.9956
7 17 0.2124 0.2134  0.9953
8 18 0.2105 0.2116  0.9949
9 21 0.205 0.2063  0.9937
10 22 0.2032 0.2046  0.9933
11 23 0.2014 0.2028 0.9928
12 24 0.1996 0.2011 0.9924
13 25 0.1978 0.1994 0.9918
14 26 0.196 0.1977 0.9913
15 27  0.1942 0.196  0.9908
16 28 0.1924 0.1943  0.9902
17 31 0.1871 0.1893 0.9883
18 32 0.1853 0.1877 0.9876
19 33 0.1836 0.186  0.9869
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20 34 0.1819 0.1844 0.9862
21 35 0.1801 0.1828 0.9854
22 36 0.1784 0.1812 0.9846
23 37 0.1767 0.1796  0.9838
24 38 0.175 0.178 0.983
25 41 0.1699 0.1734  0.9803
26 42 0.1683 0.1718 0.97%4
27 43 0.1666 0.1703  0.9784
28 44 0.165 0.1688 0.9774
29 45 0.1633 0.1673 0.9764
30 51 0.1537 0.1585 0.9698
31 52 0.1521 0.157 0.9686
32 53 0.1505 0.1556 0.9674
33 54 0.149 0.1542 0.9661
34 55 0.1474 0.1528 0.9649
35 56 0.1459 0.1514 0.9636
36 61 0.1384 0.1446  0.9567
37 62 0.1369 0.1433  0.9552
38 63 0.1354 0.142  0.9538
39 64 0.1339 0.1407 0.9522
40 65 0.1325 0.1394  0.9507
41 66 0.1311 0.1381 0.9492
42 67 0.1296 0.1368 0.9476
43 68 0.1282  0.1355 0.946
44 71 0.124  0.1318 0.941
45 72 0.1226  0.1306  0.9393
46 73 0.1213 0.1293 0.9376
47 74 0.1199 0.1281 0.9359
48 75 0.1186 0.1269 0.9341
49 76 0.1172  0.1257 0.9323
50 77 0.1159 0.1246  0.9305
51 78 0.1146 0.1234  0.9286
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Appendix B
Detailed list of the components of FruiTemp (Chapter 6)

1. Amphenol NTC thermistor MC65 series, 10K 25 °C is a precision solid state temperature sensor.
The tolerance and interchangeability of this sensor is £0.05 °C. It is resin coated for good
mechanical strength and resistance to solvents. The sensor itself is a 1.65 mm diameter “point”-
sensor with 0.1 mm diameter heavy isomid insulated bifilar nickel lead wires. Its thermal time
constant is 0.5 s in stirred oil an d8 s in still air. The datasheet is available in the reference
(Amphenol, 2014).

2. Metal Film Resistor Vishay/Dale (Vishay, 2016). Through Hole 1/4-watt 10 Kohms with 0.05%
tolerance and 5 ppm.

3. Metal Film Resistor Vishay/Dale (Vishay, 2016).Through Hole 1/4-watt 10 Kohms 0.1% tolerance
5 ppm.

4. Amphenol Industrial Temperature Sensor JS8746A (Amphenol, 2019). The tolerance and
interchangeability of this sensor is £0.15 °C. According to the manufacture notes the sensor has
been designed to address all aspects of temperature measurement for HVAC (Heating, Ventilation
and air conditioning) control systems. Employing materials and build standards that enhance the
sensor’s ability to withstand water ingression and degradation, the sensor meets statutory
requirements for temperature measurement and performance expectations. It is equipped with
environmental protection IP68, it is resistant to salt solutions, ozone, UV and a variety of marine
environment cleaning detergents. It is equipped with stainless steel hard shell, with class
corrosion resistance A2 or better according to 1ISO3506.

5. Precision LM4040 Voltage Reference Breakout 2048 V and 4096 V (Texas Instruments, 2013). This
breakout was used due to the noisy voltage reference of the adafruit feather 32u4. To achieve
high precision, we used the breakout to have a reference of 2048 V for the thermistors. Using
Ohm’s Law, the reference had to be stable as possible to calculate the temperature with high
precision and accuracy.

6. ADS1115 16-bit ADC-4 channels with Programmable Gain Amplifier (Texas Instruments, 2009).
This part was used due to the lack of the feather’s 32u4 precision in the conversion of analog to
digital signal. The feather has a 10-bit precision ADC, so we used this part to reach a 16-bit ADC
for the system to be more sensitive to small changes of the voltage. For that reason, the system
can be more precise. Moreover, we used the amplifier of the part to amplify the signal. We kept
the amplification factor low to make the noise as low as possible.

7. Adafruit Feather 32u4 Basic Proto (Fried L, Adafruit Feather 32u4 Basic Proto, 2023). This
development board was used because it has proven to be robust and tested for many years since
it was released. The MCU is clocked at 8 Mhz and at 3.3 V logic. It has a built-in USB-to-serial
program and debug capability built in. Additionally, it is a low consumption microcontroller, and
the board is equipped with a connector for any 3.7 Lithium Polymer battery and built in charging.

8. Adafruit Adalogger FeatherWing (Fried L. , Adafruit Adalogger FeatherWing, 2023). This shield is
equipped with an SD-card module and a battery-packed Real Time Clock. It can be plugged on
top of the microcontroller board and can be easily used.

9. Lithium Polymer single cell 3.7 Volt and a capacity of 1200 mah.

10. A switch.

11. A switch waterproof cap.
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12. Cable Glands PG7 .

13. An IP 54 box by HAMMOND (Hammond Manufacturing, 2022).

14. Heat-Shrinkable tubes, 3 mm and 0.8 mm.

15. Prototyping hook-up single wires 22 AWG.

16. Double-Side Printed Circuit Board.

17. Radiation shield. A custom-made radiation shield made of plastic was designed and constructed
using CNC machinery.

Table B1. Chemical composition of the substrate during the Chapter 4 experiment.

Chemical Composition

SiO, 74.0% - 78.0%
Al,O3 10.0% - 16.5%
Fe;0, 0.5% - 2.0%
MgO 0.0% - 1.0%
CaO 0.0% - 2.0%
Na,O 1.0% -5.0%
K20 1.0% - 4.0%
L.0.1. (SO,,C0O,,H,0) 2.0% - 6.0%
Traces 0.2% - 0.8%

Table B2. Physical properties of the perlite substrate during the Chapter 4 experiment.

Physical Properties

Color White

Odor Odorless

Bulk Density 65 kg/m3(+10%)
Specific Gravity 2.1-2.3

Moisture Max. 1%

pH 6.5—8.5

Thermal Conductivity 0.035 - 0.040 W/mK
Softening Point 890 - 1100°C

Size of perlite 0.5-3mm

Origin Greek
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Appendix C
Chapter 3

Diagnostics for the model

Quantiles of standard normal

Figure C1. Diagnostics for the model. There is evidence of significant deviation from normality.
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Normalized residuals
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Chapter 5
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Figure C2. (a) Standardized residuals versus fitted values of the homoscedastic model for Hanna pH meter and the
open-source device. (b) Absolute values of standardized residuals versus fitted values of the homoscedastic model
for Hanna pH meter and the open-source device. There is no obvious sign of a fan shape thus a formal criterion
(AIC, BIC and log-likelihood) will be used to compare the homoscedastic and the heteroscedastic model.
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Analysis for the homoscedastic model

CCC and TDI for assessing agreement.

‘ Before Recalibration

Estimate Lower Confidence Bound
ccc | 0.6015361 0.4821898
Estimate Upper Confidence Bound
TDI | 0.29239970 0.31309797
‘ After Recalibration
Estimate Lower Confidence Bound
ccc | 0.9626004 0.9355935
Estimate Upper Confidence Bound
TDI | 0.09096271 0.10916581

‘ Reproducibility Assessment

Reproducibility Estimate Lower Confidence Bound
CCC (Hanna) 0.9915 0.9868
CCC (Open-Source) 0.9962 0.9942
Estimate Upper Confidence Bound
TDI (Hanna) 0.0435 0.0467
TDI (Open-Source) 0.0286 0.0307

Similarity Assessment

Estimate Confidence Interval

Lambda | 23061 [1.8167,2.9274]
Estimate Confidence Interval
Fixed Bias | —0.2215 [0.2398,—0.2033]
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Quantiles of standard normal

I I I I
-4 -2 0 2

Standardized residuals

Figure C3. Standardized residuals on the horizontal axis vs the quantiles of the standard normal distribution. The
plot reveals a slight deviation from the normal distribution.
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Appendix D

D1. Business Models
A qualitative description of open-source development practices (OSPD) is delivered by Mies (2020) from
an engineering and management aspect. According to the setting of Mies (2020) “OSPD is defined as the
development of open-source hardware products in a collaborative process permitting the participation of
any person interested”. Specifically, the authors focus on four standpoints. First, the business models that
apply for the open-source practices. Second, the organization and structure of the surrounding
community. Third, the design process. Fourth, the online support tools used.

According to Pearce (2015) three methods to quantify the value of open-source hardware development
are reviewed. This is essential because it is rather difficult to use the prevalent funding models to support
the vital resources for open-source devices development. The first method is the downloaded substitution
valuation. This method is based on the number of times that an open hardware device is accessed on the
internet. The second method is based on the hours and wage of the workers needed to replicate the open-
source device. The last method is based on significant market share of the product. For all the methods a
formula is provided for quantification of the value of the device.

D2. Licenses, copyrights, patents and trademarks

As far as the legal part of patenting open-source devices, things might be complicated comparing to the
traditional open-source creations. This is a consequence of the hardware addition. According to Weinberg
(2015) which is based in the United States laws “in the context of open-source hardware (OSHW), most
of the licenses involved will relate to intellectual property rights. By and large, these licenses will grant
permission to do things like copy, incorporate, and build upon existing projects.” The most common
licenses in the open-source community are the GPL (GNU Public License) and CC (Creative Commons). GPL
licenses whoever receives software to use it as they wish, including copying, modify, or distribute. This
license grants the right to create derivative software, only if the new source code is also released.
Furthermore, if someone does not include an open license for her/his files in any place they are stored,
they automatically receive copyright. This is not considered as a limitation in the sharing process. On the
contrary, open licenses are viewed as an opportunity to forward and embolden sharing. “Using an open
license is an affirmative declaration in support of building a commons” (Weinberg, 2015).

When hardware enters the open-source community the open-source licensing scheme is not very
straightforward. As (Google Open Source, 2023) states “A patent gives its owner the right to exclude
others from making, using, and selling the claimed invention. In contrast, open-source licenses grant
broad rights to modify compile, distribute, and use the software”. When it comes to different licensing
schemes Weinberg (2015) covers many aspects and quotes many examples. The author of Licensing Open
Source Hardware (Weinberg, 2015) differentiates between copyright, patent and trademark and
considers them as “complementary sets of rights”. For the open-source devices copyright is used mostly
for creative works, meaning parts of the software that the device uses or any design file, a note or a sketch.
The copyright duration is lifetime plus 70 years after death of the author.

Patents cover the parts that are functional. In other words, things that do something. For example, a
logger uses an amplifier that makes it feasible to read the signal of a sensor, without it there is no way for
the logger to read the signal and the device cannot work as a logger for the specified sensor. On the other
hand, the choice of the color for the blinking LEDs to define the ready state of the sensor or not is a
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creative part. One could choose another color or another indication. This covers better the hardware part
of the open-source device. To apply for a patent, a laborious procedure must follow including a huge
amount of paperwork and a significant amount of money. The claimer must also prove that the device is
unique and novel. If the claimer is granted with the patent, then its duration is 20 years.

As Weinberg (2023) states, “Patent law and copyright are mutually exclusive. In other words, something
either fits within the scope of patent law or it fits within the scope of copyright law. In cases where an
object seems to combine both creative and functional part, the law does its best to separate the two
elements out.”

When it comes to trademark, the law covers the name and the way to identify authentic goods that claim
to be a product of a specific company or individual. It is considered as an easier alternative to getting a
patent since it is less expensive and time consuming. Since open hardware consists of functional parts
apart from the intellectual, copyright will not be able to protect each aspect of its entity. The
nonfunctional parts of the device will be certainly licensable from open licenses. Another easier way to
indirectly protect a makers’ device is protecting his name and reputation. By licensing a trademark for an
open-source device, the maker registers her/his name on it. If a maker creates a new project, the public
will know it comes from her/him. Other makers might modify it or reproduce it, but they cannot build it
using the original makers’ name. The device will remain open source by staying loyal to the idea of free
access, but the original maker will have the right to use the name of the device only. Thus, the individuals
interested in buying the device will have a reference on where to look since there might be numerous
similar devices using the same architecture of functions. Trademarks are easier and cheaper to issue unlike
patents.

To sum up, by using parts of open-source documentation and resources, the user can give away or sell
his/her creation legally according to the open-source hardware licenses. In other words, if a maker wants
to sell their device, where its construction is based on open-source licenses, then she/he is free to do so,
but comply with the original license’s conditions. A person can apply for a patent even if they used chunks
of code or pieces of hardware design that is based on open-source license. However, the device will not
receive the standard protection that a typical patent is granted since the one who applies for a patent
must respect the licensing and terms of the software or hardware, he used to create her/his device. The
need to sort issues of patenting devices that are based on open-source material is essential more than
ever. Thus, many lawyers are specialized in these matters (Hall Ellis Solicitors, 2023). It is wise to consult
with such professionals since this topic is still new, sometimes unclear and can legally change in a short
period of time.
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Appendix E: Extended Greek Abstract

H mapoloa SlatpLpn £XeL WG 0TOXO vVa cUVELOHEPEL OTIC LeB0SOAOYIKES TTpOaEYYIoELG TTou adopouv TV
afloAoynon tnG cupdwviag Kol OPOLOTNTAG LETALY CUOKEUWY avoLYTol KwOLKa KoL UALKOU O OX€on UE
OVTIOTOLYEG EUTOPLKEG LE TN XPrON OTOTIOTIKWY MEBOSWV Kol TELPAUATIKOU oXeSLAcUoU. Ol CUCKEUEG
ovolxtol KwdIKa Kol UALKOU XPNoLUomoLloUVTaL o Heyalo oplOpd edapuoywv ot TOUELG uyeiag,
eknaidevong, yewnoviag, abAnudatwy, Bloloyiag, épeuvag kat aAAwv. H mapoloa Statplfr eotialel
OTOUC TOWELG TNG YEWTOVIOG KOl €pEUVAC.

To Kedalaio 1 mapouaotdlel pio cUVIOUN ELCOYWYN YLA TOUG TIOPAYOVIEG TIOU £XOUV OUVELOHEPEL OTNV
610600N TWV CUCKEUWY OVOLYTOU KWK Katl UALKOU. To kivnua “Maker”, (Papavlasopoulou et al., 2017),
TO ouppeToxko Web 2.0 (Atkinson et al., 2012), n kowotnta Open-Source, TO0 HELWHUEVO KOOTOG TWV
NAEKTPOVIKWV €EAPTNUATWY KOL Ol KOLWVWVIKEG ETPPOEC, E(VOL KATIOLOL OO TOUG MOPAYOVTEC TIOU €XOUV
OUVELODEPEL ONUOVTIKA 0TV £EATIAWON TWV CUCKEUWYV aVOLXTOU KWK Kot UALKOU. ETiITAE0V, TAOKETEG
avamntuéng onwg n Arduino (Louis, 2018; Arduino, 2015) kat n Raspberry-pi (Jolles, 2021), evioxuoe auto
T0 PalVOUEVO UE TNV amAomoinon €€ELSIKEVUEVWY NAEKTPOVIKWY GUVOEGUOAOYLWV XPNOLUOTIOLWVTOS
TANBWP O TAKETWY AOYLOMLKOU KoL YAWOOEC TTPOYPOUUATIONOU. TEAOC, CUVTOUEG TAPOUGCLACELS (tutorials)
TmapExovral anod mMoANEG eTalpeieg mMoOuU KataokeuAalouv MAAKETEG AVATTUENG, YLOL XPNOTEC UE HEPLKN N
KoBoAou sunelpla. XTn ouveéxela, mapabETovtal oplopol yla Tov avolytd Kwdlka Kot To UAKO (Open-
Source Community 2023, Open-Source Hardware Association, 2023; Open-Source Initiative, 2023) 6mwg
Kal tnv mepypadn Twv edpapuoywv TOuG oTn yewpyla akplBeiag, €Eumvn yewpyla kal €peuva.
JUuyKeKpLUEva, avadEpPeL TN cuvelodopa Kal mapadsiypata edpappoync tng prrocodiag avolytol UALKOU
KoL KwSLKa atnv €Eumvn yewpyla kal yewpyia akpiBeiag (Pedersen & Lind, 2017; Patle et al. 2022; Li et al.
2023). O Oellerman et al. (2022) emionuaivel tpia onueia MOU CUVELOPEPOUV OL CUOKEUEG QVOLXTOU
KWAELKA KAl UALKOU OTNV EMLOTNUOVIKA KOWoTnTa. AKOpa emonpaivete n prhoocodio tou avolytol kwdika
KoL UALKOU Omwg kal n eAelBepn dtadoon tng yvwong ylo kabs avBpwro mou emBupel va avtypaldel,
TPOTOTOLOEL 1| SNULOUPYNOEL OUOKEUECG TNG CUYKEKPLUEVNG LOEAC, EVW TAUTOXpOvVO UOLpAleTal TN
Sladkaoia kot 6Aa ta UAKA kot peBodoug mou xpnowdomoinoe. Mapouaotalovtal mapadesiypota
Snpoolevoewy Tou adopolV T ouykekpLuévn dhocodia (Coleman et al., 2022; Carrascosa et al., 2015;
Aliagas et al., 2022; Ji et al., 2019) 6mw¢ KaL TO. TAEOVEKTILOTA XPHONE TOUG EVW avayvwplleTal n avaykn
avamntuéng mAatoiou yla tnv afloAOynon Twv AELTOUPYLWY Kal TNG OELOTLOTIOG TWV HETPNOEWV TWV
OUYKEKPLUEVWY CUOKEUWVY. ZUYKEKPLUEVQ, OplleTal n £vvola TWV EPEUVWY CUUDWVIOG KoL OHOLOTNTAG
(Dunn, 2004; Choudhary & Nagaraja 2017a; Altman & Bland, 1983) kot n cuvelodopd TOUG OThV
a€LOAOYNON Kol 0ToV BETIKO 1) apvNTLKO TIPOCGSLOPLOKO TNG XPROoNG TwV SU0 CUCKEUWY EVOAAOKTLKA XWwPIg
va ennpedlel kamolo anotéAsopa. O Altman kot Bland (1983) avadépouv §U0 GTOXOUC TWV EPELVWV
oupdwviag kat opoldtnTag. Mpwtov, n afloAdynon TNG avamopaywyng TwV HETPHOEWV TwV
UEBOSWV/CUCKEVLWY OE TIAVOUOLOTNTEG CUVONKEC Kal KATA TOCo cUHdwvoUv. AeUTepoV, KATA TOCO Ol
600 peBodol/ouoKevEG PeTpAvVE TNV (Sla TooOTNTA KATA LECO OPO Kal Ttdon mapaAAakTikotnTa e€nyeital
anmd TOUG TIPOKOOOPLOUEVOUC TOPAYOVIEG. € TEPUMTWON HUN-CUUPWVIOG, E€PEUVWVIAL OL TINYEG
aovudwviag. TEAog, avadépovtal AGYoL yLo TV AVATTTUEN EPELVWV YLO TNV a&loAdynon NG cupdwviag
KOl o€LOTLOTIOG OUOKEUWY QaVOLXTOU UALKOU Kal AOYLOMIKOU O€ OXEON HE QVTIOTOLXEG OUOKEUEG
(avagopdc) 6nwg to uPnAo kdoToC Twv cuokeuwv avadopdg (Luiz et al., 2003), n eukoAia xpriong
OUOKELWV avolXToU KWwLKa Kol UALKoOU avti tng avtiotowxng Blopnxavikig (Bland & Altman, 1986), n
BeAtiotomoinon otov Tpomo UETPNONC Kal N XpovoPOpeg edapOyEC TV CUCKEU WV avadopdac.

To KedpaAalo 2 meplypadel Xxprioluoug oplopols Kol pebBodoloyieg mou xpnowlomoénkav yla tnv
afloAoynon ¢ ocupdwviag KoL OHoLOTNTAC UETAEY CUCKEUWY OVOLXTOU KWOLKA KAl TWV AVILoTOL{wY
EUTIOPLKWV. ZUYKEKPLUEVQ, OplleL TO ouoTnuaTko odpdApa (bias), mou amoteAeital anod 1o otabepod Kal to
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ovaloytko apalpa (International Organization of Standardization, 2023). Tnv eykupotnta (accuracy) twv
petpnoswv piag pebdédouv cupdpwva pe tov popéa US Food Drug Administration (FDA) (1999) mou
Sladépel and autov tou popga ISO dnwE KoL TV EYKUPOTNTA CUVAPTNON TWV LETPACEWY aLodnThpwv.
ErutAéov, opiletal n akpiBela (precision) Twv petproswy piag pebodou, cupdwva pe tov dopéa FDA
(1999), tnv gvalebnoia (sensitivity) piag peBodou (National Instruments Corp., 2023), tnv afloniotia
(reliability) petpnoswv ploag pebodou (Choudhary & Nagaraja, 2017a), tnv avaiuon (resolution) tou
aloOntpa Kal tnv emavaAnPluotnta Twy HeTphoswy piag pebodou (ISO, 2023). EmutAéov, mapexel pla
EKTETAMEVN oulnTNoN yla T XPNon SladopeTkWY LOVTEAWY avaloya pe Ta deSopéva mou mopayovtal
QO CUOKEUEG UTIO Slepelivnon Kal TNV afloAdynon SeKTwy Kot YypodnuAaTwy oU EpUNVEVOVTAL EUKOAX
OKOUO KOl amo Atopa Xwpic Slaitepn eUmMELplal OTN OTATLOTIKA. ZUYKEKPLUEVA, TIOPOUCLAETAL TO
VPOUULIKO povteAo (Fleiss, 1999; Dunn, 2004), To LOVTEAO LETPHOEWV-0PAAUATWY (Mmeasurement-error
model) (Buonacorsi, 2010; Choudhary & Nagaraja, 2017a) kal To LOVTEAO HELKTWV-eMIOpAcewv (Gelman
& Hill, 2006; Choudhary & Nagaraja, 2017a). EmutAéov, mapouolaletal n €vvola Twv EMavaAapBovopevwy
UETPHOEWV OL OTIOLEG SLOKPIVOVTAL OE TPELG KATNYOPIEG: TIC UN-OUVOESEUEVEG, TIC CUVOESEUEVES KL TIG
XpoVIkEG (Cartensen et al., 2008; Fitzmaurice et al., 2011). Avaloya pE ToV TIEPAUATIKO OXESLAOUO TNG
£€peuvag oupdwviag KoL opoloTNTAG  Xpnowdomolouvtal Mia  amd T  TPELC  KATNYOPLEG
eMAVOAQUBOVOUEVWY — UETPNOEWV 1 O  MeEpIMTWon  PN-gmMavaAopBovOUEVWY  UETPOEWY
XPNOLLOTIOLOUVTAL LETPNOELS KOTA {eUyn (paired). Avaloya e TNV €MAOYN TWV LETPNOEWV YivETAL Xprion
OGUYKEKPLUEVOU LOVTEAOU. I€ TIEPIMTWON TIOU TO AVAAOYLKO 0DAALA SLadEPEL GNUAVTIKA oo T povada,
TOL LOVTEAQ PELKTWV-EMIOpAcewY &g Umopouv va xpnolponolnBouv. EmutAéov, umopolv va slcaxBouv
CUUTTOPAYOVTEG OTO LOVTEAO, £TOL WOTE VA AVIXVEUTOUV TIBAVEC TINYEG acuUdwviag. e epimtwon mou
napatnpeital €TePooKeSACTIKOTNTO TWV OHAAUATWY, XPNOLUOTOLOUUE KATAAANAQ epyoleia yla Ttnv
QVTLULETWTTILON TNG XPNOLLOTIOLWVTAG LOVTEAOTIOINON.

Meta tn povtehormoinon, pnopouv va mapaxbolv ypadruota mou aflohoyouv Tn cupdwvia twv dvo
HEBOSWV/CUCKEVWV. JUYKEKPLUEVA, TO TIPWTO ypadnua mou neplypddetal eival to Bland-Altman kat ta
95% Opla cupdwviog (Bland & Altman, 1983). Napouoialovtal oL mpoUMoBEceL yia TNV edapuoyn Tou
Kol HEBOSOL OVTLUETWILONG TEPMTWOEWY Omou &g mAnpouvtal (Bland & Altman, 1999). EmutAéov,
TEPLYPAPOVTOL TIOPAUETPLKEG KOL UN-TIOPOUETPIKEG PEBOSOL Tapaywyng Twv opiwv cupdwviog Kot
uEBobdol cupnepaopatoloyiag. TEAog, avadEpovtal PELOVEKTAATO Tou yYpadruatog Bland-Altman kot
TwV 95% opilwv cupdwviag OMwE Kol evvalakTkeC peBodoloyieg. H Ssutepn ypadikn pEBodog adopd to
vypadnua mbavotntag cupdwviag (Probability of Agreement plot) (Stevens et al., 2017) mou npoteivete
w¢ eVvOANKTIKO ypddnua avtli tou Bland-Altman. H tpitn ypadwn péBodog adopda 1o ypadnua
odaApatog kot akpifelag (Bias and Precision Plot), to diaypaupa akpifetag (Precision plot) kat to
vpadnua ovykplong (Compare plot) mou mpoteivovtal amnod tov Taffé (2018). Ot teAeutaieg ypadikeg
npooeyyloelg adopolv tn HEBodo Passing — Bablok (Passing & Bablok, 1983, 1984; Bablok et al., 1988)
koL taAtvdpounon Demming (Cornbleet & Gochman, 1979).

To endpevo Bripa Hetd TS ypadkég peBodoug aloAdynong tng cupdwviag eivat n mapaywyn SEKTWY
oUHPwWVIaG PE TN XPNON TWV TTAPAUETPWY TOU HovtEAou. Ot deikteg xwpilovtal og U0 KATNYOPLEG., OTOUG
anolutouc (Absolute) kat Toug oxetikoUg Seikteg (Relative). OL amoAutol deikteg mou avadépovtal otnv
napovaoa datpPn eivatl tng Méong Tetpaywvikng AmokAong (Mean Squared Deviation, MSD) kot tng
OAwkng AnokAlong (Total Deviation Index, TDI) (Lin, 2000). Ot oxetikol Seikteg mou avadépovtal otnv
napovoa StatpPn elval o Zuvtedeotng Zuoxétiong Zupdwviag (Concordance Correlation Coefficient,
CCC) (Lin, 1989) kat o zuvteheotn¢ Atopikng Tupdwviag (Coefficient of Individual Agreement, CIA) mou
neplypadetal anod tov Barnhart et al. (2007). Na tov TDI kat CCC meplypadovtal MapapeTpLlkol Kat pn-
napapeTpikol péBodol ektipnong toug, onwg kot pébodol cupnepacpatoloyioc. Metd Tov UTTOAOYLOWO
Twv Selktwv cupdwviag, afloloysital kal n opoLOTNTA TWV UETPAOEWV TwV SU0 peBOdwV pe TtV
mapaywyr S8&KTWV opoLlOTNTOC OMWE To otabepd odalpa Kal To KAAoua akpifelag (Precision Ratio).
TéAog, alohoyeital n emavoAnPLuotnta kaBe cUOKEUNG EeEXWPLOTA L TRV tapaywyr] dektwyv TDI kat CCC
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OMwG Kot 95% oplwv oupdwviag. EtoL aflodoyeital Katd mOco oupdwvoUV oL LETPROELS LETAEY TOUG OTaV
£KTEAOUVTOL OE TIAVOUOLOTUTIEG CUVONKEC. 2€ TEPUMTWON TTOU TO CUUMEPACHA TNG EPEUVAC KATAANYEL O
pun-amodekth cupdwvia, mBavég mnNyEC acupdwviag pmopolv va evtomiotolv kat pébodot §16pbwong
™G oupdwviag pmopouv va epaplooTolV e€eTATOVTAG TNV OUOLOTNTA TWV SU0 CUCKEUWY KOBwC Kal TNV
enavaAnuotnta toug. AKOpa, avadEpovtal To TAEOVEKTHHATA KOL HELOVEKTHATA KABE MPoagyyLong
yla tnv aéloAoynon tng cupdwviag Kal opoLoTNTAC cuyKpivovtacg KaBes Seiktn kot ypadnua.

Mepaltépw MAPOUCLAIETAL O TIELPOUATIKOG OXESLACUOC KOL N OTOTLOTIK QVAAUGCN Tou akoAouBeital
avahoya pe tn dUoN TNG €peuvag KaBwe Kal Ta BrApata yo tov ykupo oxedlaoud tng (Lazic, 2016;
Choudhary & Nagaraja, 2017a).

ErumAéov napouoialovrat AavBaopéveg ) eAeinelg péBodot afloAdynong tng cuupwviag Kol OpoLOTNTOG
METAEL SUO CUOKEUWV. JUYKEKPLUEVA, TO t-test katd {euyn, N HEB0SOC sAaylOTwWV TETPAYWVWY KOl O
OUVTEAEOTNG CUCXETLONG Pearson kaBwg kat mapadeiypata SnNUOoLEVCEWY TTOU TOUC ebapuolouv.
ErmutAéov, meplypddovial GUVOTTIKA TO UAIKO Kol oL ePAPHOYEG TOU XPNOoLomolBnkav ywa tnv
vlomoinon Twv TEPAPATWY. APXIKA TiEplypAdovTaL OL AEITOUPYIEC TWV MIKPOEAEYKTWY  Kall
UlkpoeneEepyaotwy. Metd avadépovtal ol BaCIKEG AEITOUPYIEC TWV TAAKETWV QAVATTUENG TIOU
Xpnolomotndnkav ota Melpapata tng dlatplpng. Apyotepa avadEpeTal GUVONTIKA n Stemadr mou
XPNOLOTIONONKE ylol TOV TPOYPAUUATIONO Twv MAakeTwv (Arduino IDE). EmutAéov, avaAvovtal ta
TIPWTOKOAAQ ETILKOWVWVLOG TWV pKpogAeyKTwY, OTw 12C, 1-Wire, UART, SPI 6Ttwg Kol TaL TAEOVEKTH AT
KOl LELOVEKTAUATO TOUG. AKOMA TTEPLYPAdOVTOL TA AoUPUATO TTPWTOKOAAQ EMIKOWVWVIAE onwg To Wi-Fi,
LoRa, GSM, 4g-LTE kat mAatdoppueg 10T onwg to Thingspeak (MathWorks Inc, 2022), Adafruit 10 kat The
Things Network (TTN). TéAlog avadépovtal ebapUoyEC oxeSLAOHOU TAAKETWY avoLXTol KwoLKA, OTWE To
Fritzing (Knorig et al., 2009) kat Kicad (Evans, 2021) kat UALKG TTOU XpNOLUOTIOLONKAV YLO TNV KATAOKEUN
Kataypadewy.

Y10 Kedahalo 3 mapouactdletol 0 OXESLAOUOC KOL N OVATITUEN EVOG ACUPLOTOU LETEWPOAOYLKOU oTaOpoU
avolytoU KwSLKa Kal UALKOU TIoU UETPA TN Beppokpaocia kat uypacia tou neptBdAiovtog. Neplypadetal
TO KOMUMATL Tou AoylopikoU avadépoviag TG PBLBALOBNKkeg mou ypnoldomowibnkav yla Ttov
TIPOYPOUUATIONO TNG TAAKETAC QVATTTUENG OMWG KoL TO SLAYPOUHUA AEITOUPYLWV TOU KwOLKA Kal TO
KOMUATL TWV UALKWYV YLOL TNV OVATITUEN TNG OUOKEUNG poll Le To avaAUTIKO KOOTOG. ApxLka, atloloyeital
n Agttoupyia Tou oTaBpol MapaKoAOUBWVTAG TI LETPNOELS LECW aoUppatng Ttexvoloyiag Wi-Fi yia emta
UEpeC. Emetta, oxedlaletal nelpapa afloAoynong oupdwviag Kal opoLotnTaG Tou oTabpou Le avtioTtolyo
EUMOPLKO UE aloBntripa Thygro kol ta avtiotowa TepLdEPELAKA Ao TNV €TALPEID Symmetron yia th
Bepuokpacio agpa. MNa 1o MelpAp KATACKEUAOTNKAV TPLAVTA CUOKEUEG AVOLXTOU KWOLKA Kot UALKOU Kall
xpnotwgornowndnkav Tpeig avrtiotowyol eumoptkoi otabuol. Mo tov Adyo autd Snuioupynbnkav Tpeig
opadec. Kabe opdda mepléxel 10 otabuolg avolxtol Kwdika Kal UALKOU Kot pia epmoplkn. Kabe
TELPOUATIKN Movada TopAayel Eva CUUTIAEYUO HLETPNOEWV O ouVAPTNON Tou Xpovou. To meipapa
TEPMOTIOTNKE META OO EMTA HEPEG CUVEXOMEVWVY UETPAOEWY. KaBwg oL PETPOEL aVA TIELPOATIKN
povada Atav mavw amod 220 ywa Kamoleg PEPEC (adol umnpxav amwAeleg SeS0UEVWV AOYW KOKNG
TIOLOTNTOG TOU SIKTUOU) OL LETPAOELG CUYXWVEUTNKAV OE XPOVIKEC {WVEC, LE TN HEBOSO oV XpnolUomoLEL
o EBvikOG Aotepookomeio ABrvag. Avadépetal To TAAICIO TOU TMEPAUATIKOU oXeSlACUOU OTMoU Ta
Sebopéva Bewpouvtal Xpovika, o aplBpog deiypartog eivat 30 (LoopPOTMNUEVOC), WG ELPAPATLKA Lovada
Bewpeite 0 MeTEWPOAOYIKOG OTABUOG, 0 aplOudc Twv emavoAaupavopevwy TWwy eival 51 kat
Bewpoulvtal Loopponnuéved. Emelta uAomoleital eplypadLkr) OTOTIOTIKA OMWE KoL CUUIMEPACOTOAOYIO
UE Tt xpnon tplwv pebodoroylwv. H mpwtn adopd tn peBodoloyia mou avamntuxdnke and tov Choudhary
kot Nagaraja (2017a) 6mou mopAyovTal LOVTEA UEIKTWV-EMOPACEWVY YLo TNV TTOPOYwWYN SEKTWV OWE 0
TDI, CCC kat 95% Sraotnudtwy oupdwviag yia tTnv aflohoynon tng cupdwviog Twv U0 CUOKELUWY, TO
CUOTNUATIKO odaApa Kal To KAAopo akpifelag yla thv afloAdyncon Tng OHOoLOTNTAG TOUG OTWG Kall
vpadnuata Bland-Altman. H dgUtepn pebBodoloyla (Carrasco et al., 2009, 2013) adopd Thv mapaywyn
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HUOVTEAOU UEIKTWV-ETUEPAOCEWY yLo TNV eKTipnon tou 6eiktn CCC. H tpitn peBobdoroyia (Oliviera et al.,
2018) adopd TNV TMOPOYWYN HOVTIEAOU HELKTWV-ETUSPACEWY Yl TNV €eKTIUNON XPOVIKoU &eiktn
ocuoyxétionc oupdwviog (Longitudinal Concordance Correlation) kal twv mapoyoviwy Tou. Ta opalpata
TWV TIOPAUETPWY TOU HOVTEAOU TNG MPWING HeBOSOU NTAV CNUAVTIKA HEYGAA Kol N cUYKAlon Tou
oAyopiBuou ekTipnong Twv SelKTWY AMETUXE. Na To AOyo auto edoapudotnkav oL dAleg SUo pébBodol.
JUYKEKPLUEVO N T tou Oeiktn tng Seltepng pebodoroyiag CCC eivar 0,3346 pe SlaotApota
eumotoouvng [0,2642,0,4016]. H tpitn peBodoloyia ekTLUG TO Xpoviko SelkTn CUOXETLONG YL KABE
xpoviki otyun pe dtaotnua [0,1146,0,2236] ekwvwvtag pe Tnv uPNASGTEPN TR KOL KOATAARyOVTOG e
™ HKpoTepn. O deiktng xpovikng akpifelag (Longitudinal Precision) moapouclalel mapopola
ouunepidopad. AvtiBeta pe Toug mponyoUUeVoUC SelkTeg, 0 elkTNG XPOVIKAG eykupotntag (Longitudinal
Accuracy) mapouotdlel upnAgc TLung kovta oto 0,9. H cupdwvia petaél twv cuokevwv BewpnBnke
QVETIAPKNG KOl w¢ TBavn) tnyn acuudwvioag BewpnBnke n akpifela twv atebntipwv Adyw tng Stadopdg
Tou Oelktn Xpovikng akpifelag kat eykupotntag. Mepetaipw €peuva pmopel va vAomownBel yia va
oupnepAndBolv OAa To ONUElD TWV HETPNOEWV OTWC KOl EMUTAEOV TAPAYOVIEC TOU TLOAvVOV va
ennpealouv ™ cupdwvia, OTWE N vypaocio Tou aépa r n tonoBeaia kAbs otabuol. TEAOG, EVOANOKTIKEG
popdEG acupUATNC ETIKOWVWVIAG OTwe N LoRa pmopolv va mpooteBolv 6To oTaBUO OMWC KoL EMUTAEOV
aodNTAPeC. Ta MAEOVEKTNATO XPHONG TNG VEAC CUOKEUNC oTnpi{ovtal oTo XauUnAo KOOTOC Mapaywyns
TOU OMWG Kall atnv eUKOAN popdomoinon Kat mpocBrkn emuTtAéov aodnTripwv.

1o Kedalalo 4 mapouctaletal o oxeSLAOUOG KAl N KATAOKEUN €vO¢ acUpuatou kataypadea LoRa
avolytol KWSLKO Kol UALKOU ylol Th XpHon Of MELpAUATO EVUSPELOTOVIOG 08 GAKOUG UTIOCTPWUOTOG
niephitn. Meplypddetal o oxeSLAoUOC TNG OUOKEUNG, TO UAIKO OMWG Kol TO AOYLOMIKO Tiou
XPNOLUOTIONONKE. ZUYKEKPLUEVA, N VEQ CUOKEUN elval cupBath Ue aoBNnTPEG MEPLEKTIKOTNTAG VEPOU,
UE TPWTOKOAAO eTiKoVwViag RS-485. O aloBnTtRpog mou XpnoLUOTOoLONKE YLot TO CUYKEKPLUEVO TIEpA O
UETPA emumAéov T BeppoKkpaciot TOU CAKOU UTIOCTPWHOTOG, TNV NAEKTPLKA aywyLlHoTnTa KaBWe Kol To
pH. H ocuokeur pmopel va amooteidel ta Sedopéva oe Slakopiotr 10T pe TN XPNon ACUPUOTNG
texvoloyilac LoRa. Metd tov £Aeyxo KaAng Asttoupylag tou kotaypadéa, oxeSlAOTNKE TO Melpapa
aflohoynong cupdwviag Kol OHoLOTNTAC TNG VEONG CUOCKEUNG ME avTtioTolyn €Umopikr. H eumopikn
CGUGCKEUN TOU Xpnolpomnolionke yia to meipapa eivat n Handheld Meter (HH150) kat SM150 Soil Moisture
Sensor. EmumA£ov, avadEpeTal To KOOTOC TwV SUO CUCKEUWVY. SUYKEKPLUEVA N CUCKEUH avolxtol UALKOU
Kol Kwdika kootioe 130 eupw cupmep appavovtag tov alobntrpa Kot To KOoTog Tou gateway ota 250
gupw Tepimou. To KOGTOC TOU EUmopLkol alcbntripa kal kataypadéac avépyetol ota 760 supw. Enelta,
TIAPOUCLATETAL O TIELPAMATIKOC OXESLOAOMOC. ZUYKEKPLUEVA, WG TIELPAUOTLKI Hovada opilleTtol 0 0AKOG
UTIOOTPWHOTOC, Ol EMAVOAAUPAVOUEVEC LETPNOELG BEWPOUVTAL LN-LOOPPOTINUEVEC (§€KA YL TN GUOKEUN
avadopag KoL TPELC yLO TN CUOKEUT avoLXToU KwdLKa Kal UALKOU) HE Looppomnuévo péyebog delyparog,
100. AxkoloUBnoe meplypadlky OTATIOTIKA HE TNV KATaokeur Onkoypappartog, Trellis-plot, kat
TPOTOTOLNEVOU SLayPAUUOTOG SLAoTIOPA. MEeTA TNV €KTEAEON TUAOTIKOU TELPAUOTOG, TO OVAAOYLKO
oDAALA EKTIUABONKE PE TN onUAVTIKA dtadopetikn amo to 1. Etay, yia tnv avaAucon xpnolponolnonke
UoVTEAO pETpnong-odbaApdtwy Pe T Xpnon tng uebBodoloyiag tou Taffé (2018) yia tnv ektipncn tng
S1adopAg OTIC UETPOELG OE OXEON UE TOV KOAAUTEPO YPOLULKO QUEPOANTITO Ttapayovta POoPBAedNg NG
TMPAYUATIKAG TIUAG TNG METPNONG TOU TAPAXONKE amo TNV EUMOPLK cuokeun. To amoteAéouata
aveépePAV CNUOVTLKI ATOKALON OO TNV EKTIKNON TNG TPOYHOTKNAG TG TWV HLETPHOEWY TapabETovTag
10 ot0Bepo (11,669) kat avaroyiko odpaipa (0,46). H cupdwvia petafy Twv SUo opydvwy BewpnBnke
LKOLVOTTIOLNTLKH VLA CUYKEKPLUEVA SLOOTAMATO HETPHOEWY OTtwe omtd [25, 35]% dmou to péytoto odpdApa
¢dtavel oto mocooto 5%. MBavég mnyég acupdpwviag eival n akpiBELo TOU CUOTAUATOG AVOLTOU KWK
KoL UALKOU TIoU €ival amod 5 £wg 6 mepimou GpopEC XELPOTEPN CUYKPLTIKA LE QLUTH) TOU EUTTOPLKOU UETA TV
enavafoabuovouncn onwes Kal To otabepo odaApa. Ta TTAEOVEKTAMATO XPNONG TNG VENG GUOKEUNG
CUYKPLTIKA HE TNG EUTIOPLKAG €lval TO XAUNAO KOOTOG Mopaywyng Kal n gukoAla popdomoinong tng
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ovaloyo HE TIC OVAYKEC TWV TEPAPATWY. O OAKOC UTOCTPWHOTOC TEPAITN €XEL QPKETN
TAPAANAKTIKOTNTO WG TTPOG TNV MEPLEKTIKOTNTA TOU O€ VePO. EMopévwg n xprion MoAAamAwyY alodntripwv
oe Sladopetikd onueio tou odkou eival Bepehiwdne Kot amotedel Bacikn amaitnon wg elopon
mAnpodopiag oe alyoplBuoug MpoBAePNG MEPLEKTIKOTNTOG VEPOU OTO CGAKO.

210 Kedahalo 5 mapouaotdletal o oxeSLOOUOG KAL I KATOOKEUT KATaypodEQ aVOLXTOU KWELKA Kal UALKOU
TIOU HETpA pH SLaAUPATWY yla T Xpron o nelpapoato Asvdépokopiag. H ouokeur avolyxtol Kwdika Ko
UVALkoU amoteleital ano Suo alcbntripeg. Mpwtov, Tov awcdntripa pétpnong pH DFRobot SEN0169 o
omolo¢ eival cupPaTOg pe MAAKETEG QVATITUENG KOL TUTOXPOVA £XEL KATAOKEUAOTEL e BLOKNXOVIKA
npotuma. H €€o6o¢ Tou awoBnthpa sivat avaloyik (tdon). MNa to Adyo auto xpnotponoldnke ADC pe 15
bit avaluong évavtt twv 10 bit tng mMAaketag avamtuéng. ETol, oL HETPNOELC TPAYHATOMOLOnKav PE
BeAtiotomolnpévn avaiuorn. AeUTepov, TN CUCKEUN TIPOOoTEBNKE adlafpoxog atobntrpag Bepuokpaciag
yla v g€looppomnnon tng NG pH. H cuokeun €xel Asttoupyleg Kataypadns Twv amoTtEAECUATWY O€
Kapta microSD onwcg Kal xpovoadpayida. Mo to Aoylopiko, 8 xpnolpomolnonke €towun BLBAL0OONKN,
koBwg dev NTav cuppatr He TNV MAAKETA avATITUENG. TO KOOTOG TNG CUOKEUT AVOLXTOU KWALKA Kol UALKOU
avépyetal ota 130 supw meplmou. MNa tn Pabuovopnon twv SU0 CUCKELWV XPNOoLUoToLROnKav
puBulotika StaAvpata pH tipwv 4,01 kat 7,01. Enewrta aglohoynBnke n kaAn Asttoupyla TG CUCKEUNAG
peTpwvtag to pH kapnwv sonepldoetdwy. EmumAéov, oxedldotnke peAétn afloAoynong tne cuudwviog
KOL OpOLOTNTAG TNG VEAG CUCKEUNG LE QVTLOTOLXN EUTTOPLKI. TUYKEKPLUEVA, N EUMOPLKA GUCKEUN TIOU
eMAEXONKe elval n Hanna HI9024 Waterproof pHMeter. H epmopikr) cuokeun €xel e€avtAnBel kal n Tiun
NG OvTioToLXNG OUYXPOVNG OUOKEUNG avépxetal ota 585 eupw. MMeplypddetal 0 MELPAUATIKOC
oxXeblaopdcg, OmMou WC MEWPAUOTIKY povada Bswpolpe to XUUO KABe eomepldoeldolg, to péyebog
Selypatog (oUvoho 30) Bewpeital ooppomnuévo, oL emavoAappavopeveg Hetproel (ouvohlo 10)
Bewpoulvtal LooppomnuEveg Kal BewpnBnkav mbavol cuunapdyovteg Onwg n Beppokpacio Tou uypou,
n moodTNTO ToU SelyaTog Kal n oelpd HETPNONG TOU opydvou. TEAOC, 0 TUTIOC TwV EMavVaAAUBaAVOUEVWY
peTpnoswyv Bewpeltal ouvdedepévog. MNa TNV avaiuon xpnollomnolndnkav tpeic pebodoloyieg pe tnv
TApaAywyr HOVTEAWV UEIKTWV-emdpacewyv. Apxlka edappootnke n pebodoloyia tou Choudhary kat
Nagaraja (2017a) yLa Tnv uhomoinon tng meplypadLKr§ OTATIOTIKAG, TNV Ttapaywyr deiktwv CCC kat TDI,
Twv 95% oplwv ocupdwviag, t™¢ afloAdynong tng opoldtnTag OAAA Kol emavaAnyluotntog Kabe
ouoKeunc¢. H 8evUtepn pebBodoloyia Baoiletal otov Carrasco et al. (2013) yia tnv ektipnon tou Seiktn CCC.
H tpltn pebodoloyia Baciletal otnv Escaramis et al. (2010a) yia tnv extipnon tou dgiktn TDI. ApXlKa yla
TNV UuAomoinon NG TEPLYPAPLKAC OTATIOTIK Tapdxdnkav Tmévte ypadnuata. Mpwtov, Eva
TPOTOTOLNUEVO SLAypapo SLACTIOPAC, OTIOU KABE UTIOKEILEVO TTAPOUCLATETAL e TOV aUEwvTa aplBpo
Tou avti yla onueio. Aevtepoy, To Staypappa Bland-Altman ywpic ta 6pla cupdwviag. Tpitov, To Trellis-
plot. Tétaptwv , to Slaypappa aAANAETISPACEWY Yl TOUG TIAPAYOVTEC CUCKEUN KOL UTIOKEIHMEVO.
MNéumntwy, To dtaypappa cAANAETS pACEWY YL TOUG TTAPAYOVTEC XPOVLKN OTLYLH KOL UTIOKELUEVO. ITa Tpia
npwta ypadnuata daivetal otL to avaroylkd odpdApa 6 SladEpeL onUAVTIKA amd Tn povada evw
napatnpeital anokAlon otabepol peyEBouC yLa To PEYAAUTEPO OPLOUO TWV LETPHOEWYV. Ag apaTnpeital
ONUAVTLK €TEPOOKESACTIKOTNTA. O TO TETAPTO KAl MEUMTO SLAYPOLUO TTAPATNPOUVTOL ONLOVTLKEG
OAANAETUOPACELC HETALY TWV MAPAYOVIWY CUOKEUN KAl UTIOKEIEVO OAAG OXL LETAED TWV TAPAYOVIWY
XPOVLKN OTLYHN KoL UTIOKELHEVO. Ma TNV afloAdynon tng cupdwviag MapAYETAL TO EKTETAUEVO SLAYyPAUUA
Bland-Altman pe ta avtiotowa 95% opla cupdwviag omou sival epdaveg to otabepd opaiua, evw TO
avaloytko odaApa g Bewpeital onpavtikd StadopeTikd amo tn povasda. OLypappég moAvdpounong yo
Ta Opla oupdwviag mapouatalouv miBavr €TEPOCKESACTIKOTNTA TwWV OOAAUATWY. APXIKA, ylO TNV
napaywyr twv dewktwv CCC kat TDI dedopévou tnG duong Twv SeSoUEVWY, KOTACKEUAOTNKE LOVIEAO
UELKTWV-eTUOpACEWV Yot ouVEeSeEveC emavVOAAUPAVOLEVEG TIUEC. AeSOUEVOU TNG UN ONUAVTLKAC
OAANAEeTiOpOONG TWV XPOVIKWV OTWYUWV HE Ta UTOKeipeva (ypadnua arnAemidpdoswyv) Kal Tng
amnotuxlag oUYKALONG Tou aAyopiBuou yla TV eKTiHNoN TWV MAPAUETPWY, ETUAEXTNKE TO LOVTIEAO YLO N-
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ouvbebepéveg emavalapBavopeveg TIHEG. EMELTA, KATOOKEUAOTNKAV SU0 povtéAa. To mPwTto HOoVTEAo
cupmneplhappavel tnv pebodoloyia yia tnv emibpacn tng etepookedacTikOTNTOC O avtiBeon pe To
Seutepo. MNa va emhextel To KatdAAnAo povtélo, xpnolponotidnkayv ta enionua kpeipta AlC, BIC kat
log-likelihood. Etal, emAéxBnke to poviéAo mou cupmneplAapBavel Tn peBodoloyia yla TN AVILLETWIILON
™G enibpaong tng €TEPOOKESACTIKOTNTOC. EMUTAEOV, KATOOKEUAOTNKE LOVIEAO TIOU CUMMEPAABAVEL
TOUC CUMmOpPAyovieg Bepuokpacia Tou UypoUu, ToodTNTA Tou SelylaTOG Kal OElpd UETPNONG TOU
opyavou. To LOVTEAQ LE CUUTIOPAYOVTEC KAl XWPLG CUUMApPAyovVTeC ouyKpilBnKav We Tt Xprnon enionpwy
kprtnpiwv AIC, BIC kat log-likelihood kot emidéxBnke to povtéAo Xwpl¢ cuumapdyovtec. Apyotepa
ekTLNBnKkav ot deikteg CCC, TDI, 95% oOpla cupdwviag, otabepd odaApa Kol KAAoUa akpiBelag, pe TN
XPron TwV MOPAUETPWY TOU TEALKOU LOVTEAOU KaL XPNOLUA YpadiaTa UAOTIOLWVTOG TOPATIAVW OO pia
pebodoloyiec. EmutAov, aflohoynBnke n emavoAnPpuotnta kabe opydvou Eexwplota. Na ) cupdwvia,
o &eiktng CCC ektiunbnke oe OAo To €VPog Twv petpnoewv [0.5970,0.6032] pe kotwrtepo Oplo
gurotoovvng [0,4776,0,4839]. O Seiktng TDI (0.9) ektiuRBnke o 6A0 TO €VUPOG TWV UETPHOEWV
[0,2883,0,3031] pe avwtepo Opto gprotocvvng [0,3095 ,0,3232]. Ta 6pLa epmiotoolvng EKTLUARBNKAV
o€ OAO TO €UPOG TWV PETPACEWV. TO SLACTNUA VLA TO KATW OPLO EUTILOTOCUVNG BPIloKeTAL HETAEY TWV TIUWVY
[—0,3464 ,—0,3237] katto dvw dpLo eprioctocvvng Bpioketat petafd Twv tpuwv [—0,1193, —0,0966].
H oupdwvia pe Baon toug Seikteg 6 Bewpeital anodektr. Ma tnv afloAdynon tng opoLotnTog Twy SUo
CUOKEUWV EKTIUAONKE To KAAoMa akpiBeLag kat To otabepd opaApa oe OA0 TO €UPOG TWV UETPHOEWV. OL
TWMEC TOu KAGopatog akpiBelac Bpiokovtol petafd twv twwv [1,7987,2,8322]. Etol to ovothpa
avolXtou Kwdika Bewpeital 2 pe Tpeig nepimou dopEg moLo akpLBEC CUYKPLTLKA LE TN cuoKeun avadopag.
H ektipnon tou otabepol odpdaipartog eival —0,2215. To otabepd odaApa Kat n UIKpOTEPN akpiBela TNG
OUOKEUNC avadopdag OCUYKPLTIKA HUE TN OUOKeun oavolxtol kKwdilka Beswpolvtal mOaveég TmnyEg
aocupdwviag. Apyotepa, atlodoynBnke n emavalnPuotnta ektipwvtag toug deitkeg CCC, TDI kat opla
gumotoolVNG yla KaBe cuokeur] EexwpLotd. Ma TN CUCKEUT avolyToU KwSLKa N ekTiunon tg TLUAG Tou
CCC Bpioketat petafd Twv tipwyv [0,9903 ,0,9985] pe katwtepo Oplo epmotoovvng [0,9973,0,9982]. H
ektipnon tng g tou TDI Bpioketal petald twv Tipuwv [0,0181,0,0462] pe avwtepo 6pLo EUMLOTOCVUVNG
[0,0213,0,0563]. H T tNg €KTiPnong Twv opiwv gumiotoolvne Bpiokovtal PETALY TWV TULWV
[—0,0550, —0,0216] yia to kdtw opto kat [0,0216,0,0550] yia to dvw 6pto. MNa th cUoKeUH avadopdg
n extipnon tng THAg tou Seiktn CCC Bpioketatl peTafl twv TLpwv [0,9732,0,9973] pe KATWTEPO OPLO
gurmotoovvne [0,9500,0,9951]. H extipnon tg twAg tou TDI PBpioketat peTadl TwWV THWV
[0,0243,0,0777] pe avwtepo 6plo gprmotoovvng [0,0286,0,0949]. H T tng ekTipnong twv opiwv
gprotoolvng  Bpiokovtat petagy twv tpwv [—0,0926, —0,0289] ywa to KkdTw Oplo  Kal
[0,0289,0,0926] ywa 10 dvw Opo. H emavaAndpotnta twv SUo cuokevwv Bewpeital dplotn.
Mapaxbnkav ypadnpata rmou napouctalouv to eUpog TwV SEKTWVY yLa th cupdwvia Twv U0 cUoTKEVWY
KoLyl Th cupdwvia KABe cuoKeUNG EexwploTd. EMUTAEOV, KATOOKEUAOTNKE TO eKTETOUEVO Bland-Altman
Slaypoappa kot ta 95% opla epnotoouvng, to Stdypappa Bland-Altman kot ta 95% opla cupdwviag pe
Ta avtiotolya 95% Slaotripata epnmiotoolvng Kot To Bias Plot. OAa ta Staypappota mapouclalouv to
otaBepd odpaipa wg mnyn acupdwviac. To otabepd Kol avaloyiko odAApa mou mapdxdnkav anod To
UOVTEAO UETPNOEWV-ODAAUATWY CUUPWVOUV LE TA EUPHHOTO TWV SELKTWV OUOLOTNTAG TTOU EKTLURONKAV
OO TO HOVTEAO HELKTWV-eMISpAcewyv. Metd tn Xprion HeBOSwv avaBabuovounong n cupdwvia
Bewpeital aplotn. H cuokeun eival dopnt Kal Pmopst va xpnotlpomnolnBel yla “emt tomouv” PETPOELS
otov aypd | oto Oeppokimio. Ta TAEOVEKTAUATO XPHONG TNG GUCKEUNG €lval to XaunAd kooTog
napaywyng, mepimou 4 ¢bopEg UIKPOTEPO CUYKPLTLKA Ue To Hanna HI9024. Mepaltépw £€peuva Umopet va
vAomolnBel yla T Xprion TNG CUCKEUNG yLa tn HéETpnon pH edadoug i BpemTikwy UTTOOTPWUATWY. TEAOG,
ETUTALOV aLOONTrPEC HmopoUlV va tomoBetnBolv e0KOA OTN CUOKEUN yla TNV TAUTOXpovn AvVTAnon
TEPLOCOTEPWV MANPODOPLWV YLa TA XAPAKTNPLOTIKA Tou Seiypartod.
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Y10 Keddlolo 6 meplypddeTal N KATOOKEUN CUOKEUNG ovolXToU KWOLKA Kol UALKOU yLla TIC OVAYKEG
TMELPAUATWY TIou adopolv T pUya tng Meooyeiou (Ceratitis Capitata). H cuokeur) Kataypadel tn
Bepuokpacio oTnV emIPAVELX KoL TOV TIUPNVOL KOPTIWV OTWG Kal Thv eEwTeplkn Bepuokpaocia agépa. Ot
oLoONTNPEG TTOU XPNOLUOTOLNONKAVY yla TV KATOOKEUR TNG CUCKEUNG €ival SV0 Latplkoi onuetlakotl
Bepuiotopeg akplBeiog pe oAU pikpn Stdpetpo (1,65 mm péylotn SLAUETPOC) Kal €évag Bepuiotopag pe
oAoUULVEVLIO KUALVEPLKO TtepiBAnpa. EmtutAéov, xpnotpomolnOnke n nAektpovikr mAakéta ADS1115 yia tn
BeAtiwon tng availuong Tou onpatog woodou, anod 10 oe 15 bit omwg kat n mAakéta LM4040 ywa thv
g€LooppoMNOoN TNG TAONG avadPopdg Twv Bepulotopwy. TENOC, n cuokeun SLabEtel cuOTNUA KaTtaypadEa
Tou anoBnkevel Ta SeSopéva og kapta microSD kal poAdL yla TNV eloaywyn xpovoodpayidag yia kabe
pétpnon. H pmatapia mou xpnowponotnOnke sivat tomou LiPo pe ywpntikotnta 1200 mAH. MNa tn
BaBpovounon Twv BepuLoTopwyv XpnotuomnolnBnke o tunog Hoge-2 Kat oL KapmUAEg oxéong avtiotaong-
Bepuokpaciog Tou Kataokeuaoth. H katavaAwon tg cuokeung eivat ota 3.148 mA katd péco 6po. To
KOOTOC TNG CUCKEUNG avépxetal ota 110 supw mepinou (TLHEC ayopag TéAn 2020). Apxikad, afloloynbnke
n Aettoupyia TG OTO €pyaotrplo aAAA Kal oTov aypo. Mo Ta TEPAUATA OTOV aypO N CUOKEUN
TOMoBeTNONKe O OUYKEKPLUEVA OnUeia SEVIPWY. ZUYKEKPLUEVA, OL CUOKEUEG TOMOBeTHBNKAV OTnV
Kopudr §€vtpou, oTNV avaTtoALlk TIAEUPA TOU SEVTPOU Kal o€ XOUNAO oKlaopévo onpeio tou §évtpou. H
ouxvotnta Kataypadnc twv HETpAoswv Ntav 15 Aemtd yla 24 wpPeC Kal apyotepa emMAEyoviav
Sladopetikd Sévipa yla TNV TOmMoBEtnon toug. Metd TG 24 wPeG Kataypddnkav Ta TIOLOTIKA
XOPAKTNPLOTIKA TOU KOPToU. To oUVOAO Twv SEVIpWVY OTOU eKTEAEOTNKE N Kataypadn Atav 15. 3to
£pyooTplo oxeblaotnke £peuva oupdwviag Kol aflomioTiag ylo Tn oUyKPLoN TWV LETPROEWV OTOV
mupnva Kot otnv enipavela pAwv os oxtw Sladopetikéc ocuvOnkee Bepuokpaciog. Tuykekpipéva 10
pMNAa tomoBetnBnkav oe eunopikod Yuyeio (PITSOS P1KCL3606D) oe Bepuokpaocia 2°C kat 10 pnAa o€
Bepuokpacia 5°C. Apyotepa 10 punAa tomobetnbnkav péoa oe BdAapo (Elvem CLP 600) o otaBepn
Bepuokpacio 15°C, 10 pnAa os Swpdtio eheyxouevng Bepuokpaciog 20°C kat 10 pRAa oe SwudtLo
eheyxopuevng Bepuokpaaciag 25°C. Télog, yia Tig Bepuokpaoieg 27°C, 34°C kat 43°C 18610¢ aplBuocg unAwyv
tonoBetnOnke o dpoupvo (WTC binder 78,532 ). O aplBuodg tou deiypatog eivat 80 kat to Selypa sival
Looppornuévo (10 pRAa ava cuvBnkn Bepuokpaociag), wg mMelpapatikn povada BewprBnke To LA Kal
oL EMOVAAOUPBAVOUEVEC TUUEC €lval CUVOESEUEVEC KaL LOOPPOTINUEVEG Pe aplOuo 15. Ma tnv aflohoynon
™G cupdWVIAC TWV PHETPNOEWV Beppokpacioc Twv Vo onuelwv xpnolponotidnkav poviéla PHETpnong-
odalpdtwy. Ta anmoteAéopata avadépouv atabepn anokAlon 0,331°C kabwg Kal avaAoyLkn amokALon
0,982. EmutAov, n olykplon akpifelag Twv Petprnoswv ota Vo onueia umoSnAwvel OTL 0 TUPNAVAG
Slotnpel tn Bepuokpacio MEPLOOOTEPO CUYKPLTIKA pe TNV emidpavela os SlodopeTikég ouvOnkeg. H
ouoKeun elval ¢popnth Kal Asettoupyel pe pumatapia. H autovouia tng pmopel va ¢ptaocel otic 7 £€wg 30
MEPEC avaAoya HE TO XPOVIKO Slaotnua kataypadnc. To oxfpla aAAd Kol To PEYeBOC TNG CUOKEUNG
KoBlotd 1davikn TNV TomoBETNON TOU OE OMOLOdNTIOTE onpeio Tou SEvTpou emBUMEL 0 epeuvnTAG. TEAOG,
oc MeANOVTIKEG HeAfTeg, aoUppatn texvohoyia LoRa pmopel va mpooteBel otn ouokeur, nAlakoti
OUM\EKTEC YLt TIEPLOOOTEPN auTovouio kaBwg kot poAdt akplBeiag yia tnv koAUtepn Asttoupyia Twv
KUKAwV adpavormoinong tng CUOKEUNC. MEe TIC OUYKEKPIUEVEG TPOTIOTIOLOEL, N GUOKEUN WUMOpel va
Aettoupyel yla prveg Aoyw twv ALtoupyLwy XaUNANG KaTavaAwaonc.

To kepalalo enta anoteAel pia yevikr culitnon yla Ta nponyou eva Kepalata kKabwg Kal To upruotTa
KABe peA€tng. TéAog avadEpovtal LEANOVTLKEC EPEVUVEC YLA TNV TPOTIOMOLNGCN TWV CUCKEUWY KaBwg Kot
yla tn BeAtiwon twv pebodwv cupdwviag kal opoldTnTaAC.
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To kedpalalo oktw cupmep\apBavel To cupnepdopata aAAd Kal Tn cuvelodopd Kal Kovotopio tng
SlatpLBnc. Tuykekplpéva avadépel Tnv uoBEtnon tng pebodoloyiag cupdwviog Kal opoLloTNTAG and Tov
TOUEQ TNG LATPLKAG OTOV YEWTIOVIKO TOMEQ HE TNV TPOTAON TMPWTOKOANOU Tou afloAoyel CUOKEUEG
oVOLYTOU KWHELKA CUYKPLTIKA LLE QVTIOTOLYEC EUMOPLKEG YL eDAPUOYEG OTN yewTovia. TENog, mpoteivovtal
KOLVOTOWEG OUOKEUEG Kal Teplypadetal avalutika n pebodoloyia afloAdynong tg ocupdwviag kat
OMOLOTNTOC TOUC LIE OVTIOTOLYEG EUTMOPLKEC OE TEOOEPELG SLADOPETIKEC EDAPLOYEC.
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