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7TKH PDLQ SUREOHP LV WKH GHYHORSPHQW DQG LPSOHKHQSMMSMHLR Q
SUHVHQWYV WKH UHVXOWY RI LOYHVWLJDWLRQV E\ WKH DOJRULWKP ED\
WDJV 6SHFLDO BEWHWDRBEBRKHWQEWHPY IRU LGHQWLILFDWLRQ DQG SODF

.H\ZRU&H® 5)," ORFDWLRQ WUDFNLQJ GLVWULEXWLRQ FHQWHU

JRUPXODWLRQ RI WKH SHJJFDEV@HCP R WKHVH VIVWHPV EDVHG
HQWLILFDWLR WHFKQRORJ\ L

$ PDMRU SUREOHP LQ ODUJH,OR WE 6)/ XYH% wieH 5).
GLVWULEXWLRQ QHFGIWHUW\ RV @Jﬁ% bGL RSH VHYHU
SHUIRUPLQJ WKH VWRFN LQY®QWRIK ngqw

ROLQN
EHUV RI JRRGV ZLWK ILIXUHM REW R v@%ﬁ 2K HUH WKH
KRXVHYV LQIRUPDWLRQ V\VWHPRSQ %FPQ’EAH%\\/\AR/L'#'D&%W WEWD L OHC
DXWRPDWL]H KHQ F i RERWXPQ DD Qs R YHQWRU\ VWRFNV BLWK WKH

WLRQ WR WKYVGSHVRBOHIR®G LQ WK{N\{_FE) V\//"YV

, BP UHVXOWYV L VHOOLQJ S
5)," WHFKQRORJ\ LV DQ LPSRU P§} VES FDVWYV
JURZLQJ ORJLVWLFV LQGXVWHE\ WV ol 5-_1 v DQG SK

PDWLF LGHQWLILFDWLRQ RI JRRGUV VRXUFEH FRQVXPLQJ

$ FRQFHSW EDVHG RQ WKH 5), \
IRU LGHQWLILFDWLRQU[—)KWLKRJJJ@\%%&M I\ﬂd?%? LQ?TSXVVRU;KSH
ZDUHKRXVHV DV ZHOO KDV HPHPJIAG, ij %R GKUWY
SURFHVVHV FDQ EH SHUIRUPHG L0/l a/ LBH Oy WLPH o )
+RZHYHU LPSOHPHQWDWLRQ RI W YA Qé&ﬁ@ XSG E;xmw PDOXD.
VLIQLILFDQW LQYHVWPHQWYV XSQHQ% HICVWLO3J
LQIUDVWUXFWXUH GEZKLFKORMD \RVR VW
QRPLFDOO\ 8VLQJ 5)," DQG 8QPDQQHG $H%E[MJ"§M(L@B|EDWLRQ

8%9 WHFKQRORJLHV WRJHWKHU RSHEV VWHE ARs@ rR)w x&WHFAKQRORJN

WR GHYHORS KDUGZDUH DQG VRIWZPU Y FKWKIE W ALMWKP WX PR U REMH FW
WLRQDOLWLHV IRU LGHQWLILFDWRRRWRRQZEBPHBYREO BZAMNEXE R xRPCD U
WUDFNLQJ JRRRWHQ ZKHHFRRW Y RIFUWEHGSHMQ SURIHVVLRQDO OLWHUD
SRVHG VROXWLRQ LV D IUDFWLRQ RiloWRIRH IRV IEXKQEEP b RUIW RI 5),' |
WHQGLQJ IL[HG 5)," LQIUDVWUXFWYXBHYRRP WR IRUP VIXDUHV ZDV SUH

7KH PDLQ SUREOHP LV WKHi GHYHERSEHQMS PR Gy kPSIPG XFH WKH ORF
PHQWDWLRQ RI DQ 8%9 LQGRRU @GRFBWLRQ BOIRUEWSRR mBoWKEYoHY Wi
DUWLFOH ZH SUHVNE@D/UYE K VIR EHIROBDXWWUR| |[LQGLQIJ WKH REMHFW LQ D
EDVHG RQ LQIRUPDWLRQ IURP D WHBPAKU 280\ & ) GXRWHRE VLG WHR VLR QI

1HZ ZD\V RI LPSURY Q%EWDLQLQJ DQ DYHUDJH ORFDWLRQ HLU
WKH HITHFWLYHQHVV FEl L \'rWE; o DummaLnor

HVVHV LQ GLVWULEXWL Q gJ
QI LWK RWKHURILYKPXGLQ.

,QWURGXFLQJ VI\VWHPV IRULWIEB WH\GR RN) DAXWRRDIW HVY L BIGWIW KH LPSL
ILFDWLRQ LPSURYHV WXRS OAHPMDUEBMMWAH LLVFICH NH WKH DYHUDJH ORFDWL

< (O*ELHWD $QGUXNLHZLF] .D]JLPLHU
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2XU UHVHDUFK FRQFHUQL®J RMRPSXIPAHIQVH R @DOG IRDWHYOWKE LQIUDV
WLRWYLQJ WKEDVABQMOJRULWKP GWMBDEQLBHGXLQ HE&QO RF D W QRIQY HD AFQYE D F\
HW DO > @ ZDV LPSURYHG E\KRQBH PHRYWLQEBPQVILEHD \RHH EHORZ
YW XDO WDJV GHVFULEHG LQ =KDR H >

‘H GLYLGHG WKH UHVHDUFK VFHQgFE\gWRU\'T@f&§WFE>&HEG\/RUPXODV
RI GLPHQVLRQV P E\ P E\ P 57)K'H DLBMIBRRIMM. I\LQJ REMHFWYV ODEH
ZHUH SODFHG LQ VXFK D ZD\WIXDWQ® KIRFDRMLPOHGWKHP LQ WKH Z

P P P FXEHV 7KH PHDVXURREQWN HHVIQWHGB/WQXFWXUH LH DOQ
DQ DYHUDJH ORFDWLRQ HUURU RELUPXLW PRXQWHG RQ 8QPDQQHG $HU

%DVHG RQ WKH UHVXOWYV G HVFRFERIGOD BNRYRZD DWUDGEWRBBD B PHU J|
PXODMWHQQD 5),' LQIUDVWUXBW PO OAKIREI ROHF HWIVX HAVR GHVFRILEHG D!
VWUDLQYV QRPLF DVSHFWV RI SRVVLEOH LPSOHPH

> &RPPRQO\ U HERRIFOLWHRR QW IOV 7KH FRVW FRPSDULVRQ RIVHIHKLSSLC
XVHG LQ RXWGRRU HQYLURQPHQ®L VAU MEXIWDIQRIK & BEQ WRHE \DIMMKIEE. BRU L C
ILEFXOW WR DSSO\ LQ D FORVHG BPHFWLRQWKIREDWHRRXNE G5 XU WARN L Q J
HOHFWURPDJQHWLF ZDYH SURSDWWDIGRQV SR Q B/ WKIDHPHW ZRUN DV SURS

> $SSO\LQJ DOJRULWIWRWRQRIRUFRFHEMEEY @ DQG ZLWK WKH PRELOH !
HUURUV FDXVHG ESIISUWSBYDMH R SR \& URQW 1.0EDEHOVH 6 W\M[GP DY L R Q
DWWHQXDWLRQ DQG UJIBWE R LRIYHRY VIHGHIEQV QRADY D O X HV

7DEOH
&RVW FRPSDULVRQ IRU IL[H® @RXGHRELOH 5),' LQIUDVW

Fixed multi-antenna RFID infrastructure®

Number of No of racks No of modules No of allays in  No of devices  Unit price Total cost
devices needed inamodule inan alley of  100m-width needed for the (euro) (euro)
for 1 rack 50m length warehouse warehoues

Antenas 12 4 34 10 16 320 82 1338240
Multiplexers (16-antennas) 1020 267 272340
Readers (4-inputs) 255 855 218025
TOTAL: 1328 605

One-antenna RFID reader mounted on UAV*

UAV 1 noimpact no impact no impact 1 1200 1200
Reader 1 noimpact no impact no impact 1 270 270
Antenna 1 noimpact noimpact no impact 1 20 20
TOTAL: 1490

* own estimations based on list prices of chosen RFID producers

+RZHYHU DSSO\LQJ 839 LQ DQOFK@KEBRBW LHQHY LQR QPGHMMLRQ RI WKH UF
UHTXLUHV VROYLQJ WKH SURHEOHPHRK GRIYRDRSLYD E DIDE X HS@GRR FRP St
PHQWLQJ D ORFDWLRQ DOJRULW KPUIRWHD GIURQ HUWRMHOL*LDPSDROR DQ
P RWKHUV

6WDMMBUW ORFDWLRQ VBOW'V\%X@KQRORJ\ KDV DSSHDUHG DV
IRURELOH URERWYV  pryw SURPLVLQJ GLUHFWLR@QRW RAEL

ORELOH URERW URXWH FRQWUPR R ROURKEWKPM WR DYDLODELOLW)\ \
3URJUDPPLQJ PRELOH URERWIUMWRN\FRQRHMM®RORELZHUH SURSRV
PRYHPHQWGL®HQAR RQDO VSDFH BRURY WBIOW NOR®G HWVKLPRWR DG
ZHOO GRFXPHQWHG DQG GHVFULEHG X HGHRIBLLPIHOY DRX D DIGVHE AIOWH GR1 W
URERW VKRXOG PRYH DXWRQRPRXVQDQQVIVERQIWUKRO 666 ZBDUDPHWHL
DQG SURYLGH WUXVWZRUWK\ L@RRDPOW IR R LWV ORPEWLR® *XHDL
ZKLFRXOG VXEVHTXHQWO\ EH XVWEHRU PWURYIASE) TROBWYRG@KLOH &KF
RI REMHFWYV UHDG E\ DQWHQQDV PRX QW B & FRIG WKHH UR DFOMRULWKP WR
7KH VLPSOHVW VROXWLRQ |RHQFRRMURBDOHLQRHWKAHVKERERMDGLQJ |\
PRYHPHQW DQG RQH RI HDUO WK/DW SRS RQ Bl G QIND XMHIQH HR @ HUWH [WHU QD
EDVHG RQ RGRPHWU\ LH FDOFXOJIRWIVR Q LFPIL W K HWIXFHW B B HOUR RWIHOE W\ R
FRXQWLQJ WKH QXPEHU RI WXUWKHRO DAWVKH PHRBRIVRIVH G KINGIDRR) LW K P LV
%RUHQVWHLQ _HOO\ S SORPHQOMULQWKIGYDQFHG VWDMWLVWLFD
SURDFK UHVXOWY LQ VLJQLILFDGWFLRD GIR I GEWRDY HS RN BRHRIBBENEY
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DZDUHQHVV" &KRL DQG /HH WARBE R VW B HWKIBFMXR/BIRREY WBLIKW WUDMH
VRQDU DV DQ DGGLWLPWL®RQ/ ROXFWKILRIHPOIRWY UHODWH WR WKH IROOT
DQWHQQD FRQILIXUDWLRQ DV D PHBWXR®QRW QQF WZHUWKL D WEHDFWRU'
DFFXUDF\ RI UHDGLQJV ZDV SURSRIRIG EVXILXFHWQMOO\ OLJKW DQG VPDO

YO\LQJ URERW URXWH FRQWURO &P DMARR SRZHU FRPSDUDEOH

&RQWLQXRXVO\ JURZLQJ SRSXDDULMN\R] 8?53;)’ H%DEOHV ]
H[SDQGLQJ WKH UHDGLQJ DUwn H RY HVUFES ‘e[ P BARP WHRR WIVR R WK H
WKLUG GLPHQVLRQ &KRL HWrROOWLRQ LQUYRBIWE Do Doy
ULWKP IRU WKH GURQH PRYHPHQW FRO% WiH EHXVEE LWV 6
RI 5)," UHIHUHQFH WDJV SODFHG EEQORMRWDO ZHLIKWY GXH WR

-RLQW 5),” DQG 8%9 WHFKQRORBRPPPsoHPH WDWL RO
LV FXUUHQWO\ DQ HPHUJLQJVER®D QY PPAPR GE RN RY LFRYR S XHE WR OLPI
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UHVHDUFK ZDV SHUIRUPHG RQ [WHSRRS

@QHglﬁH GURQH:
V)

SHLRXVO\ H[DPLQHG DQG VWRUHG>L§P\/§QEV‘{JHE'I¥\WYTW%F RYKH GHY
XQLW PHPRU\ ,Q SDUWLFxopgQ HY8F EBQS'\H{?PD O PbsoHPH
WDWLRQV RI GURQHV LQ GLVWULEX?NQ’FW%:) QBR\S?/ﬁ U SR W EBWIEW RRYEE
WWRBJ Rl JRRGV KDNWHLBR® \EMHS PpYRZHU PRGXOH

$Q LOQRYDWLYH LGHD RI WKH SORERVHGHpaWE LAY B LRIWQWLRQHG
LQ LOWURGXFLQJ DGDSWLYH @\WRRY RV RHOP BQUR R WKk WPARVHW KH
WURO ZKLFK XVHV LQIRUPDWLRG HHRPCHWKHORSEPL F%%JL\?LS QWHG
VWUHQJWK FRQWLQXRXVO\ DFTXLUBRBVHRRPEPPHWHMMBEMKH SURWRY

WDJV GXULQJ WKHHQEBKWD By,DUHBRXQwWHG Eon
RQ UDFNV LQ VXFK ZD\ WKH\ IRUP UHJ U HLOH
FRQILJXUDWLRQ RI UDFNV LQHWKH ZDL>JS §Uf3w§>\§{’|:\%?'qg%@ SDUDPHW
PHQW RI WDJV JLYHV D VXUIDFH RI VLIQDO VRXUFHV |PeseyigH
GLFXODU WR WKH 8%$97V 10LJKWRKDBRiePoyRU\ ZKLFK DY \WR
UHGXFH WKH5QXPEBWLVRIHTXL UM GSW R DERWHR @DV D
LVIDFWRU\ OHYHO RI DFFXUDF\ |RISRRP W IIWURWKP SURISKRRHED U
FRPSDULQJ WR WKH RQH GHVFULEH®LO &KRL HW DO GwlL
7KH DOJRULWKP FDQ EH DOSORHELIBEVS LVWULEXWLRQ FH
WHUV RUJDQL]JHG LQ KLJK ED\ ZDUVHKRXGHV PRGEKKOHQVXUH
UHJXODWHRWWDRWOGHUHG FRQILJXUDWLRQ RI UDFNV DQ|G%$(1
VKHOYHV ZLWK WKH JRRGV SODREAQHDGHU W\SH 2(0 %

)LJ SUHVHQWYV WKH LGHD RI DFQNW%P[E’éﬁ?FHEPW%BQ SURWRFRO |ZLWK FR
VWDWLRQ

E
F FODVV SURWHRWLRQ |RU KRXYV
SURWRW\SHTV WRWDO|ZHLIUKW

THFKQLFDO NMHDVLELOLW
Rl 839 ORFDWLRQ DOJRULWK
XVLQJ PPOIRLRQ IURP 5)," WDJV

6FHQH DUUDQJHPHQW
@ 7R YHULI\ SRVVLEOH XVH Rl WKH 5),

S GHYLFH DV N\RRUPBDWRBQVKH &9 ORFD\
ULWKP IRU LQGRRU DSSOLFDWLRQV D |
oo VSRUWVZDWIPQEDDQJHG VHH 3KRWR DQ
P 7KH ILHOG VHH 3KRWR FRQVLVWH
YLJ 6\WWHP IRU ORFDWLRQ DQGDWMXNVNLQUIRWIRRGVZEWK 5)," UHIHUHQ
XVLQJ 8%9 DQG 5),' WHFEBEHBWRMNHP LQ D zZD\ WRDIOP UWDG HRIWIS FNV
. ZDUHKRXVH
5)&,RL;('_(S%VBHHGURRVSR8\{¥QSH &RQILGH[ 6XUYLYRU 5)," WIMJV GHVL
WLFSYORSDWLRQV ZHUH FKRVHQ DV UHI
5)," $QWHQQD UHDGHU VHW V KRX¥XGIGW X OVLDHU B GSILDWLIHRRQ RQ DGMXV WL
DERYWDQGDUGL]HG UHTXLUHMHQRWV VAVHACHGLMVRPQ¥H EHWZMHQ WZR
FLILF QHHGV RI PRXQWLQJ WKH ¥RMWPRQFEHDDOQBYQHOBEVIHNE$9 PRGHO
IRU VWDEOH UHDGLQJ RI UDGHR V3R BRW LIFM PDW KV 6E VIVODW B H DI V
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SKRWR)," UHDGHU PRGXOH
PRXQWHGW RPVWH HB ER
DQG 5)," DQWHQQD PRXQWHG D

SKRWRJIRQH IOLJKW DW ]

W WKH IURQW RI 8%9

SKRWRIRQH IOLJKW DW ]

SKRWEHEHDVXULQJ ILHOG DUU

7KH 839 WUDYHOOHG WKH UR
FKDUWV DV D[UWWD<YH YHWRFLYHLR
DOV ZHUH FRQGXFWHG IRU IROO

> 7KH 8%9 IOLJKWTV WUDMH
5)," WDJ zDV ; P ; P

> 7KH 8%9 IOLJKWIV WUDMHF

P ] P

7KH 5),' RQ ERDUG UHDBHHTV

XWH RI

IR HOwW

P GHQRWHG DW

PV 7U EPC

RZLQJ VHWWLQJV

-8

D

WRU\ KHLJKW ZDV ]

Millisecondss®> HWHUV Z

P

P

> FKDQQHOV RI ZLGWK RI

IUHTXHQFLHV LQ WKH EDH) GIZ EGRUK

1l PREFRH WY RRI0D0 VWUHQIWK L

N
I?:PI WKH URXWH WUDYHOOHG

8$9 WUIL

LQJ WR (76, (1 IURP 5)," WDJR [IOLJKW KHLRIKW ]
> 5DGLROLQMN;67;)35N+] 5; OLOOHU

0 /) N +] Suma ZRSS!
> GHDGH RXWSXW SRZHU GWwP

OHDVXULQJ VRIWZDUH GHYH®
SXUSRVH FRQWLQXRXVO\ FROOH
UHDGLQJV IURP VXEVHTXHQW 5)
XQLTXMW BHOQIIFF SURGXFW FRGH
IOLJKW 7KH IUHTXHQF\ RI UHDG

7TKH GURQH IOLJKWYV LQ W3RH
VHQWHG LQ 3KRWR

3UHVHQWDWLRQ RI
JROORZLQJ FKDUWYV VKRZ UH

. QJ ZDV

DQG 3KRWR
UHVXOWYV

EPC

RSHG H[FOXVLYHO\ IRU WK
FWHG GDWD LQ WKH

IRUP RI 56
"WDJV LGHQWLILHG WKURXJK
3& GXULQJ WKH GURQH

PV

PHDVXULQJ ILHOG DUH

Willisezopds /

IRU FKRVHQ WULDOV

+RUL]JRQWDO D[LV UHSUHVHQWYV WKHLGLYWEDHMH G VRYHOO® WO EM QUMK L
839 H[SUHVVHG LQ PLOOLVHFRQGVRI ZKK I H) RXHNWHW WRIIDOY HODWHG 8$9 WU
JLYHV 566, YDOXHV H[BUHVVHG LQIG®RP 5)," WDJIR [IOLIKW KHRJIKW ]
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Suma ZRSS| WKH GHQVLW\ RI UHIHUHQFXWWRQV PD
EPC| YJURP WKH 8%9 ORFDWLRQY H QW UV VWSKRP S
VLEOH WR WDNH LQWR DFFREA@W IQRW R
SUHVHQW RU QRW EXW 566ANYRQXRIV Pt
GLVWDQFH IURP WKH VRXUFHXKLFK FF
UDF\ HUURU
5HVXOWV DUH QRW H[SOLFLWO\ SR
WDNHQ IWRP RQLWKH KHLJKW EHORZ WK
Milliseconds WDJV EXW VWLOO WKH DOJRULWKP ED)

)LI 5HFHLYHG VLJQDO VWUH®MIWHQ@FKREWRY LV DSSOLFDEOH

RI WKH URXVWHEWUWDDYMBEOWRU\ GLVWIDHVHDUFK UHVXOWYV SBRYLGHG
IURP 5)," WDBV I[OLJKW KHLRIKW MHFW RQ DSSOLFDELOLW\ RI 5),' DQG 8
LQYHQWR WKLMEDYNAD UB KR XV HV

Suma Z RSSI

%LEOLRJUDSK\

%RUQVWDLQ - ([SHULPHQWDO 5HVXC
2GRPHWU\ (UURU &RUUHFW LRR QOH. WREWWH 21
- %RUQVWELQUDQVDFWLRQV RQ BRERWLFV
WLR@MFHPEHW9RO 4B

&KDIZQ 5HWQPH 5)," ORFDOL]DWLRQ XV

&KDZOD & OF)DUODQG * S5REQ®N & 6KF
QDWLRQDO &RQIHUHQFH RQ /REBP®L]DWLRQ
Milliseconds &KIRWWHVYLOOH

EPC

&KRLORELOH URERW ORFDOL]DWLRQ V
)LJ 5HFHLYHG VLJQDO VWU HG@YWE QL vIRQTVWARIRR @ K\RL  -(((H

QW H
RI WKH URXWH WUDYHOOHG 8@@)\)4\4_\112@'!936Fe\(\b%lpk\/l_GMW@QEUXVWULDo (OH

I[URP 5)," WDBV IOLJKW KHLJKW ] &RRL,OGRRU ORFDOL]DWLRQHRI 8QPDQ
KLFOH EDVHG RQ SDVVLYH 8+) &RL V\VW
&RQFOXVLRQ 6 5%\XQJ + . .DQJ ' WK/ HEWHUQDWLRQDO ¢

7KH UHVHDKBOKF®P@ WHFVLELOLHQFRIRWKBHALFXLWRXV 5RERWV DQG $PELHQ
DQG 8$9 EDVHG V\VWHP IRU ORMOMHREQ DQG WUDFNLQJ RI
JRRGV LQ GLVWULEXWLRQ FHQWHU zdeDR&RW@@YXbYWR*@\‘S\NW'RU WKH

ELOLW\ RI XVLQJ 5)," WDJV WFDS F\PLQ%MDW %Q.V\ELR [XFW\%?RPRX
WLRQ RQ ORFDWLRQ IRU 8$9RD ) : VXI—_tQ
PDWLF PRYHPKIQWSR ZLWKLQ @ G} VWY XWLRQ

WHU ZDV FRQILUPHG &OHDU FKDUDFWhlMWFM RE 566 R RIS DWLRO
PHDVXUHG WDJV ZHUH REWDLOH& HROW\ONHOQDBWLEOBW DR UM OERI 5SRERW
WZHHQ GURQH WUDMHFWRU\ BQG WHKROUDFRRY )RU ELJJHU GL
WDQFHV WLPH VORWYV IRU ZKLFK QR PHDVXUHV ZHUH REWDLQHG
HIHGHG V ZKLFK FRXOG SURWH WRR PXFK IFRP§ "WK3f Uk(j-"dhe_]-€

ZDUH FRQWUROOLQJ WKH 10LJIKWudldir: %R PREL ¥R ViPhn HY RO ¥RV 07z
FXUUHQW 8$9 ORFDWLRQ ,Q WK LdbgRPpidz&vBEehY+Hydbcl QFW HRHLIQ DZjde-\
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