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1   

1.1 ὂʾ  

ự ʼϱрЌ˔КАЕχ ẉτϢϤᵈˑψ χ Ϭ Ⱳτ σ π Ϊ︡ϥά

ρΥᴦ ρσμοΦθʽήϣτʼζϦϣχ Ϭ χӡ ρḩ ΪοⱲἋḧ σᵔ

Ϭᴦ ρβϥ GIS (Geographic Information System̓ ЄІГЭ) Ϭ βϥάρτ

Ϣϥ ΰΜᴣ χ Υṍ ήϦοΜϥʽᾝ∕ʼᴒᵰπψ GPS (Global Positioning System̓

Ẕ ӡЄІГЭ) Ϭ βϥάρπ ϜΥꜛ χ π︣ὖτᾝ∕χӡ Ϭ︡

πΦʼ χᵕϤχ Ϭ Ἃḧ ρΰο βϥάρΥᴦ ρσμοΜϥʽ Πω

ϸ˔ЗРϿ˔ЄдрϞІЫ˔ЕТ϶рχ ϯФзϾ˔ЄдрσςχϢΞτ GPSϬ ΰ

θ Ἃḧ τṁξΨЂ˔РІχ Υ ϭπΜϥ [1]ʽ 

ԁ ʼᴒ πϜ ᴞᵹϞЄдАСрϽЯ˔иʼ Ԛʼᶘ σςῲ σἋḧπχ ʼיּ“

τ♪ᶐ ᵷּי ЗРϿ˔ЄдрϞῬ πχ кЩАЕχ ῈρΜμθ ϒ‰

ӡ χ Υᶈ ΰοΜϥʽ τ ЗРϿ˔Єдрσςπψᴒיּ“ ᵰπЄ˔Э

йІτ ӡπΦϥάρΥẐϛϣϦϥΥʼᴒ Ϟ ᴞᵹπψ GPS ‹χᾚ τϢϤ ᶎσӡ

χ︡ Υ₉ πΚϥʽάχϢΞτ ╛σᴒ ḕẽπψᴒᵰϢϤήϣτ ᶎσ ӡṪ

Υ ρ―ΠϣϦϥʽζάπʼϘγⱳ πψᴒ ӡṪ χᾝ τνΜο βϥʽ 

1.2 χᴒ ӡ ꜠ 

ᴒ τΣΪϥ ӡ︣ ρΰοψʼ Ϟᵊ σςβπτ Ψχ ӛΥσήϦοΜ

ϥΥʼΜϘι χ ḧΥӱ βϥ ᴞᵹϞׄ  τΣΜοЈрЎЮ˔Еи ӡχӗ Τ

νḛ σ ꜠ψᶎ ήϦοΜσΜʽ∞ Ив˔ЮДϰϯᵫ ẸᵓΥ“μθ χᴒ

ӡ︣ τḩβϥ ₰τΣΜοϜʼ ӡ︣ χ Ϟ ӡ χ ᶓΥꜘήϦοΜϥΥʼ

ᾁ Ӥψ Υ ∕βϥ ϘΤσ ӽχ τ ϘμοΜθϤʼ χỸḧ χ‰

ӡτᾢ ήϦοΜϥ [2]ʽάάπʼᾝם σᴒ ӡχ τνΜοψʼ ԚΥ ᾅ 

[3]τΣΜο 10 cm χ Ϭ ΰοΜϥΥʼ ︣ πψάχ Ϭ θβϜχψ σ

Μʽζάπ πψʼᴒ ӡ χΰ ρם σ ӡṪ Ϭᵫ βϥθϛχ ὂρΰ

οʼ ӡρ ӡχӸΜτνΜο βϥʽⱳτ π ρβϥ ӡτν
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Μοʼ βϥ τϢμο Ϭ βϥϜχρʼζχ χ ᴝ ʼ ᵰ ʼẉόϸЮ

жσςχ Ϭ βϥϜχτ ΰζϦηϦχ ρ τνΜο ϓϥʽ 

1.2.1 ӡρ ӡ 

ӡ ὓ ρψʼΚϥṁ Τϣᾋθ ӡ  (ӟᴞʼ ) ӡ Ϭὓ▄βϥάρπΚ

ϥʽ ӡπψ℅ Ὁχᾖ ʼ ӡπψ ᵕχ ӡ ϬζϦηϦṁ ρΰο ӡ

Ϭ“Ξʽ 

ᴒ πχ ӡπψʼὺ χΚϥԁ Ϭṁ ρΰθк˔ϸи℅ ὉϬ ϛθΞΠπ

ӡ жрЖЫ˔ϼχӡ ϬΚϣΤαϛ ϓοΣΨʽḕẽ τ ΰθжрЖЫ˔ϼρ

χӡ ḩἰϬẐϛϥάρπʼὺ χ τΜϥ χӡ Ϭ ϥάρΥπΦϥʽжрЖ

Ы˔ϼρ χӡ ḩἰϬẐϛϥ︣ ψ Trilateration (= Multilateration̓ ╣ )ʼ

Triangulation (= Multiangulation̓ ╣ᶑ ) χ 2ντ ήϦϥʽTrilaterationπψ Τϣ

ᾋθ χжрЖЫ˔ϼϒχẩ ϬẐϛϥάρπ χӡ Ϭὓ▄βϥʽԁ Triangulation

πψ ΤϣᾋθζϦηϦχжрЖЫ˔ϼϘπχᶑ Ϭṁ τ χӡ Ϭὓ▄βϥ [4]ʽ  

ӡρψ χ ᵕχӡ Τϣχ σӱ Ϭὓ▄βϥ︣ πΚϥʽ τ

∏ήϦθᴥ ЈрЂʾᶑ ЈрЂʾ ꜗṓЈрЂʾṓӊЈрЂσςϬ ϙ›ϩδθ

IMU (Inertial Measurement Unit̓ Ḉ ὓ )τϢμο χ ΦϬὓ▄βϥДАЖйЀИ

рϽ (Dead Reckoning̓ ꜛ ‚ )ϞкЩАЕτ︡Ϥ Ϊθּכ χᵕ Τϣӱ Ϭ

βϥϷЖЮЕз (Odometry)σςΥ πΚϥʽự πψʼ τ ЗРϿ˔ЄдрϬיּ“

ρΰο “ ⌠Τϣ χ ΦϬ βϥ PDR (Pedestrian Dead Reckoning̓ ДАיּ“

ЖйЀИрϽ)ρΜμθṪ Ϝᵫ ήϦοΜϥ [5] [6]ʽДАЖйЀИрϽπψ χЈ

рЂϬ βϥθϛ ӡ χжрЖЫ˔ϼϬ βϥ ΥσΨʼὓ▄ЀІЕΥ ᶓ

ήΨ σ ӡΥᴦ πΚϥʽϘθʼ ӡτψжрЖЫ˔ϼϬ ρΰσΜθϛʼ

ӡΥ πΦσΜ ӤπԁⱲ τ ӡϬ βϥάρψ τ πΚϥρ―Πϣ

Ϧϥʽԁ ʼᴥ ʾᶑ ЈрЂ χ Ϭ“ΞάρτϢϥ ῏₯χ ϞʼΚϣΤ

αϛ ṍӡ Ϭ βϥ ΥΚϥθϛʼӱ ⱲχⱲḧḧᶖϞӱ Ӥσςχ“ Ἱ τ

ᴂαο Ṩʼ ӡρ ϙ›ϩδ Ϭ“Ξ ΥΚϥʽ 

χϢΞτʼ ӡχᾖ ʼ ӡτϢϥӡ Ϭṁ ρΰο ӡΥ“ϩϦϥθ

ϛʼם ρΰο ӡχ ΰ Υ πΚϥʽζάπ πψʼᴒ τΣΪ

ϥ‰ ӡτ ΰʼ ︣ χ ΣϢόζϦϣχᵔὨ τνΜο ϓϥʽ

ⱳ πψʼ χᴒ πχ ӡ︣ τνΜοʼζϦηϦχ ρ Ϭ ϓϥʽ 
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1.2.2 τϢϥ ӡ 

Ϭ ΰθᴒ ӡṪ χ Ϭӟᴞτꜘβʽ 

ʾIMES (Indoor Messaging System) [7] 

ʾRFID (Radio Frequency Identifier)χ  [8] 

ʾWi-Fi (Wireless FidelityϘθψWLAN, Wireless Local Area Network)χ  [9] 

ʾUWB (Ultra Wide Band)χ  [10] 

IMES ꜠ψ GPSρ῀Ḋ χΚϥ ‹Ϭ βϥάρπʼ χ GPS ṐϬζχϘϘ

ᴦ ρΜΞ︣ πΚϥʽάάπψʼ ρβϥḕẽ τ ήϦθ ṐΤϣӡ

Ϭ ΰʼ πψΩϜựΜ Ṑχӡ Ϭ βϥ [7]ʽ 

RFID ρψựẩ πχ Ṫ χԁ πʼз˔ЍṐ ϬⱱνІЫ˔ЕТ϶рϞὀ

Ϭ RFIDЌϽτΤίβάρπЌϽχ Ϭ ϙ︡ϥάρΥπΦϥʽήϣτʼΚϣΤαϛЌ

Ͻ Ϭӡ τḩ Ϊϥάρπʼ Ϭ ϙ︡μθⱲ πχз˔Ѝӡ Ϭ βϥάρ

ΥπΦϥ [8]ʽ 

IMES Ϟ RFID τϢϥ︣ πψʼ ṐϞЌϽχӡ ϬζχϘϘ βϥρΜΞ ל ʼ

ӡ ψ Ṑχ ḧᶖτӢ βϥθϛ‰ ӡψ₉ πΚϥʽϘθʼάϦϣχ︣

πψ ӡ χ ṐϞЌϽχ ρΜμθ⌠ỘΥ πΚϤʼ ẨᴦϞὂḢϒχֲ

ốσςχ Υ ∕βϥʽ 

Wi-Fi Ϭ βϥ︣ πψʼβπτ ήϦοΜϥ Wi-Fi ϯϼЈІЪϱрЕ(ӟᴞʼAP)Ϭ

ӡ жрЖЫ˔ϼρΰο βϥάρπ ӡḕẽϬ  βϥάρΥᴦ πΚϥʽ ế

Ϭ ΰθ RSSI (Received Signal Strength Indicator)Ϟ χ Ⱳḧ₯Ϭ ΰθ TDOA 

(Time Difference Of Arrival)Υ πΚϥʽRSSIτϢϥ︣ ψԁ τ῏₯Υ ΦΜθϛʼ

ӡϬם“βϥ τΚϣΤαϛᶆ πχ χЫАФϬ⌠ ΰοΣΨ

FingerprintingχᾆẕΥ ϭπΜϥ [9]ʽΰΤΰσΥϣʼ σΨρϜ m χ ӡ῏₯Υ

∕βϥ ʼAP χ ệτϜ₮֒ήϦϥάρϜ―ΠϣϦʼ ӡ ρ ӡ ӽχ πᴿ

Υ▪μοΜϥʽ 

UWB Ϭ Μθ︣ πψʼ῏₯ 30cm ρΜΞ‰ σӡ ὓ  [10]Υṍ πΦϥԁ

πʼ χ Ϭ βϥ︣ ρ ʼ Ṑχ Υ πΚϤʼϘθ ӡ Ϭ ϥά

ρΥπΦσΜθϛʼЗРϿ˔Єдрϒᴂ βϥθϛτψ ︣ ρχ Υ πΚϥʽ 
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1.2.3 ζχ χ τϢϥ ӡ 

ʾ ᴝ χ  [11] [12] 

ʾ ᵰ χ  [13] 

ᾅ [11]πψʼ Τϣ ΰθ ᴝ Ϭḕẽ τ ΰθІС˔ϸπ βϥάρπ

ӡϬ“μοΜϥΥʼ ӡρ ϙ›ϩδθ ›πϜ ỡ 30cm χ῏₯χ Υ Ϊ

ϣϦσΜʽ ӡ жрЖЫ˔ϼρΰοχ ᴝ ЈрЂρ ID χ ᵰ LED ϙ›ϩ

δθ Ϝᵫ ήϦοΣϤʼΩ ῏₯ 10cm χ‰Μ ϬםᾝΰοΜϥ [12]ʽΰΤΰ

σΥϣʼ πβϓοχжрЖЫ˔ϼχⱲ ṍΥ σθϛʼἋḧΥῲΨσϥϕς

χЀІЕΥ βϥρΜΞ Υ―ΠϣϦϥʽ 

ᵰ Ϭ ΰθ︣ ρΰοψʼ ᵰ LED χӡ ϬậḴϸЮжπᾁ βϥ  [13]Υ

ӛήϦοΜϥΥʼ χ Ṁἇρψ τ χ ᵰ LED χ Υ σάρϞʼ

ΤϣϱрТж χ ᵰ LED χ ῈΥ ρσϥθϛḕẽ πԁνχ ṐΰΤ

πΦσΜρΜμθ Τϣʼ Υ βϥ ӛיּ“ τψ ΰΦπΚϥʽ 

1.2.4 ϸЮжτϢϥ ӡ 

ϸЮжᵊ Ϭ ΰθ︣ ψ LAN Ϟ IMES ꜠τ ϓ‰ πΚϤʼ ӡ Ϙπ

︡ βϥάρΥᴦ πΚϥΥʼᵊ χжрЖЫ˔ϼχ꜡ Υᴿ πΚϥʽϸЮжϬ Μ

θ︣ ρΰοψ ΦΨ͎ντ ΪϥάρΥπΦϥʽ 

ʾꜛ Ϭ βϥϜχ [14] 

ʾ Ῥ σЫ˔ϸϬ βϥϜχ [15] 

ψʼ╖ֲᵊיּ χ Ϭᾁ ΰ Тй˔Эḧπ βϥάρπϸЮжχӡ ʾ

◒ Ϭ βϥ︣ πΚϥʽᵊ χΚϣϠϥ Ϭ ρΰθ Ϭ“Ξὓ▄

Υ ΦΜθϛʼὓ▄зЊ˔Іτ ᾢχΚϥὀ ἷ ϒχם Υ ΰΜʽ ρϸЮж

χ σӡ Ϭὓ▄βϥθϛʼάχ︣ χϙπψ σӡ ὓ ψπΦσΜʽ ӡ

ὓ τψΚϣΤαϛᴒ ḕẽχ 3DЯДиσςϬ⌠ ΰʼᾁ ΰθ ρχЫАЎрϽ

Ϭ“Ξ ΥΚϤʼήϣτὓ▄ Υ ΦΨσϥάρΥ ήϦϥʽϘθʼ σςχӱיּ“

Υ ∕βϥ ›σςḕẽ ᴟΥὣΰΜᴒ πψкНІЕ Υ ΜρΜΞ Ϝ

∕βϥʽ χᵊ ρẩ ᵊ Ϭ︡ βϥ RGB-DϸЮж [16]χ Ϝ ӛήϦοΜϥΥʼ

χϸЮжϬ βϥ︣ ρ τкНІЕ τ ΥΚϥʽ 

ῇּיψ Ϟ ӻτ͎ⱳᾕЀ˔Жσςχ ῬЫ˔ϸϬ ΰʼάϦϬϸЮжπ ϙ︡ϥά
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ρπжрЖЫ˔ϼϬ꜡ βϥ ꜠πΚϥʽꜛ Ϭ βϥ︣ ρ ᶓΰοкНІЕ

Υ‰Μԁ πʼḕẽ τ ήϦθЫ˔ϸχθϛτὂḢΥ σϩϦϥρΜΞ ΥΚϥʽ

ᾅ [15]πψʼ™ṑ Ϭ∙בּ ΜθЫ˔ϸϬ ᵰ ϸЮжπ╖ֲβϥάρπὂḢχ

ϬᵔὨΰοΜϥΥʼϸЮжχᵔ ρ βϥЫ˔ϸχЂϱЇτϢμοψק χЫ˔ϸϬ

ϙ︡Ϧγʼ ӡᴦ σ ӽΥᾢ ήϦϥᴦ Υ ∕βϥʽ 

1.3 ᴦ♪Ί  

ᴦ♪Ί ψʼ χ τᾋΠϥ ӽχ ꜗ  (ᴦ♪Ί) Ϭ ΰθ ꜠πΚϥʽ

LED ϞὒΊ σςχ ṀἇϬ χ τᾋΠσΜ π βϥάρπ Ϭ ΰʼ

Т϶ЕЈрЂϞϱЮ˔ЅЈрЂρΜμθ Ί ◓τϢμοάϦϬ ʾ ‹βϥάρπ

ΰχ ϬםᾝπΦϥʽᴦ♪Ί τϢμοԁ ιΪπσΨʼ ‹ṐϞ ʼДϰ

ІФйϱχНАϼжϱЕσςϜ ρσϤΞϥ [17] [18]ʽ 

Т϶ЕЈрЂτϢϥᴦ♪Ί Ϭ Μθᴒ ӡ︣ ρΰοψʼὒΊ χ Ϭ

βϥάρπ ‹χ Ϭ“ΜʼТ϶ЕЈрЂπ ‹Ϭ βϥϜχΥ ӛήϦοΜϥ 

[19]ʽ ᾅ [20]πψ ΰ χθϛ χТ϶ЕЈрЂϬ ϙ›ϩδθ ΊṀϬ ΰο

ΜϥΥʼТ϶ЕЈрЂꜛ χ ΊᶑΥ ΦΜθϛ῏₯Υ ΦΨʼ ΊσςτϢϤ ‹Υ

βϥᴦ ΥΚϤʼםḕẽπχ‰ σ ӡψ₉ πΚϥʽ 

ᴦ♪Ί ρϱЮ˔ЅЈрЂϬ ΰθ ӡ︣ ρΰοψʼ χ LED ρϸ

ЮжϬ ϙ›ϩδθ ID CamΥᾆẕήϦοΜϥ [21]ʽΰΤΰσΥϣʼ ήϦϥ ID χД˔

Ќ Υ 8bitπʼ LED χ ΥΩ 256ᾤτ ᾢήϦϥθϛʼῲΜᴒ Ἃḧ χβϓο

χ LED τ ΰο ID Ϭ βϥάρΥπΦσΨσϥ ΥΚϥʽϘθʼLED Ϭ ON/OFFπ

ῈΰοΜϥθϛʼ Ṁἇρΰο ΰθ∑χ τḩΰοṮל Υ▪ϥʽ 

άϦϘπꜘΰθ Ϥʼβπτ ˑσᴒ ӡ ꜠Υ ӛήϦοΜϥΥʼ♪ᶐ ᵷּיΰΪ

χ “ӛ ϞкЩАЕχ ᶎσ ῈρΜμθ‰ σӡ Ϭ ρβϥ τ ΰθ

Ϝχψ ∕ΰσΜʽζάπ πψʼ ӡ жрЖЫ˔ϼρΰοᴦ♪Ί LED

Ϭ ΰʼ ṐρΰοϸЮжϬ βϥῲӽᴒ ἋḧπχЗРϿ˔ЄдрϬ ρΰθ

‰ ӡ ꜠Ϭ ӛβϥʽ 

1.4 ♪ᶐ ᵷּיЗРϿ˔Єдрϒχᴂ  

ᴒ ӡṪ ψӱ кЩАЕ ῈϞ ЗРϿ˔Єдрσςτᴂיּ“ ᴦ πΚϥΥʼᴂ

τϢμο Ἱ ΥӰσϥθϛʼ ρήϦϥᴒ ӡṪ τẐϛϣϦϥ ὯϬ―



1   9 

 

ΰθ︣ Ϭᵫ βϥ ΥΚϥʽθρΠωʼӱ кЩАЕχ Ὲπψʼӱ τ

ӡ ὓ Ϭ“Ξ ΥΚϥʽΰΤΰʼ ḧχ ›ψꜛ σӱ Υᴦ πΚϥάρΤϣʼ

πψσΨ τ ╩ τӡ Ϟ “ ΰϬὓ ΰοϜЗРϿ˔Єдрψᴦ πΚ

ϥʽӛ Υӱ τ Πγ ήϦϥϢϤʼ σⱲιΪӡ Ϭ︡ βϥϕΞΥψ

ϥΤτḛ πΚϥʽζάπʼ ᾆẕπψӱ кЩАЕτ ΜϣϦϥ χ ꜠ρӰσϤʼ

σⱲτ◙ꜘϬΰο κτ σ Ϭᶍ βϥ ꜠ (ӟᴞʼІЪАЕ ӡ) Ϭ⅜ βϥʽ

ἇ τψʼ ꜠πψậḴйрЇ ΦϸЮжϬ ΰθὀ ϞІЫ˔ЕТ϶рπʼ

йрЇχΊ꞊ΥσϥϓΨ ϬΰΨϢΞτΰο “ ΰϬ◙ΰοὓ ᵫ◐ЩЌрϬᴃβά

ρτϢϤʼ ӻᵊ Ϭ Ⱳτᵔ ΰοᾝ∕ ρ◒  (◙ΰθ ΰ) Ϭὓ βϥʽὓ ήϦθ

ᾝ∕ ρΚϣΤαϛ ήϦθ Ϭ βϥάρπʼ “и˔Еχ▄ Ϟ♪ᶐ

ᵷּיϒχᴝ ЗРϿ˔Єдрσςϒχᴂ Υᴦ ρσϥʽ︡ ΰθӡ τṁξΨϯФ

зϾ˔ЄдрψʼІЫ˔ЕТ϶рχ ϙ ΫṐ τϢϤ♪ᶐ ᵷּיτϜ ήϦοΜϥ 

[22]ʽ 

1.5 χ   

● χ  Ϭ 1 τꜘβʽ ͍ ψ πΚϤʼᾆẕ ὂρΰοᴒ ᵰπχ

Ἃḧ χ ệτνΜο ϓʼ χᴒ ӡ ꜠χ τνΜοϘρϛοΜϥʽ

ⱳτᴦ♪Ί τνΜο ΰʼᴦ♪Ί ρϸЮжϬ ΰθ‰ ᴒ ӡ ὓ Ϭ

ӛβϥρρϜτʼ♪ᶐ ᵷּיЗРϿ˔Єдрϒχᴂ τνΜο ϓοΜϥʽ 

͎ πψʼ♪ᶐ ᵷּיΥӡ ὓ Ϭ βϥάρϬ ΰʼם∑τІЪАЕ ӡ

Ϭ“Ξ∑τ θβϓΦ 7 ὯϬꜘΰʼᴦ♪Ί Ϭ ΰοάϦϣχ ὯϬ βϥθϛ

χϱрТжρṐṀ  τνΜο ϓοΜϥʽζΰοʼἋḧ χϸЮжχӡ ρ◒ ϬẐϛ

ϥθϛχἇ σӡ ὓ ︣ τνΜοꜘβʽνΧτʼϸЮжϬᾧ ΰθ πχםᾓϬ

“Μʼ ΰθ ӡ χ Ὧτḩΰο βϥάρϬꜘβʽ 

͏ πψʼ ͎ π ϓθ︣ Ϭם Τϣ ΰʼζχ ρ ├τνΜο

βϥʽήϣτם∑χ ḕẽϬ ΰοʼ Ϭ︣π ⱱΰθ ›χםᾓτϢμοὓ

ρὓ ⱲḧΥʼ ͎ π ΰθ ὯϬ θβάρϬꜘβʽ 

Ωῇτ ͐ πψʼ ͎ π ӛΰθ ӡ︣ ρϸЮжϬᾧ ΰθ ›χםᾓʼζΰο

͏ χϸЮжϬ︣π ⱱΰθ ›χםᾓτϢϤ ϣϦθ ᴮϬ ᶧΰʼ₈ῇχᴿ Ϭ

ϓϥʽ 
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1    

Figure 1 Overview of the paper. 



2  ╩ ™√  11 

 

2  ᴦ♪Ί Ϭ Μθᴒ ӡ ꜠ 

1 π ϓθρΣϤʼ χᴒיּ“ ӡψкЩАЕ ῈρψӰσϥ Ὧπ ήϦϥ

άρΥ ήϦϥʽζάπ πψʼ χᴒיּ“ ӡϬ“Ξ π ρ―ΠϣϦϥΜΨ

νΤχ ὯϬ ΰʼᴦ♪Ί Ϭ ΰοάϦϣχ ὯϬ βϥθϛχЄІГЭ 

τνΜο ϓʼἇ σӡ ὓ ︣ τνΜο βϥʽ 

2.1 ꜠χ Ὧρ   

άάπψʼᴦ♪Ί ϸЮж (Visible Light Communication Camera̓ ӟᴞʼVLC ϸЮж)

τϢϥІЪАЕ ӡϬ“Ξ∑τ θβϓΦ ὯϬꜘΰʼ ὯϬ βϥθϛχ  τνΜ

οἇ τ ϓϥʽ 

2.1.1 ꜠χ Ὧ 

꜠ψⱳχ ὯϬ θβάρϬ― ΰο  βϥʽ 

 ᴒ τжрЖЫ˔ϼϬ ΰοϜὂḢτ Ϭ ασΜάρʽ 

 “ ΰσςτḩΰο χӪיּ χ ӃΥ Ӭσάρʽ 

 ᵫ◐ЩЌрϬᴃβρΜνπϜ χІЪАЕ ӡΥπΦϥάρʽ 

ם  σⱲḧ τὓ ὫᴮΥ ϣϦϥάρʽ(1 ӟ Ϭ ρβϥ) 

 ЗРϿ˔Єдрτ ῟σ πὓ πΦϥάρʽ 

(ӡ 10 cm ʼ ӡᶑΣϢόỔᶑ 10̃ Ϭ ρβϥ) 

 χ πΜνπϜ Ⱳτ πΦϥάρʽ 

ם  σЀІЕπ πΦϥάρʽ 

ᶆ ὯϬ θβθϛχ ├Ϭӟᴞτ ϓϥʽ 

2.1.2 ӛ ꜠χ   

жрЖЫ˔ϼρΰοψᴒ ḕẽτӸ ḇσΨ ᴦ σ ἷ LED Ϭ Μʼ

жрЖЫ˔ϼχ꜡ τΊ τϢϥᴦ♪Ί Ṫ Ϭ⅜ βϥʽζχὫᴮʼᵊ π

жрЖЫ˔ϼΥΩ 1 ᵊ ╖ֲπΦϦω꜡ Ѐ˔ЖϬ ‹πΦϥʽἇ τψʼậḴйр

Ї ΦϸЮжπῲ Ӥτ︡ ΰθжрЖЫ˔ϼχӡ ρ꜡ Ѐ˔ЖτϢϤʼ χӡ ρ

◒ Ϭ‰ τ︡ βϥάρΥπΦϥʽϘθʼ Ṁἇψζχ ІЧ˔ІϞ ᾛΥṌτ
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ᶎ ήϦοΣϤʼ ṁ τṁξΜο ήϦοΜϥʽζχθϛʼ ṀἇϬ

ἷ LED ϒῖḊβϥάρψ ӬπΚϤʼ ╛σ  χ ἷ῝Ặ☼ χᴒ χςάτΜ

οϜὓ ᴦ πΚϥʽ 

ⱳτʼὓ ḕẽτνΜο ϓϥʽϘγᴒ Ἃḧ χ ṀἇϬӡ ὓ χ χжр

ЖЫ˔ϼρΰο βϥʽήϣτʼᶆжрЖЫ˔ϼχἋḧ℅ ρ ID ϬΚϣΤαϛὓ

τ ΰοΣΨʽ Ὧ χθϛжрЖЫ˔ϼτψᴒ πԁ τ ΜϣϦϥ LED Ϭ

ΜϥʽϘθʼϸЮжπ╖ֲΰθᵊ χжрЖЫ˔ϼϬᾤˑτ꜡ πΦϥϢΞτʼΜΨν

ΤχжрЖЫ˔ϼψᴦ♪Ί τϢϥ ID Ϭ βϥ ꜠χṀἇϬ Μϥ [23]ʽϘθΊ

χ Ϭ 10%ρβϥάρπ ʼID τϢϥκϣνΦχ ᶐχ ♁Ϭ“μοΜ

ϥʽ Ίχ σςχבּ ›τψϱЮ˔ЅЈрЂχ Υ―ΠϣϦϥΥʼ χᴒ

ḕẽπψᵰΊτ ΰο βϥάρψσΨʼID ‹χ τϢϤжрЖЫ˔ϼΤςΞΤχ

Υᴦ πΚϥʽ 

ⱳτʼὓ τνΜο ϓϥʽϘγ ψὓיּ ˢVLC ϸЮж ˣϬ ⱱΰο

Ϭ ωΰʼ ϸЮжΥ Τϣ Ϧθӡ πʼ ӪχЌϱЬрϽπӡ ὓ Ϭ“Ξʽάχρ

Φʼ Υיּ τ “ ΰϬЪϱрГϰрϽβϥθϛʼם∑χ “ ΰρὓ χ

ΰρχ῏₯Ϭ ήΨ ΠϥάρΥᴦ ρσϤʼ Ὧ Ϭ βϥʽ 

ӡτ► βϥὓ ψ VLC ϸЮжρᵊ ᵔ PCΤϣ  ήϦϥʽ τψ

ἷᴟΰοὀ ϞІЫ˔ЕТ϶рτם βϥὓᵊπΚϥʽϘθʼϸЮж τ χй

рЇϬ► ΰθ ›ʼᵊᶑΥᾢ ήϦϥθϛжрЖЫ˔ϼᾁ┤Ⱳτ ΥϸЮжϬיּ Τ

β ΥΚϥʽζάπ ψיּ VLC ϸЮжτ♪ ᶑ 180̃ χậḴйрЇϬ ΰʼ1

πχ╖ֲπῲᶑχᵊ ︡ Ϭ“Ξʽ  

νΧτʼжрЖЫ˔ϼ χ℅ ρжрЖЫ˔ϼχםἋḧ℅ Ϭḩ Ϊϥ ꜠ϬẐϛʼ

ἹΩ τϢϤϸЮжχӡ ʾ◒ ОжЮ˔ЌϬẐϛϥʽ Ӫχὓ π 3 ᾤӟ

χжрЖЫ˔ϼΥϸЮжχ♪ τ ϥḕẽπΚϦω Ὧ Ϭ θβάρΥπΦϥ [24]ʽ 

Ὧ ʼ τḩΰοψᵊ χᵔ χֲốΥ ΦΜʽᵔ ψ ρὓ Ⱳḧτ χ

ֲốϬ Πϥχπʼ σᵔ Ϭ ΰ ρ Ϭ ήδϥ ΥΚϥʽϘθʼ Ὧ

τνΜοʼ ꜠ψḁ τ ꜠χὓ Ϭ βϥθϛʼ ԁḕẽ πϜ χ

Ϭ Ⱳτ ᴦ πΚϥʽ 

Ὧ τνΜοψʼ ṀἇϬжрЖЫ˔ϼρΰο βϥθϛʼ χ LED Р˔Ѐр

Ϭ ᴥπ βϥ ΥσΨʼ ⱲχẨ ᴦτḩβϥ Ϝ ρσϥθϛϱрТж
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χЀІЕϬ Ψ ΠϥάρΥπΦϥʽϘθʼṌτ ἷ LED ЍϳржϱЕϜᵫ ήϦ

οΣϤʼάϦϣϬ ▀ᴟβϥάρτϢϤʼ τψ ὯϬ βϥρ―ΠοΜϥʽ

ἷ LED Ϭ 2τꜘβʽ 

 

  

  

 (a)  (b) ᴞ   

 (a) The upper part. (b) Light-emitting part. 

 

 

(c) ם∑χ  

(c) An example of usage. 

2 ἷ LED  (NNNH73072K) 

Figure 2 VLC LED light. 
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2.2 ᴦ♪Ί ꜠ρ VLC ϸЮж 

πψ ӛ ꜠π βϥᴦ♪Ί ꜠τνΜο ΰʼήϣτᴦ♪ΊЀ˔ЖϬ

ϙ︡ϥθϛχ VLC ϸЮжτνΜο ϓϥʽάάπψʼVLC ϸЮжτϢμορϣΠθᵊ

Д˔ЌρṠ ᴟ ἹД˔ЌΤϣᴦ♪ΊЀ˔ЖϬ ϙ︡ϤʼжрЖЫ˔ϼχ ID Ϭ βϥ

τνΜο βϥʽ 

2.2.1 ᴦ♪Ί ꜠ 

︣ πψᵊ χ℅ ︡ χ ӬήϬ― ΰʼᴒ τ ήϦοΜϥ LED Ϭ

жрЖЫ˔ϼρΰο► βϥʽᾤˑχжрЖЫ˔ϼϬ꜡ βϥθϛτʼᴦ♪Ί ꜠τ

ϢϤ LED χΊτᾧ χ ‹ (ӟᴞʼID) ϬḯϚДЅЌи ‹Ϭ ΰο βϥʽά

άπψʼ ᾅ [23]τꜘβЧϱк˔ЖϬ 128bitΤϣ 256bitτ  ΰθϜχϬ► βϥʽΊ

χ Ϭ 10%ρβϥάρπʼID τϢϥκϣνΦχ ᶐϬ ♁βϥʽ ‹

ψФзϯрУи (12bit)ʼТй˔ЭЌϱФ (16bit)ʼЧϱк˔Ж (256bit)ʼCRC (Cyclic 

Redundancy Check, 32bit)χ 4νχгИАЕΤϣ  ήϦϥˮID Тй˔Э˯ρσμοΣϤʼ

4PPM ꜠π ‹ᴟήϦοΜϥʽID Тй˔Эχ bit ψ 316 bitπΚϤʼ 9.6 kbps

π 33 ms ṍπἣϤ ΰ ΰ Ϊϥʽ͐PPM ꜠χ ‹Т϶˔ЫАЕρ ID Тй˔Эχ

Д˔Ќ  ϬζϦηϦ 3ʼ 4τꜘβʽ 
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3 4PPM ꜠χ ‹Т϶˔ЫАЕ 

Figure 3 Signal format of 4PPM. 

 

 

4 ID Тй˔Эχ   

Figure 4  ID frame data structure. 
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2.2.2 VLC ϸЮж 

VLC ϸЮжψʼ χᵊ ︡ Ṑ χ τ Ӫτ◙ ΰθ ᵊ χṠ йЦиχⱲḧ

ᴟϬ‰ τ︡ βϥṐ Ϭⱱν σϸЮжπΚϥʽVLC ϸЮжψϱЮ˔ЅЈрЂρ Ὲ

χ FPGA π  ήϦϥʽάάπʼϱЮ˔ЅЈрЂτψ BV4MK ρ BV2MK (Brainvision 

Inc.)Ϭ Μθʽᵔ ψζϦηϦ 128˷ 120ᵊ ρ 256˷ 240ᵊ πʼᶆᵊ ψЯЛϼк 8bit

π ήϦϥʽήϣτᴦ♪Ί χ ῈϬ“ΞάρτϢϤ Ӫτ℅ ◙ ΰθᵊ χṠ

йЦиχⱲḧ ᴟϬ ἹД˔Ќρΰο︡ βϥάρΥπΦϥʽṠ χЂрФзрϽψ

20.8ɛṡ 52ɛs (48kHż 19.2kHz) χḧπ πΦʼ ‹ 1bit θϤ 2 ЂрФи πΦϥ

19.2kHzχ ›ψ ⱲτḢ πΦϥᵊ ψ BV4MK πΩ 4 ᵊ πΚϥʽ︡ ΰθᵊ

Д˔Ќρ ἹД˔ЌψζϦηϦ FPGA χᵊ НАТϮ 16kBρ ἹНАТϮ 16kBτ

ήϦϥʽVLC ϸЮжρ PCḧψ USB πΚϥʽ 

ⱳτʼӡ ὓ χ τνΜο ϓϥʽὓ Ⱳψʼ Υיּ“ κ♁ϘϤʼVLC ϸЮжϬ

ⱱΰσΥϣ Ϭ ωΰοʼйрЇχΊ꞊ΥσϥϓΨ ϬΰΨϢΞτΰο “ ΰϬ◙

ΰὓ ᵫ◐ЩЌрϬᴃβʽςχὓ πϜ ӻτ︡Ϥ Ϊθ 3 ᾤӟ χжрЖЫ˔ϼΥ╖

ֲήϦϥϢΞῲ♪ ᶑχậḴйрЇϬ βϥρρϜτжрЖЫ˔ϼϬ τ βϥʽ

ậḴйрЇψ ẩ ֲבּ ꜠χ FI-19 (FIT Corp.)Ϭ Μθʽ PCπψʼVLCϸЮжπ

︡ ΰθᵊ ΤϣжрЖЫ˔ϼχΊ ℅ Ϭ ϙ︡ϥρ Ⱳτ︡ ΰθṠ йЦиχ Ἱ

Д˔ЌΤϣжрЖЫ˔ϼΥ βϥ ID Ϭ ϙ︡ϥʽPCτψжрЖЫ˔ϼχ ID ρм˔иЖ

℅ χ ᴂ Ϭ ӪΰʼжрЖЫ˔ϼχᵊ χ℅ ρἋḧ χӡ Ϭ ᴂ Ϊοӡ ʾ

◒ ϬẐϛϥʽPCτψ Latitude e5530 (Dell Inc., Core i5 2.50 GHz)Ϭ Μθʽ 

2.2.3 ID ︡  

ὓ ᵫ◐ЩЌрϬᴃβρʼϸЮжψṠ ᴟϬṜ ΰθ ἹД˔Ќρ͍ χᵊ Д˔Ќ

ϬНАТϮτṜ ΰ PCτ βϥʽᵊ Ϭ 2 ᴟΰοΊ χ ρἹ πжрЖЫ˔ϼ

χῙ Ϭ ΰʼᶆΊ χ ϬжрЖЫ˔ϼ Ῑ χᵊ ℅ ρβϥʽΊᾛᾁ

Ϭ 5 τꜘβʽ῏₯Ϭ ᾚβϥθϛʼ ℅ ψЂУСϼЈи ӡπ▄ βϥʽ ℅

ψӟᴞχ꜠πὓ▄βϥʽ 

ὢȟὣ
ρ

ὲ
ὼȟ
ρ

ὲ
ώ  

(1) 

άάπʼ(xj, yj) ψ i χΊ χ j χСϼЈиχϱЮ˔Ѕ℅ Ϭ ΰ, nψ i χΊ
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χСϼЈи Ϭ βʽ 

άάπψʼϘγὓ τựΜжрЖЫ˔ϼϬ ϐάρρʼζϦϣжрЖЫ˔ϼχβϓο

Υ τựΜ τ ϐάρΥσΜϢΞτ ϐάρΥ πΚϥʽᴒ πψ τựΜж

рЖЫ˔ϼϕςϸЮжρχẩ ΥựΨὓ ῏₯Υ σΜρ―ΠϣϦϥχπ,ᵊ χΊ꞊

τựΜ τῙ τ ӡϬ Ϊʼ ӡτ μοάϦϣχ Ὧτ ›βϥжрЖЫ˔ϼϬ 4

ᾤ βϥˢVLC ϸЮжχ Ἱ Ⱳ︡ χ τϢϥˣ̔ ⱳτʼάϦϣχᵊ ℅ Ϭ

VLC ϸЮжτ μοṠ ᴟ ἹД˔ЌϬ︡ ΰ PC ϒ βϥʽάάϘπϬ ṍЂϱϼ

иρβϥʽⱳχЂϱϼиπψʼ4ᾤχ ‹Ḣ χṠ ᴟΥЂрФзрϽήϦʼζϦη

Ϧχ ἹД˔ЌΥНАТϮτṜ ήϦ PCϒ ϣϦϥʽ 

ⱳτʼ ‹ τνΜοḛ τ ϓϥʽάάπψʼ ϣϦθ ἹД˔Ќχӱ ỡϬ

ρΰθ ᴟ Ϭ“Ξʽήϣτ ᴟήϦθРАЕ τ ΰʼ ᾅ [23] [25]τ ϓϣ

Ϧθ ‹ ꜠τ Μ ID  (16byte) Ϭ︡ βϥʽPC τψΚϣΤαϛжрЖЫ˔ϼχ ID

ρм˔иЖ℅ χ ᴂ Υ ӪΰοΚϥθϛʼ ΰθ ID Ϭ βϥάρπʼζχжрЖ

Ы˔ϼχᵊ ℅ ρἋḧ℅ Ϭ ᴂ ΪϥάρΥπΦϥʽ 
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(a) HDϸЮжτϢμο╖ֲΰθ 

ӻᵊ  (ϸж˔) 

(a) Color image taken by the HD camera 

 

(b) VLCϸЮжτϢμο╖ֲΰθ 

ӻᵊ  (ЯЛϼк) 

ϥΜ ΥжрЖЫ˔ϼϬ ΰοΜϥ 

(b) Gray scale image taken by the high-speed 

fish-eye camera 

 

(c) (b)Ϭ͎ ᴟΰθᵊ  

͎ ᴟτϢϤᵊ χжрЖЫ˔ϼχϙϬ

βϥ 

(c) Binary image 

 

(d) (c)χᶆ ӽχ ϬẐϛϥ 

x, yζϦηϦχ℅ χ›ὓϬСϼЈи

π ▄βϥάρπЂУСϼЈи ӡχ

π ᾁ Ϭ“Ξ 

(d) Center of gravity 

5 Ίᾛᾁ  

Figure 5 Landmark detection. 
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2.3 ὓ  

VLC ϸЮжτϢμο ϣϦθᵊ Д˔Ќρ ἹД˔ЌΤϣϸЮжχӡ ρ◒ Ϭὓ β

ϥʽ πψʼϘγὓ τ Μϥ℅ ὉϬ Ṱΰʼм˔иЖ℅ ρϱЮ˔Ѕ℅ χ ᴂ

Ϭ‰ϛϥθϛχϸЮж ОжЮ˔ЌχϺазУй˔ЄдрϬ“ΞʽⱳτʼжрЖЫ˔

ϼχм˔иЖ℅ ρϱЮ˔Ѕ℅ χ ᴂḩἰΤϣ ꜠Ϭ ΰʼΩ τϢϤựⱨ

ᵔϬẐϛϥάρπϸЮжχӡ ʾ◒ Ϭ▄ βϥ τνΜο ϓϥʽ  

2.3.1 ℅ Ὁ 

жрЖЫ˔ϼχḕẽ χӡ ρϸЮжᵊ πχӡ Ϭ βθϛτʼм˔иЖ℅ Ὁρ

ϸЮж℅ ὉϬ Ṱβϥʽ 6τ 2νχ℅ ὉχḩἰϬꜘβʽ 

  м˔иЖ℅ Ὁ (Ow-XwYwZw) 

χ 1 Ϭᾖ Owρΰʼ ρ “τ XwYw ʼ τ Zw꞊Ϭ βϥʽ  

 ϸЮж℅ Ὁ (Oc-XcYcZc) 

ϸЮжχ ֲᾖ Ϭ OcρΰʼΊ꞊ ZcϬ ΰΦʼ Υ◙ΰꜘβיּ ΰϬ Yc꞊τ β

ϥʽϘθʼXcʼYcʼZc꞊ϘϩϤχᵕ ᶑϬζϦηϦ Ŭ, ɓ, ɔρβϥʽм˔иЖ℅ τΣΪϥ

OcπϸЮжχӡ Ϭ ΰʼŬ, ɓ, ɔπϸЮжχ◒ Ϭ βάρΥπΦϥʽ  

2.3.2 ϸЮжϺазУй˔Єдр 

♪ ᶑ ππΦϥιΪỡԁσᵊ ᵔ Ϭ ϥθϛʼậḴйрЇψ ẩ ֲבּ ꜠ 

ḩֲבּ) r=fɗ̓ ẩ f) Ϭ⅜ βϥʽἋḧρϸЮжᵊ χ ᴂ Ϭ‰ϛϥθϛʼΚϣ

ΤαϛἆἹϣχ︣ τϢϤϸЮжχ ОжЮ˔ЌχϺазУй˔ЄдрϬ“Ξ [26] [27]ʽ

ἇ τψʼ4 χОжЮ˔Ќ ( ẩ fʼΊ꞊ ℅  (Ocχᵊ ℅ )ʼf ρ╖

◓χ Φήχ ΣϢό ϙОжЮ˔Ќ) ϬϺазУй˔ЄдрπẐϛϥʽ 

2.3.3 ӡ ʾ◒ ὓ  

ΚϥжрЖЫ˔ϼχᵊ χ℅ ρм˔иЖ℅ ρχḩἰϬ 7 τꜘβʽжрЖЫ˔ϼ

Υм˔иЖ℅ Pwi (xwi, ywi, zwi)τΚϥρΦʼPwiρ ֲ OcϬὫϭι ψϸЮж℅

χ ֲẔ ρ Psi (xsi, ysi, zsi)πῖϩϥʽậḴᵊ χ Pfi (xfi, yfi)τжрЖЫ˔ϼΥΚϥ

›ʼPfiτ ᴂβϥẔ χ PsiϬ βỔᶑ ɗ̓ ᶑ űψʼ ẩ ֲבּ ꜠χậḴйрЇ

χ τϢϤζϦηϦӟᴞχϢΞτσϥʽ 
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— ὼ ώȾὪ 

• ÁÔÁÎ ώȾὼ  

(2) 

(3) 

Ẕ χ Psi (xsi, ysi, zsi)ψʼỔᶑ ɗʾ ᶑűϬ ΜοӟᴞχϢΞτ βάρΥπΦϥʽ 

ὼ ὪÓÉÎ—ÃÏÓ• 

ώ ὪÓÉÎ—ÓÉÎ• 

ᾀ ὪÃÏÓ— 
(4) 

Pwi, Psi, Ocχ͏ Υ τΚϥθϛʼẶ ὯϢϤʼ1νχжрЖЫ˔ϼϬ꜡ βϥά

ρπӟᴞχ 2꜠Υ Ϥ νʽ  

ὼ ᾀ
ά ȟ ὼ ὼ ά ȟ ώ ώ ά ȟ ᾀ ᾀ

ά ȟ ὼ ὼ ά ȟ ώ ώ ά ȟ ᾀ ᾀ
 

ώ ᾀ
ά ȟ ὼ ὼ ά ȟ ώ ώ ά ȟ ᾀ ᾀ

ά ȟ ὼ ὼ ά ȟ ώ ώ ά ȟ ᾀ ᾀ
 

(5) 

(6) 

άάπʼx, y, zψм˔иЖ℅ χϸЮжχӡ ʼmi,jψᵕ “ Mχ πΚϥʽ 

ὓ

ά ȟ ά ȟ ά ȟ

ά ȟ ά ȟ ά ȟ

ά ȟ ά ȟ ά ȟ

 (7) 

 

ά ȟ ÃÏÓÃÏÓ 

ά ȟ ÃÏÓÓÉÎ 

ά ȟ ÓÉÎ 

ά ȟ ÓÉÎÓÉÎÃÏÓ ÃÏÓÓÉÎ 

ά ȟ ÓÉÎÓÉÎÓÉÎ ÃÏÓÃÏÓ 

ά ȟ ÓÉÎÃÏÓ 

ά ȟ ÃÏÓÓÉÎÃÏÓ ÓÉÎÓÉÎ 

ά ȟ ÃÏÓÓÉÎÓÉÎ ÓÉÎÓÉÎ 

ά ȟ ÃÏÓÃÏÓ 

(8) 

1νχжрЖЫ˔ϼϬ꜡ βϥάρπ ОжЮ˔Ќ 6ν (x, y, z, Ŭ, ɓ, ɔ) Ϭⱱν 2꜠ΥẐ

ϛϣϦϥθϛʼ3 νӟ χжрЖЫ˔ϼϬ꜡ πΦϦω꜠ϬᵔΨάρΥπΦϥ [24]ʽẶ

ὯΤϣẐϛθ 2 ꜠ψ Ἱ Ϭⱱνθϛʼ ἹΩ χԁ πΚϥ Levenberg-

Marquardt  (ӟᴞʼLM ) τϢϤΩ ᵔϬẐϛϥ [28]ʽ 
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6 м˔иЖ℅ ρϸЮж℅  

Figure 6 World coordinates and camera coordinates. 

 

7 жрЖЫ˔ϼχậḴ℅ ʼ ♪ ֲ℅ ʼм˔иЖ℅  

Figure 7  Fisheye image coordinates, perspective projection coordinates and world coordinates of 

a landmark. 
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 ᾓם 2.4

ӛ ꜠Υ ӡ χ π ὯϬ βϥάρϬꜘβθϛʼם∑τ ἷ LED Υ

ήϦθḕẽτΣΜοὓ ᾓτϢμοםᾓϬ“Μʼם ϣϦθὫᴮτνΜο ᴣβϥʽ

τʼ ӡτậḴϸЮжϬ►Ξ ꜠χ▫ йрЇχ ϙτϢϥ῏₯Υ ΪϣϦσΜʽζ

άπʼ ОжЮ˔ЌχϺазУй˔Єдрχ τϢϥ ӡ χ ᶓϬ“Ξʽάχם

ᾓπψ ◓ᴟ῏₯ ᾚχθϛʼᵔ χ‰Μ BV2MK (256˷ 240ᵊ )Ϭ βϥʽ 

ᵊם 2.4.1 τϢϥ ӡ 

ᾓḕẽϬם 8 τꜘβʽ ӡ жрЖЫ˔ϼτψ LED ЍϳржϱЕ (NNN62022-CF-K, 

NNNH73072K, Panasonic Corp.) Ϭ ΜθʽḮԊΥ ήϦοΜϥ LEDπΚϤʼζχΞκχ

6ᾤ (LED3, 5, 6, 7, 9, 10) Ϭ ΰʼVLC ϸЮжτϢμο╖ֲΰθᵊ τṁξΜοӡ ὓ

Ϭ“Ξʽ τ˷Ԋπꜘΰθ 50cmḧᶖʼ24Τ χὓ π‰ή 90cmχӡ τ VLC ϸ

ЮжϬר ΰΦτ ΰοӡ ὓ Ϭ“Μʼὓ Ὣᴮρם∑χϸЮж ӡ ρχ῏₯

Ϭὓ βϥʽ 
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(a) LED Ȼ Ɂ  

(a) Arrangement of LED lights and measuring points (MPs) 

 

(b)  

(b) Enlarged view of measuring points 

8 1  

Figure 8 Experimental environment 1. 
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1 ậḴϸЮжχ ОжЮ˔Ќ 

Table 1 Internal parameters of the fish-eye camera. 

Parameter Meaning Value 

Cu x coordinate of the optical axis 127.747 

Cv y coordinate of the optical axis 123.002 

Ku Focal length in x direction 119.489 

Kv Focal length in y direction 118.250 

k1 

Distortion parameter in radius direction 

0.199378 

k2 -0.198875 

k3 0.007907 

k4 0.031440 

g1 

Distortion parameter in circumference direction 

0.003967 

g2 0.025867 

g3 -0.011513 

g4 -0.038454 

   

 

(a) HD◌ⱷꜝ⌐╟╢◌ꜝכ  ( ) 

(a) HD image 

 

(b)  

⌐ VLC◌ⱷꜝ≢ ⇔√  

(b) Experimental image 

 

(c)  

8─ LED ≤◌ⱷꜝ ╟╡

╘√◦Ⱶꜙ꜠כ◦ꜛfi ─  

(c) Pseudo image 

9 ὓ MP1πχ╖ֲᵊ  

Figure 9 Images taken at the MP 1 measuring point. 
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ᵊם 2.4.2 ϺазУй˔ЄдрτϢϥ ӡ 

ᵊם τψйрЇχ ϙτϢϥ῏₯ΥḯϘϦϥάρΥ ήϦϥθϛʼ ОжЮ˔Ќ

χϺазУй˔ЄдрϬ“μθ ›ρ“ϩσΜ ›π ӡ Ϭ ᶓβϥʽϺазУй˔

ЄдрτϢμο ϣϦθᶆОжЮ˔ЌϬ 1 τꜘβʽ 1 τꜘβОжЮ˔ЌϬ Μοжр

ЖЫ˔ϼχᵊ ℅ χ Ϭ“ΜʼάχρΦχ ӡ῏₯ϬϺазУй˔ЄдрῇχםᾓὫ

ᴮρΰο βϥʽ 

2.4.3 Ṯⱨᵊ Ϭ Μθ ӡ 

ӡ τ ΰοχϺазУй˔Єдрχ῟ᴮϬ ϓϥθϛʼйрЇ ϙΥ Μ ›χ

ӡ ϬЄЬвй˔ЄдрτϢμοẐϛϥʽἇ τψʼὓ τ VLC ϸЮжϬ

ΰθⱲχᶆ LED χᵊ πχӡ Ϭὓ▄τϢμοẐϛʼBV2MK ρ αᵔ χᴠ σ

2 χṮⱨᵊ Ϭ ΰοӡ ὓ Ϭ“Μʼםᵊ χ ›ρ τ῏₯Ϭ ᴣβϥʽ 9τ

ὓ MP1πχםᵊ ρṮⱨᵊ χ ᶓϬꜘβʽ 9 (a)Υ HDϸЮжπχ╖ֲᵊ ʼ(b)Υ

BV2MK πχ╖ֲᵊ ʼ(c)ΥЄЬвй˔ЄдрτϢμο ϣϦθṮⱨᵊ πΚϥʽ 

2.5 Ὣᴮ 

10 τ ὓ χ πχὓ ὫᴮϬ φ›ϩδθϜχϬꜘβʽϘθʼ 11 τ

ὓ πχ῏₯χΩ ʼ ỡʼ ₯Ϭ ʼ ΰζϦηϦꜘβʽйрЇχ ϙχ

σΜṮⱨᵊ Ϭ Μθ ›ʼ ῏₯ρϜτ 5cm ӟ τ ϘμθʽϺазУй˔Єдр

σΰχ ›χΩ ῏₯ψ ΰʼ ΰζϦηϦπ 15cm̓ 20cm ρσμθʽϺазУ

й˔ЄдрΚϤχ ›τψ ʾ ΰρϜτ 10cmӟ ρσϤʼйрЇ ϙχσΜ ›

χὫᴮτựΜὫᴮρσμθʽйрЇχ ϙχֲốτϢϤ ΦΨ x χ χ ΰτωϣνΜο

Μθ ӡὫᴮΥʼϺазУй˔ЄдрϬ“Ξάρπ ΰ῏₯Υᾚ βϥ ◓Υ 10ϢϤ

ᶎ ήϦθʽ 
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11 ӡ῏₯ 

Figure 11  Positioning errors. 

 

10 ὓ πχ῏₯ 

Figure 10  Positioning error of all measuring points. 
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2.6 ―╔ 

10 ϢϤʼ ОжЮ˔ЌχϺазУй˔ЄдрϬ“Ξάρπʼ ӡὫᴮχωϣνΦΥ

ΠϣϦοΜϥάρΥϩΤϥʽάχάρΤϣ ᾅ [26] [27]χϺазУй˔Єдр︣ χ

῟ Ϭᶎ πΦθʽԁ πʼ ӡὫᴮΥ τΖ꞊ χ ΰϒЄТЕΰ ὓ ῏₯Υ

αοΜϥʽάϦψʼϸЮжχᵔ Υ 256˷ 240ᵊ ρ ᶓ ΨʼϺазУй˔Єдр

τֲốΰοΜϥθϛρ―ΠϣϦϥʽ₈ῇ‰ ϱЮ˔ЅЈрЂχᵔ Υΰ βϥάρπ

ϺазУй˔Єдрχ Ϝᵠ ήϦʼ₈ᵕ ΰΦϦσΤμθ῏₯Ϝ κ βάρΥπ

Φϥρ―ΠοΜϥʽνξΜο 11ϢϤʼṮⱨᵊ Ϭ ΜθЄЬвй˔ЄдрπψΩ 3cm

χ῏₯Υ ήϦθʽάχάρΤϣʼ256˷ 240 ᵊ χϸЮжχ ›τψйрЇχ ϙ

τϢϣσΜϱЮ˔ЅЈрЂᵔ χ ◓ᴟ῏₯χֲốΥ 3cm ∕βϥᴦ ΥΚϥʽάά

πʼ ОжЮ˔ЌχϺазУй˔Єдрσΰχםᵊ τϢϥ ӡπψ 15cmӟ χ῏₯Υ

ΰθΥʼϺазУй˔ЄдрϬ“Ξάρπʼ πΚϥ῏₯ 10cmӟᴞχ ӡΥᴦ π

ΚϥάρϬᶎ ΰθʽ 

2.7 Ϙρϛ 

2 πψϘγᴒ “ӛ τΣΜο ρσϥ 7 ὯϬꜘΰθʽνξΜοʼ ὯϬ

θβθϛχᴦ♪Ί Ϭ ΰθЄІГЭ  ρ ӡ ꜠χ ӛϬ“μθʽἇ τψʼ

ӡ жрЖЫ˔ϼρΰο LED Ϭ ΰʼ Υὀיּ βϥὓ ρχḧπᴦ♪Ί

Ϭ“ΞθϛʼϸЮжτψ‰ ϱЮ˔ЅЈрЂϬ ΰʼжрЖЫ˔ϼΤϣ ήϦϥ

ID Υ ᴦ σ VLC ϸЮжϬᵫ ΰθʽάάπʼVLC ϸЮжτψậḴйрЇϬ ΰʼ1

ᵕχὓ ππΦϥιΪ χжрЖЫ˔ϼϬᾁ βϥ ꜠Ϭ Μθʽⱳτʼᵊ χ LED

ρΚϣΤαϛὓ ΰθ LED χм˔иЖ℅ Ϭḩ Ϊϥ ꜠Ϭ LM πᵔΨάρ

π VLC ϸЮжχӡ ρ◒ ϬẐϛϥʽṮⱨᵊ τϢϥЄЬвй˔Єдрπψʼ ӻχ‰ή

3mπ 256˷ 240ᵊ χϸЮжϬ ΰθ ›χ ◓ᴟ῏₯χֲốΥ ӡ῏₯ρΰο 3cm

∕βϥάρΥᶎ πΦθʽϘθʼםḕẽπ VLC ϸЮжϬᾧ ΰθםᾓϬ“Μʼ

ОжЮ˔ЌϺазУй˔ЄдрτϢϤ ЄІГЭΥ ρβϥ῏₯ 10cmӟᴞπχᴒ ӡ

Υᴦ ρσμθʽ 
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3  ṍӡ ρжрЖЫ˔ϼ ID  

2 πψʼᴒ ӡπ ρ―ΠϣϦϥ ὯϬ ΰʼζϦϣϬםᾝβϥθϛχᴦ♪

Ί τϢϥ VLC ϸЮжχӡ ʾ◒ ὓ τνΜο ϓθʽζάπʼ 3 πψ♪ᶐ

ᵷּיΥ Ϭ ⱱβϥ ›τνΜοʼם χḢ Τϣ Ϭ βϥʽήϣτζϦη

Ϧχ τ βϥᵠ τνΜοṳ ΰʼםᾓτϢϤζχ Ϭᶎ βϥʽ 

3.1 ӛ︣ χ  

2 π ϓθ ἹΩ τϢϥӡ ʾ◒ ὓ Ϭ︣τ ⱱΰθ VLC ϸЮжτ

νΜο ΰθ ›ʼӟᴞχϢΞσ Υ ∕βϥʽ 

 (1) ⱱΰθϸЮжϬ βϥ ›ʼ︣ ϦτϢμοᵊ χжрЖЫ˔ϼχ

ӡ γϦΥ βϥᴦ ΥΚϥʽ 

 (2) ΠϣϦθ ṍ τϢμοψʼ ἹΩ πΩ ᵔτ ΰσΜ

›ΥΚϥʽ 

 (3) πΦθΩ ᾤ χжрЖЫ˔ϼχϙϬ βϥθϛʼжрЖЫ˔ϼᾁ

Ⱳχᵊ ℅ χ ◓ᴟ῏₯ΥΩ σὓ Ὣᴮτ ΦΨֲốβϥʽ 

ζάπʼӟᴞχ Ϭ“ΞάρπάϦϣχ ϬᵔὨβϥʽ 

ᵔὨ  (1) Ⱳḧχ ᾚρжрЖЫ˔ϼ  

ᵔὨ  (2) LM ṍ χ  

ᵔὨ  (3) ự χ Ṁἇτ βϥ ID ˢӟᴞʼID ˣ 

ӟ χᵔὨ Ϭ ᴥΰθὓ ψʼ1. ID ︡ ʼ2. LM ṍ χ ʼ3. ԁⱳӡ ʾ

◒ ʼ4. ID ʼ5. ⱳӡ ʾ◒ χ πם“βϥʽ πψϘγʼ︣ Ϧχ

├ρΰοΊ ‹ Ⱳḧχ ᾚ ρжрЖЫ˔ϼ τνΜο ϓϥʽⱳτʼΩ ᾢ

χжрЖЫ˔ϼχϙϬ ΰοΩ πᶎםτΩ ᵔτ ήδϥθϛχ ṍ

τνΜο βϥʽΩῇτʼᴦ♪ΊЀ˔Жχ ⱲḧϬ ᴥήδγτ жрЖЫ˔ϼ

Ϭ Ϟΰο ◓ᴟ῏₯Ϭ ᾚβϥθϛχ ID ︣ ρ͎ⱳӡ ʾ◒ τνΜο

ϓϥʽםᾓπψ VLC ϸЮжϬ╣Ẃτᾧ ΰθ ›ρ ḧΥ ⱱΰθ ›χζϦηϦτν

Μο ӡ ρὓ ⱲḧτνΜο ᴣΰʼ ͎ π ϓθᴒ ӡπ ρήϦϥ͓ Ὧ

βϓοϬ θβάρϬꜘβʽ  
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3.2 Ⱳḧχ ᾚρжрЖЫ˔ϼ  

ⱱΰθϸЮжχ◒ ᴟτϢϤʼ χжрЖЫ˔ϼχӡ γϦΥ βϥᴦ

ΥΚϥθϛʼ1ᵕχ ‹ Ⱳḧψ ΜάρΥ ϘΰΜʽ Ⱳḧ χθϛНАТϮЂϱ

ЇϬ ID Тй˔Э χ͎ ϢϤ ήΨβϥρʼ͍ χ πḁ σ ID Тй˔ЭΥ ‹πΦ

σΜ ›ΥΚϥʽζάπʼжрЖЫ˔ϼΤϣψ ԁ ID ΥἣϤ ΰ ήϦϥάρϬ ΰ

οʼ 12 τꜘβ︣ τϢϤḁ σ ID Тй˔ЭϬ ᾕβϥʽἇ τψʼ ᴟΰθ 2 ν

χ ID Тй˔Э (Data1, Data2) χ ϬНАТϮ π Ϧ ΠϥάρπʼНАТϮχ τ

Data2χФзϯрУиΥӡ ΰʼData2χНАТϮτ ϘϣσΤμθ τḩΰοψ Data1

Ϭ ḁβϥάρπ 1 νχḁ σ ID Тй˔Эχ ᾕΥᴦ ρσϥʽζχθϛʼḁ σ ID Т

й˔ЭϬ βϥθϛτψ ID Тй˔Эχ͎ χНАТϮЂϱЇΥ ρσϥΥʼID

Тй˔Эρ αЂϱЇχНАТϮЂϱЇΥΚϦω πΚϥʽάάπψ 316 bit (632ЂрФ

и) χ ID Тй˔Эτ ΰο Ἱ НАТϮЂϱЇϬ 768ЂрФиτ ΰʼ1 ᵕχ

‹ ⱲḧϬ 40 msρΰθʽ 

  

 

12 ἹД˔ЌΤϣχ ID ᾕ  

Figure 12  ID frame segments and reconstruction process. 
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νξΜοʼϸЮжχϐϦτϢϤжрЖЫ˔ϼῙ χᵊ ℅ Υ ᴟβϥᴦ ΥΚϥ

θϛʼ βϥᵊ ḧπῙ χ ᴂ ΪϬ“Ξʽ χЂϱϼиπχжрЖЫ˔ϼῙ

ρᾝ∕χЂϱϼиπχῙ ϬϷФГϰϸиТк˔π ᴂ Ϊοʼ Ῑ χᵊ ℅ Ϭ

  βϥʽID χ Υ Ђϱϼиτ μθ ›πϜʼΩῇτ ϣϦθ 1 χᵊ χж

рЖЫ˔ϼ℅ Ϭ ΰοӡ ὓ Υ“ϩϦϥθϛʼ︣ ϦΥӡ ὓ τֲốβ

ϥάρψσΜʽϷФГϰϸиТк˔χ τψᵊ жϱУжзπΚϥ OpenCV χ

calcOpticalFlowPyrLKḩ Ϭ βϥ [29]ʽID Υ ‹πΦθῙ Ϭ A ἷжрЖЫ˔ϼρ

ᾦόʼID χ ‹τﬞ ΰθжрЖЫ˔ϼτḩΰοӟᴞχϢΞτήϣτ 2 τ βϥʽ

‹χṠ ᴟϬЎϴАϼΰʼԁ ӟ χṠ ᴟΥ ϛϣϦϥϜχψʼ ‹Υ ήϦ

οΜϥρϙσΰ B ἷжрЖЫ˔ϼτ βϥʽ ‹ ΥσΜϜχψ C ἷжрЖЫ˔ϼτ

ΰʼζϦӟχ Ϭ“ϩσΜʽ  

‹Ḣ ψΩ 4 ρΜΞ ᾢΥΚϥθϛʼ Ϛ χжрЖЫ˔ϼ ID Υ︡ πΦο

ΜσΜ ›ʼⱳχЂϱϼиπ θτ 4 χῙ Ϭ ΰ χ ϬἣϤ βʽάάπ

ψ B ἷжрЖЫ˔ϼρ ЂϱϼиϘπτ ωϦσΤμθжрЖЫ˔ϼΤϣ θσ 4 ϬῙ

ρΰο βϥʽ  

ID Ϭ︡ ΰᵊ ℅ ρἋḧ℅ Ϭ ᴂ ΪθжрЖЫ˔ϼΥ 4ᾤӟ τσμθⱲ π ID

χ Ϭ κ ϤʼϸЮжχӡ ρ◒ ϬẐϛϥʽԁⱳӡ ʾ◒ π πΦϥжр

ЖЫ˔ϼ ψ 4˙7ᾤρσϥʽ 

3.3 LM ṍ χ  

LM τϢϥΩ ᴟ ὓ▄π ΜϣϦϥ ᴣḩ ψ χộ ᵔϬⱱκʼОжЮ˔Ќ

ΥΩ ᵔӟᵰχộ ᵔτ βϥᴦ ΥΚϥʽ ꜠ψῲΜᴒ Ἃḧπχ Ϭ ρ

ΰοΜϥθϛʼΩ ᵔτ βϥθϛτψʼΩ ᵔτựΜ ṍ Ϭ LM τ ΠϥάρΥ

πΚϥʽ 

ṍ χ τψˮ Ϭ ωΰοйрЇχΊ꞊ΥσϥϓΨ ϬΰΨϢΞτΰο “

ΰϬ◙ΰοᵫ◐ЩЌрϬᴃβ˯ρΜΞ ὯϬ βϥʽάχ ὯτϢϤᵵ τ XcYc ʼ

XfYf ʼXpYp ψ XwYw τ “ʼZc꞊ψ Zw꞊τ “πʼYc꞊ʼYf꞊ʼYp꞊ψ “ ΰϬ◙

ΰοΜϥρᴠ πΦϥʽσΣʼӟχὓ▄ψậḴᵊ XfYf χ Ϭ ♪ ֲᵊ XpYpτ

ֲΰθ χ℅ Ϭ ΰο“Ξʽ 

ID Υ πΦθжрЖЫ˔ϼ Τϣʼ‰ήΥ αϜχϬ 2 ᾤ όʼζϦηϦ p1, p2ρβ

ϥʽ 13τάϦϣ 2 χ(a) ♪ ֲᵊ ℅ ʼ(b)Ἃḧ℅ ζΰο(c)2νχ℅ ὉχḩἰϬ
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ꜘβʽ 13 (b), (c)χ P1, P2ψ(a)χ p1, p2χἋḧ℅ πχжрЖЫ˔ϼ πΚϥʽXwYw

ρ XpYp Υ “πΚϥρΜΞᴠ Τϣʼ 13 (b)χ Xpô, Ypô ꞊ψ(a)χ Xp, Yp꞊χ XwYw ϒ

χ “ ֲ πΚϥʽάϦϣχ ὯΤϣʼ 6τꜘΰθ VLC ϸЮжχἱΦϬ βОжЮ˔

ЌψζϦηϦŬ=0, ɓ=0ρσϤʼ Yw꞊ρ Ypô ꞊χσβᶑΥ ӡᶑɔρ ΰΨσϥʽ 13 (a)

π Yp꞊ρ p1p2χσβᶑ ŭ1ϬẐϛʼϘθʼ 13 (b)π Yw꞊ρ P1P2χσβᶑ ŭ2ϬẐϛϥʽά

ϦτϢϤ ӡᶑψɔ=ŭ2-ŭ1πΚϥʽ 

13 (b)χ Q (Qx, Qy)ψ 13 (a)χ Opχ Zw꞊ “ ֲ πΚϤʼ ӻ ρ α‰ήτ

13 (c)χ Qô(Qx, Qy, Qz)Ϭ Ṱβϥʽ 13 (c)χ p1ô, p2ôψ p1, p2χ ӡᶑϬɔιΪᵕ ήδθ

ϜχπΚϥʽήϣτʼ p1ôp2ôχ ήϬ lpʼ P1P2χ ήϬ lwρβϥρʼ p1ôp2ôOp̾

P1P2QôπΚϥάρΤϣ ⱨ ψɤ=lw / lp ρ δϥʽp1ô, p2ôχ℅ ρ ⱨ ɤϢϤʼQx, Qy

ϬẐϛϥάρΥπΦϥʽϘθʼOcΤϣᾋθжрЖЫ˔ϼχ‰ήϬ h ρβϥρʼϸЮжχ‰

ήψ hc=Qz-h ρ βάρΥπΦϥʽϸЮж℅ ᾖ Ocρ ♪ ֲ χẩ Υ f πΚϥάρ

Τϣ h=ɤf ρσϥʽӟ χὓ▄τϢϤʼϸЮжχӡ Ϭ x=Qx, y=Qy, z=hcρẐϛϥάρΥπ

Φϥʽ 

ӟ χ π ϣϦθ x, y, z, Ŭ, ɓ, ɔϬ LM χ ṍ ρΰο βϥʽ 
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 (a)  (b) ꞉כꜟ♪  

 (a) Perspective projection coordinates. (b) World coordinates. 

 

(c) 2ᾤχжрЖЫ˔ϼχᵊ ℅ ρм˔иЖ℅ χ ᴂ 

(c) Correspondence between image coordinates and world coordinates of 2 landmarks. 

13 LM ṍ χ  

Figure 13 Derivation of initial values for LM method. 
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3.4 ԁⱳӡ ʾ◒  

ϸЮжϬ ⱱΰοὓ βϥθϛʼם∑τψ ṍ χ π Μϥ XpYp ρ XwYw Υ “

ρσϥ Ὧτ ΰʼζχγϦτϢϥ῏₯Υ αϥʽζάπʼ3.2 π ID Ϭ︡ ΰθ 4˙7ᾤ

χжрЖЫ˔ϼτ ΰο LM τϢϤӡ ʾ◒ ὓ▄Ϭ“Ξʽάχ Ϭԁⱳӡ ʾ◒

ρᾦϐʽ 

VLC ϸЮжπψʼ ΰʾ ΰχ ῟ᵊᶑΥ 120̃ ρσϥθϛʼ128˷ 120ᵊ χ

› 1 ᵊ θϤ ˶0.5̃ χ ◓ᴟ῏₯Υ αϥʽԁⱳӡ ʾ◒ πψ βϥжр

ЖЫ˔ϼ Υ σΜχπʼ ◓ᴟ῏₯τϢϥֲốΥ ΦΜʽζάπʼⱳ χ ID τϢϤ

βϥжрЖЫ˔ϼ Ϭ Ϟΰο ◓ᴟ῏₯χֲốϬ ỡᴟβϥʽ 

3.5 ID ρ ⱳӡ ʾ◒  

θσжрЖЫ˔ϼϬ ᴥβϥθϛτψ ID ︡ χθϛχ ‹ Υ ρσϤ Ⱳḧ

Υ βϥʽζάπʼ θτ ‹ Ϭ“ΞάρσΨжрЖЫ˔ϼϬ ᴥβϥ ρΰο

ID Ϭ―ӛΰθʽάάπψʼԁⱳӡ ʾ◒ ῇτʼID Ϭם☼ΰοΜσΜự χ

жрЖЫ˔ϼῙ χ ID Ϭӟᴞχ︣ π ΰʼ θσжрЖЫ˔ϼρΰο ᴥβϥʽ 

ϘγʼID ρм˔иЖ℅ χ ᴂ χ Τϣʼᵊ χжрЖЫ˔ϼ ρ ᴂ ΪϣϦοΜ

σΜʼID:A ϬⱱνжрЖЫ˔ϼϬԁν ΰʼάχм˔иЖ℅ Ϭ PwA ρβϥʽԁⱳӡ

ʾ◒ πβπτὓ▄ↄϙχϸЮжχӡ ʾ◒ ОжЮ˔ЌϬ ΰοάχжрЖ

Ы˔ϼχϸЮж ֲẔ χ PsA χ℅ ϬẐϛϥʽνΧτ꜠(4)(5)(6)ϢϤʼ ֲᾖ Τϣ

PsAϒχỔᶑ ɗʾ ᶑ űϬẐϛϥʽ Μο꜠(2)(3)ϢϤʼᵊ πχ ֲ℅ PfAϬẐϛϥʽ

ζΰοם∑χ╖ֲᵊ χʼPfAτΩϜựΜжрЖЫ˔ϼ Ῑ L τ ΰο ID:A Ϭ ᴂ

Ϊϥʽӟ χ ϬʼжрЖЫ˔ϼ ρχ ᴂ ΪΥήϦοΜσΜ ID Ϭⱱν οχм˔и

Ж℅ τḩΰο ⱳ βϥʽID Ϭ ᴂ ΪϥάρΥπΦθжрЖЫ˔ϼϬ ο ΰʼ

LM τϢϤӡ ʾ◒ ὓ▄Ϭ“ΜʼάχὫᴮϬ ⱳӡ ʾ◒ ὫᴮρΰοṜ βϥʽ 

 ᾓם 3.6

ᴞᵹπχ Ϭ ΰʼ‰ή 3m χםᾓḕẽ 1 ( ᶣ ᶘ Ῥ 1ᵬχᴦ♪Ί

ФжАЕТ϶˔Эʼ 14 (a)) πםᾓϬ“μθʽ 15ψḕẽ 1 χ πʼм˔иЖ

℅ ᾖ Owρ Xw꞊ʼYw꞊Ϭ τ ΰθʽ 15 χ 20ᾤχ˷Ԋψὓ  (Measuring 

Point, MP1̇ MP20)Ϭ ΰοΜϥʽϘγʼ ᴦ σжрЖЫ˔ϼ ΥᾢϣϦϥ ∑πχὓ
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Ϭ ΰθḕẽ χ MP1̇ MP4 Ϭ βϥʽⱳτʼ ρβϥ 10cmπχὓ

Ϭᶎ βϥθϛ MP5̇ MP20Ϭḕẽ ựχ 20cmχ ᶊ◓ῖ τ βϥʽ Υὓ

Ϭ ⱱΰο βϥάρϬ ΰʼ Τϣχὓ χ‰ήϬ 1.30m ρβϥʽ#2̇

#25Ϭ ΰθ 24 ᾤχ ψ ӻτ ΰθжрЖЫ˔ϼπΚϥʽ‰ήΥӰσϥжрЖЫ˔ϼ

πϜὓ πΦϥάρϬᶎ βϥθϛʼ2 χ‰ήχжрЖЫ˔ϼϬ ΰθʽжрЖЫ˔

ϼχ ψ 0.50ᾤ/m
2πΚϥʽ ͎ πχםᾓρ τжрЖЫ˔ϼτψ LED Ѝϳр

жϱЕ (NNN62022-CF-K, NNNH73072K, Panasonic Corp.) Ϭ Μϥʽ#12̓ #20ΣϢό#21Ϭ

Ψ 21ᾤΥᾧ χ ID Ϭ ΰοΣϤʼ ΰοΜσΜжрЖЫ˔ϼτϜ ID Ϭ ΰοΣ

ΨʽᶆжрЖЫ˔ϼχм˔иЖ℅ ρὓ χм˔иЖ℅ Ϭ χ x1ʼ x2τꜘβʽ 

жрЖЫ˔ϼχ℅ ψʼᶆжрЖЫ˔ϼχ Τϣ χ Ϭ ϤᴞΫʼԊϬ

Ϊοּ᷊פτϢμο 5mm ӡπם βϥʽὓ ψ ΰθ χ℅ Ϭּ᷊פπם ΰ

οԊϬ Ϊϥʽὓ ᾓⱲτψם 14 (b)χϢΞτ╣Ẃτᾧ ΰθ 128˷ 120ᵊ χ VLC ϸЮ

жχᴞτ Ϭ ϤᴞΫοὓ χԊχӡ τ σϥϢΞτ βϥʽםᾓὫᴮψάϦϣ

χὓ ℅ τ βϥ 3 π ϓθὓ τϢϥ℅ Ϙθψ῏₯ρΰοꜘβʽσΣʼ

ӡᶑψ Xw꞊ ΰϬ 0̃ρΰʼ ⱲὓᵕϤχᶑ πꜘβʽ 

ᾓם 3.6.1 1ʿӡ ὓ χםᾓ 

╣Ẃτᾧ ΰθ VLC ϸЮжϬ Μʼ ӡᶑ ɔϬ 135̃ τᾧ ΰο 20 ᴷ χὓ πᶆ

10 ᵕγνχӡ ὓ Ϭ 3 τ ϓθ︣ π“Ξʽᶆὓ τΣΜοʼԁⱳӡ ʾ◒

Ὣᴮρ ID ῇχ ⱳӡ ʾ◒ ὫᴮζϦηϦχΩ ӡ῏₯ϬẐϛϥʽϘθʼԁⱳ

ӡ ʾ◒ ρ ⱳӡ ʾ◒ τ ήϦθжрЖЫ˔ϼ χ ỡ σϣότ ⱳ

ӡ ʾ◒ ḁ Ϙπχ ⱲḧϬẐϛϥʽ 



3  ≤ꜝfi♪ⱴכ◒ ID  35 

 

 

  

   

 (a) ὓ ρ LED χ  (b) םᾓḕẽ 1χᶈ  

(a) Arrangement of measuring points and LED lights. (b) Enlarged image of Environment 1. 

ᾓḕẽם 15 1 

Figure 15 Environment 1. 

   

 (a) ᴦ♪Ί ФжАЕТ϶˔Э  (b)ϸЮжρ╣Ẃ (c) ︣ⱱκϸЮжτϢϥםᾓ 

 (a) The VLC platform. (b) The camera and the tripod. (c) Experiment with hand-held camera. 

14 ᴦ♪Ί ФжАЕТ϶˔Эρὓ χ ◓ 

Figure 14 Views of VLC platform and measurement. 
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ᾓם 3.6.2 2ʿ жрЖЫ˔ϼ τϢϥӡ ὓ χםᾓ 

ᾓם 1 ρ χϸЮж π жрЖЫ˔ϼ τϢϥӡ ὓ χḩἰϬӟᴞχ︣

πםᾓτϢϤẐϛϥʽϘγʼᶆὓ πχ╖ֲᵊ Τϣᵊ τựΜжрЖЫ˔ϼ 3

ᾤϬ τ ωσΜϢΞτ βϥʽ ΰθжрЖЫ˔ϼϬ Μοӡ ὓ Ϭ“Μʼ

ᶆὓ πχ ΰ῏₯Ϭ▄ βϥʽϘθʼжрЖЫ˔ϼ 3 ᾤχ ›χ ὓ χ

ΰχΩ ῏₯ρ ỡ῏₯ϬẐϛϥʽνΧτʼ ήϦσΤμθжрЖЫ˔ϼχ Τϣᵊ

τΩϜựΜϜχϬ 1ᾤ ΰο ᴥΰʼжрЖЫ˔ϼ 4ᾤχ ›χӡ ὓ ῏₯Ϭ 3

ᾤχ ›ρ τẐϛϥʽӟᴞ τʼᵊ τựΜ τжрЖЫ˔ϼϬ ᴥΰοΜΦʼ

жрЖЫ˔ϼ τ βϥӡ ὓ ⱲχΩ ῏₯ρ ỡ῏₯χ ᴟϬẐϛϥʽ 

ᾓם 3.6.3 3ʿ ӡ ᴟⱲχὓ χםᾓ 

ὓ Ϭ MP5τᾧ ΰʼϸЮжχ ӡᶑ ɔϬ 45̃ ʼ135̃ ʼ225̃ ʼ315̃ χ 4 ӡτ

ᴟήδʼζϦηϦ 10ᵕγνὓ Ϭ“Μʼӡ ῏₯ρ ӡ῏₯ϬẐϛϥʽ 

ᾓם 3.6.4 4ʿ︣ Ϧχֲốχᾁ  

14 (c)χϢΞτʼϸЮжϬ︣π ⱱΰο Ϭ ωΰʼMP5χ ἋπϸЮжϬɔ=135̃

ΰτΰΪο 100 ᵕχӡ ʾ◒ ὓ Ϭ“Ξʽ︣ ϦτϢϥ ΰχӡ σϣότ

ӡᶑχΩ ῏₯ʼ ỡ῏₯ʼ ₯ϬζϦηϦẐϛϥʽ  

ᾓם 3.6.5 5ʿῲӽἋḧπχםᾓ 

ϢϤῲӽσἋḧπχ Ϭ ΰʼםᾓḕẽ 2 ( ᶣ ᶘῬᶘ ᶘ Ш˔иʼ16m˷ 9mʼ

ӻ‰ 2.80m̓ 16 (a), (b)) πχםᾓϬ“Ξʽ Ṁἇχ ψ 0.49ᾤ/m
2πʼάϦϣ

ϬжрЖЫ˔ϼρΰο βϥʽ χᶈ Ϭ 16 (c)τꜘβʽὓ τψʼ

Ϥ›Ξẩ ΥΣϢζ 3m˙4m ρσϥϢΞτ ἷжрЖЫ˔ϼϬ 6 ᾤ βϥʽϸЮ

жπḢ ᴦ σ ӤϬ ᶑ ɗ=55̃ ρ ΰʼ Ἲ 2.7mτ ϥ ἷжрЖЫ˔ϼ

χᾤ τϢμοʼ3 ᾤχὓ  (Test Point, TP1̇ TP3̓ Τϣχ‰ή 0.90m) Ϭ Ϊϥʽ

χ ἷжрЖЫ˔ϼχ ΥΩϜ‰Ψσϥᴷ τ TP1̓ Ḣ ᴦ Ӥ τ

ἷжрЖЫ˔ϼΥ 3 ᾤ ϥᴷ τ TP2̓ 2 ᾤ ϥᴷ τ TP3ϬζϦηϦ βϥʽᶆ

жрЖЫ˔ϼχм˔иЖ℅ ρὓ χм˔иЖ℅ Ϭ χ x3ʼ x4τꜘβʽTP3τ

ΣΜοψ 2 ᾤχжрЖЫ˔ϼΤϣ LM χ ṍ Ϭ“μθὫᴮϬ ΰο 2 ⱳӡ

ʾ◒ Ϭ“Ξʽ 
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(a) םᾓḕẽ 2χὓ ρ LED χ  

(a) Arrangement of test points and LED lights. 

 

 (b) םᾓḕẽ 2χ ◓ (c) םᾓḕẽ 2χᶈ  

 (b) View of Environment 2. (c) Enlarged image of Environment 2. 

ᾓḕẽם 16 2 

Figure 16 Environment 2. 
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 ᾓὫᴮם 3.7

ᾓם 3.7.1 1ʿӡ ὓ χםᾓ 

Ϙγʼ 17τ MP1̇ MP4πχΩ ӡ῏₯Ϭꜘβʽ 17 (a) ψ ΰχ῏₯Ϭ ΰ

οΣϤʼΩ ῏₯Υԁⱳӡ ʾ◒ π 156mm, ⱳӡ ʾ◒ π 56mmρσμθʽ

Ϙθʼ 17 (b)ψ ΰχ῏₯Ϭ ΰοΣϤʼΩ ῏₯Υԁⱳӡ ʾ◒ π 98mm, 

ⱳӡ ʾ◒ π 33mm ρσμθʽςχὓ πϜ ⱳӡ ʾ◒ χ῏₯ψԁⱳ

ӡ ʾ◒ ὫᴮϢϤϜᾚ ΰθʽ ӡὓ τḩΰοψʼ ⱳӡ ʾ◒ ⱲπΩ

῏₯Υ 3.4̃πΚμθʽ῏₯χ ₯ψ ⱳӡ ʾ◒ Ⱳτʼ ΰχẩ π

4mmӟᴞʼ ӡᶑπψ 0.05̃ ӟᴞπΚμθʽ 

νΧτʼ 18 (a), (b)τ MP5˙MP20χԁⱳӡ ʾ◒ ʼ ⱳӡ ʾ◒ ζϦη

ϦχὫᴮϬꜘβʽ ΰχΩ ῏₯Υ 18 (a)π 223mm, (b)π 33mmρσμθʽ ⱳӡ

ʾ◒ ⱲχΩ ӡ῏₯ψ 3.8̃ ρσμθʽ 18 (a)Τϣψ 20cm◌ χᶊ◓ χ

ΥϞϞ₉ πΚϥΥʼ(b)πψᶊ◓ Υ ϣΤτ πΦϥʽ 

νξΜοʼԁⱳӡ ʾ◒ ρ ⱳӡ ʾ◒ π ΰθжрЖЫ˔ϼχ ỡᾤ

ψζϦηϦ 4.2 ᾤʼ18.4 ᾤπΚμθʽςχὓ πϜԁⱳӡ ʾ◒ Ⱳτ 4˙5 ᾤ

ιμθжрЖЫ˔ϼ Υ ID τϢϤʼMP1̇ MP4 πψ 12̇ 15ᾤʼMP5˙MP20πψ 17

˙21ᾤτζϦηϦ ᴥΰθʽ 

ⱳӡ ʾ◒ ḁ Ⱳ πχ Ⱳḧψ 220mṡ 560msρσμθʽID ˴ ⱳӡ

◒ χ Ⱳḧψ 1mṡ 2msπΚμθʽ 
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 (a) ԁⱳӡ ʾ◒ ὓ Ὣᴮ (b) ⱳӡ ʾ◒ ὓ Ὣᴮ 

 (a) Primary measurement. (b) Secondary measurement. 

ᾓם 18 1, MP5̇ MP20πχ ӡὫᴮ 

Figure 18 Measurement results at MP5-MP20, for experiment 1. 

  

   

 (a) ΰ῏₯ (b) ΰ῏₯ 

 (a) Horizontal error. (XwYw plane) (b) Vertical error. (Zw axis) 

ᾓם 17 1, MP1̇ MP4πχΩ ӡ῏₯ 

Figure 17 Maximum positioning errors at MP1-MP4, for experiment 1. 
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ᾓם 3.7.2 2ʿ жрЖЫ˔ϼ τϢϥӡ ὓ χםᾓ 

ᾓם 1π ID ῇχ ⱳӡ ʾ◒ τϢϤ Υ τᵠ ήϦϥάρΥ Τμθʽ

ζχ ԍψὓ τ βϥжрЖЫ˔ϼ χ ᴥπΚϥʽםᾓ 2 πψὓ τ βϥжр

ЖЫ˔ϼ ρ῏₯χḩἰϬẐϛθʽ 19 τӡ ὓ τ βϥжрЖЫ˔ϼ τ βϥΩ

῏₯ρ ỡ῏₯χὫᴮϬꜘβʽжрЖЫ˔ϼ Υ 5ӟ π ӡ Υϕϖ 10cmӟ ρσ

Ϥם τσϥάρΥᶎ πΦθʽ 

ᾓם 3.7.3 3ʿ ӡ ᴟⱲχὓ χםᾓ 

20 τὓ MP5 πϸЮжχ ӡϬ ᴟήδθ ›χ ӡὫᴮϬꜘβʽ ΰχΩ

῏₯ψ ӡᶑ ɔ=45̃ χρΦχ 42mmʼβϓοχ ӡᶑπχ ₯ψ 11mmπΚμθʽ

ӡὓ χ῏₯ψΜγϦχ ›Ϝ 4̃ӟ πΚμθʽ 

ᾓם 3.7.4 4ʿ︣ Ϧχֲốχᾁ  

21τϸЮжϬ ⱱΰθ πχ ӡὫᴮϬꜘβʽ ΰχΩ ῏₯ʼ ỡ῏₯ʼ

₯ψζϦηϦ 96mm, 72mm, 10mmπΚμθʽ ӡᶑχΩ ῏₯ʼ ỡ῏₯ʼ ₯

ψζϦηϦ 8.9̃ ʼ8.1̃ ʼ0.54̃πΚμθʽ 

Large error 
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ᾓם 19 2,жрЖЫ˔ϼ τ βϥ ΰ῏₯ 

Figure 19 Horizontal error for the number of landmarks used, for experiment 2. 

 

   

ᾓם 20  3, ӡ ᴟⱲχὓ Ὣᴮ 21 םᾓ 4, ︣ ϦτϢϥֲố 

 Figure 20: Positioning results in Figure 21: Positioning results, while holding  

 various directions, for experiment 3. the camera, for experiment 4. 
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ᾓם 3.7.5 5ʿῲӽἋḧπχםᾓ 

ḕẽ 2 τΣΪϥםᾓπψʼ ΰχ ӡ῏₯Υʼ ἷжрЖЫ˔ϼϬ 4 ᾤ

ΰθ TP1πψ 9mm̓ 3ᾤχ TP2πψ 17mm̓ 2ᾤχ TP3πϜ 30mmρḕẽ 1πχםᾓρ

χ Υ ϣϦθʽϸЮжϬ ρΰο Ἲ 2mχ Ӥτ ἷжрЖЫ˔ϼΥ 2

ᾤӟ ∕βϦωӡ ὓ Υᴦ πΚμθʽ 

3.8 ―╔ 

3.8.1 ӡ ʾ ӡὓ  

ᾓם ᾓם ,1 3ρϜτ ⱳӡ ʾ◒ πχΩ ῏₯Υ ʼ ΰζϦηϦ 6cmӟ

πΚϥάρΤϣʼϸЮжχ ӡ ʾ ӡτϢϣγʼжрЖЫ˔ϼχ Ϭ ᴥήδϥθ

ϛχ ID τϢϤ τ‰ σӡ ὓ Υᴦ πΚϥʽ 

ᾓם 3 πψʼ 20 ϢϤʼϸЮжχ ӡᶑϬ ᴟήδθ ›ʼ ӡτϢμο ₯π

1cm χωϣνΦΥ ΰθʽάχωϣνΦχ ԍρΰοψϸЮжχ ӡ χ῏₯ʼ

йрЇχ ϙχֲốσςΥ―ΠϣϦϥʽ 

ӡὓ χΩ ῏₯ψ₈ᵕχ ᶓπψжрЖЫ˔ϼ τϢϣγ 4̃ӟ ρσϤʼ ρβ

ϥ 10̃ ӟ πχ ӡὓ Υᴦ πΚμθʽ  

ᾓם 2 πψʼӡ ὓ ψ βϥжрЖЫ˔ϼ τӢ βϥάρΥꜘήϦθʽ 19

ϢϤʼ5 ᾤӟ χжрЖЫ˔ϼϬ ΰθ ›ʼ ӡ Υϕϖ 10cmӟ ρσμοΣϤʼ

ID τϢϥ жрЖЫ˔ϼ χ ᴥψ ӡ ΰ τ ῟ρ―ΠϣϦϥʽῲ Ӥτ

ΰθβϓοχὓ π῏₯ 10cmӟᴞχ‰ ӡ ὓ Υᴦ σάρΤϣʼ2.1 πꜘΰ

θ ꜠χ Ὧ Ϭ βϥʽ 

꜠πψᵔ Ϭ― ΰοᵊ τựΜжрЖЫ˔ϼϬ ΰθΥʼᵊ χжр

ЖЫ˔ϼχӡ ( )τϢμοϜὓ ϒχֲốψ―ΠϣϦϥʽGPSτΣΪϥ DOP 

(Dilution Of Precision, ᴞ ) [30]χϢΞσ◙ Ϭ ΰʼ χ ᴞΥ ΪϣϦσΜ

›ψ χ︣ ρχ Ϝᾁ βϥ ΥΚϥʽ 

ᾓם 5 πψʼήϣτῲΜḕẽ 2 π ἷжрЖЫ˔ϼχ Υ Μ ›πχם

ᾓϬ“μθʽζχὫᴮʼ ἷχ ᾤ Υ σΜ ›πϜ‰Μ Υᶎ πΦʼ

ἷ Ṁἇχ ID Ϭ βϥ χ ῟ ΥꜘήϦθʽ 
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3.8.2 ὓ Ⱳḧ 

Ⱳḧψ 220mṡ 560ms̓ ID ˴ ⱳӡ ʾ◒ χ Ⱳḧψ 1mṡ 2msπΚ

ϤʼID τΤΤϥⱲḧψ Ⱳḧχ 1% πΚϥʽID Ϭ“Ξάρπʼ Ⱳḧ

Ϭ ᴥήδϥάρσΨ‰ σӡ ὓ Υᴦ πΚϥάρϬᶎ ΰθʽζχὫᴮʼΜγϦ

χὓ πϜ ỡ ӡⱲḧψ 1 ӟᴞπΚϤʼ ꜠χ Ὧ Ϭ θβάρΥπΦϥʽ1Ђϱ

ϼи θϤχ Ⱳḧ 60msτ ΰοʼᴦ♪Ί ⱲḧϬ Μθʼᵊ ϞΊᾛ

ψ 15ms (25%)ρ ΜθϛʼІЫ˔ЕТ϶рσςχὀ πχ τ ΰθ ꜠ρ―Π

ϣϦϥʽϘθʼϷФГϰϸиТк˔τϢϥжрЖЫ˔ϼ τϢϤϸЮжχ◒ ᴟτϢ

ϥϐϦτϜḹếπΚϥρ―ΠϣϦϥʽ 

3.8.3 ︣ ϦτϢϥֲố 

ᾓם 4 πψʼ ΰχӡ ρ ӡᶑχ ₯ψϸЮжᾧ ⱲπζϦηϦ 4mmʼ

0.05̃ ρσμθԁ ʼϸЮжϬ︣π ⱱΰθ ›ψζϦηϦ 10mm̓ 0.54̃ πΚμθʽάχ

ϢΞτʼ︣ ϦχΚϥֲốᴞπϜӡ ὓ Υᴦ πΚϥʽ2.1 π ϓθ ꜠χ Ὧ τḩ

ΰοʼ ꜠πψ “ ΰϬ Ӄβϥθϛτʼ ΥϸЮжϬיּ ⱱΰο τЪϱр

ГϰрϽϬ“ΞʽάχϢΞσ︣ ϦΥΚϥ πϜʼ‰Μ πӡ ὓ ᴦ πΚϥάρ

ΥꜘήϦθʽ 

3.8.4 ꜠χ Ὧ 

ᾓχὫᴮʼжрЖЫ˔ϼχם τνΜοʼςχὓ ΤϣϜ τ ϭπΜσΜ 3

ᾤӟ χ ID ἷжрЖЫ˔ϼΥᾋΠϥάρʼὓ χḢ π ID ἷϜḯϛο 5

ᾤӟ χжрЖЫ˔ϼΥᾋΠϥχΥ ϘΰΜάρΥ ΤμθʽϘθʼ ꜠Υ 2.1 τꜘΰ

θ Ὧ ˙ Ϭ θβάρΥםᾓπꜘήϦθʽήϣτʼ ꜠ψ LED Ϭӡ ὓ ж

рЖЫ˔ϼρΰο ΰʼὂḢϒχֲốΥσΜθϛ Ὧ Ϭ θβʽζΰοʼḁ τ

꜠χ VLC ϸЮжϬ βϥάρπʼ π Ⱳ Υᴦ πΚϤ Ὧ Ϝ βϥʽ

ṀἇϬ ἷ LED τῖḊβϥιΪπжрЖЫ˔ϼρΰο πΦʼжрЖЫ˔ϼ

ψ χ LED ЍϳржϱЕτ 87mm˷ 56mm˷ 26mmχЂϱЇχ Ὲ Ϭ ᴥβϥχϙπ

ᴦ πΚϥʽήϣτʼжрЖЫ˔ϼ ⱲχẨ ᴦτḩβϥ Υ πΚϥάρΤ

ϣ ЀІЕπ ᴦ πΚϤʼ Ὧ Ϭ θβʽϢμοʼ ꜠Υᴒ ӡ ὓ π ρ

σϥ 7 ὯϬβϓο θβάρΥꜘήϦθʽ 
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3.9 Ϙρϛ 

͏ πψ ͎ π ӛΰθ︣ χ ϬấΫʼζϦτ βϥᵔὨ τνΜο ϓθʽ

ἇ τψʼ ‹χ Ϭ Ϧ ΠϥάρτϢϥ Ⱳḧχ ᾚʼLM πᶎםτΩ

ᵔτ ήδϥθϛχ ṍ χ ʼ ‹ ⱲḧϬ ᴥήδϥάρσΨ ᴦ σжр

ЖЫ˔ϼϬ ᴥβϥθϛχ ID χ͏ πΚϥʽ 

ϘγʼжрЖЫ˔ϼΤϣ ԁχ ID ΥἣϤ ΰ ήϦϥάρϬ ΰοʼ ἹϬ

НАТϮ π Ϧ Πϥ Ϭ“Ξάρπ Ⱳḧχ ᾚϬ“μθʽⱳτʼϸЮжχΊ

꞊Υ ϬΰΨϢΞτΰο Ϭ ⱱβϥρΜΞ ὯΤϣ 4 χ ꜠Ϭ Φʼ ζϦ

ϬᵔΨάρπ LM χ ṍ Ϭ“μθʽΩῇτʼID πψʼΩ ᾢχᾤ χжрЖ

Ы˔ϼΤϣχԁⱳӡ ʾ◒ ὓ ὫᴮϬ ΰοʼ Ϭ“ϩσΜжрЖЫ˔ϼτ

ΰο ID χ ᴥᶤϤ οϬ“μθʽ 

ӡ ρ ⱲḧΥ ὯϬ θβάρϬꜘβθϛʼVLC ϸЮжϬ︣τⱱμθ πם

ḕẽπχםᾓϬ“μθʽζχὫᴮʼΩ 2 ᾤχ ἷжрЖЫ˔ϼΥ ∕βϦωʼID

τϢμοζχ χжрЖЫ˔ϼϬ βϥάρπ῏₯ 3cm χ‰ σ ӡΥᴦ

πΚμθʽ Ⱳḧτḩΰοψʼβϓοχ ӡ τΤΤϥⱲḧΥ 220mṡ 560msπΚϥ

χτ ΰ ID τΤΤϥⱲḧψ 1% χ 1mṡ 2msπΚμθʽάϦϣχάρΤϣ ID

τϢμοʼ χ ⱲḧϬϕρϭς ᴥήδϥάρσΨ‰ σӡ ὓ Υᴦ πΚϥ

άρϬᶎ ΰθʽ 2 π ϓθ ӡ ρ ⱲḧϬ θΰοΜϥθϛʼ 3 π ϓ

θ Ϭ ᴥΰθ ӛ ꜠Υᴒ ӡ ὓ π ρσϥ 7 ὯϬβϓο θβάρΥꜘ

ήϦθʽ 
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4  ᶧ 

πψ♪ᶐ ᵷּיЗРϿ˔ЄдрϬ ρΰθ ΰΜ ӡ ꜠Ϭ ӛΰθʽ τʼ

ᴞᵹσςχῲ σᴒ ἋḧϬ ρΰθ ӡ ꜠τΣΜοψʼῲ Ӥτ ΰθж

рЖЫ˔ϼχᾁ ρ꜡ Υᴿ πΚϥʽζάπ ψᴦ♪Ίיּ ꜠Ϭ ΰο LED

ΤϣжрЖЫ˔ϼχ꜡ ID Ϭ βϥṪ Ϭ⅜ ΰθʽ 

͍ πψʼᾝ∕χӡ Ђ˔РІχ ệρᴒ /ᴒᵰπχӡ ὓ Ṫ χӸΜτ

νΜο ϓθʽϘθʼ χᴒ ӡṪ τνΜοʼ βϥ ꜠έρτ ΰʼζ

ϦηϦχ︣ Ϭ ЗРϿ˔ЄдрϞкЩАЕיּ“ ῈρΜμθᴒ πχӡ Ђ˔РІ

τᴂ βϥ∑χ Ϭ ΰθʽ 

2 πψᴒ ӡπ ρ◘ϩϦϥ 7 ὯϬ ΰʼ ὯϬ βϥθϛχЄІГЭ

  ρ ӡ︣ τνΜο ϓθʽἇ τψʼ Υὀיּ βϥὓ τψậḴйрЇ

Ϭ ΰθϸЮжϬ ΰʼ1ὓ πῲ ӤϬ╖ֲΰοπΦϥιΪ χжрЖЫ˔ϼϬ

ᾁ βϥʽϸЮжτψᵊ ╖ֲṐ τᴥΠжрЖЫ˔ϼΤϣ ήϦϥ ID χ Ṑ Ϭ

βϥ VLC ϸЮжϬᵫ ΰθʽᵊ χ LED ρΚϣΤαϛὓ ΰθ LED χм˔иЖ℅

Ϭḩ Ϊϥ ꜠ϬΩ πᵔΨάρπ VLC ϸЮжχӡ ◒ ϬẐϛϥάρ

ΥπΦϥʽ ӻχ‰ήΣϢζ 3mπχḕẽπ VLC ϸЮжϬᾧ ΰθ πםᾓϬ“Μʼ

ӡ χ π ῟σὫᴮϬ θʽ 

ⱳτʼ 3 τνΜο ϓϥʽ π► ΰθ VLC ϸЮжψṐ ρ ⱲḧϬ ή

δϥθϛʼ Ⱳτ︡ πΦϥ ID ἹД˔ЌΥᵊ χ 4 τ ήϦοΜϥʽ μοʼᵊ

τ ΤϣχᵰΊσςΥ ∕βϥ ›τψ ρσϥжрЖЫ˔ϼῙ Υ Πϥά

ρΤϣʼ ⱲḧΥ ΦΨσϥᴦ ΥΚϤʼὓ ρ Ⱳḧχ Υ ρσϥʽ

Ϙθʼ 2 τ ϓθ ꜠πψʼᵊ χжрЖЫ˔ϼ ℅ ρἋḧ χжрЖЫ˔ϼ℅

ρϬ ᴂ Ϊϥ ꜠χᵔϬ LM τϢϤẐϛοΜϥΥʼ ṍ χ τϢμοψΩ

ᵔӟᵰχộ ᵔτ βϥᴦ Υ ∕βϥʽζάπʼ 3 πψϘγʼᵊ πжрЖ

Ы˔ϼ Ῑ ρσϥΊ ἪΤϣ ID Ϭ βϥ ρʼῲ σ Ἃḧχ π LM

χΩ ᵔτᶎםτ ήδϥθϛχ ṍ ὓ▄ϬםᾝΰθʽνΧτʼ Ⱳτ ID πΦ

ϥ Υ 4 τ ᾢήϦοΜϥ πΩ 4 ᾤχжрЖЫ˔ϼτϢϥԁⱳӡ ʾ◒ Ϭ

“Μʼήϣτ θσ ID Ϭ βϥάρσΨ χжрЖЫ˔ϼϬ ΰὓ Ϭΰ π
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Φϥ ID ρ ⱳӡ ʾ◒ Ϭ ϙ›ϩδθᵔ ϬםᾝΰθʽםᾓὫᴮϢϤʼ

ӛ︣ Υὓ ρὓ ⱲḧτνΜο ὯϬ βϥάρϬꜘΰθʽVLC ϸЮжχ ἷᴟ

χ ᵬρΰοЛ˔Е PCϬ ΰθὓ Ϭ♯⌠ΰʼ ӻ‰ 3mχʼῲήχӰσϥ 2

χםᾓḕẽπӡ ὓ ᾓϬ“μθʽζχὫᴮʼᴒם ӡ ὓ π ρ◘ϩϦϥ 7 ᾤ

χ ὯϬβϓο θβάρΥꜘήϦθʽ 

꜠ψ Ϭ ΰσΜθϛʼḩ χ ẨᴦΥ πʼṌ χ ṀἇϬ

ἷ LED τῖḊβϥιΪπ  πΦϥάρΥ Φσ πΚϥʽם ᴟχ ΤϣψʼІ

Ы˔ЕТ϶рχϸЮж τậḴйрЇϯЍФЌϬ︡Ϥ ΪϥάρτϢϤ ӻᵊ Ϭ╖ֲ

βϥάρΥπΦϥʽϘθ‰ ᴟχ πψʼ‰ ϱЮ˔ЅЈрЂϬ ΰθ♪ᶐ ᵷּיΰΪ

χ ІЫ˔ЕТ϶рʼϜΰΨψ χІЫ˔ЕТ϶рτ ἷχ‰ ậḴϸЮжгИАЕ

Ϭᵰ ΪβϥἹπ ᴦ ρ―ΠοΜϥʽήϣτ ꜠Ϭὀ ἷ τם ΰᴝ ӛ ρ

ϙ›ϩδϥάρπʼ♪ᶐ ᵷּיΰΪЗРϿ˔ЄдрЄІГЭχ  Υṍ πΦϥʽ 

ὯρΰοψʼжрЖЫ˔ϼρΰο βϥ LED χἋḧ χӡ ϬΚϣΤ

αϛД˔ЌЦ˔Іρΰο βϥ⌠ỘΥ πΚϥʽάϦψʼӡ ΥṌ χ ᾤχж

рЖЫ˔ϼϬᾕτʼ ӛ︣ πẐϛθϸЮжχӡ Τϣ χжрЖЫ˔ϼχӡ ϬẄ

▄βϥάρΥᴦ πΚϥʽάχϢΞσжрЖЫ˔ϼӡ χД˔ЌЦ˔І⌠ ЀІЕϬ

ᾚβϥ︣ Ϭᵫ βϥάρπʼήϣτῲӽσḕẽϒχ ᴂΥ Ӭτσϥρ―ΠϣϦϥʽ 

₈ῇχᴿ ψʼ ӻ Ϟ Φ ΪΥ ∕βϥḕẽϒχ ᴂ χᾁ σϣότʼϸЮж

Ϭ ⱱΰθ ›χϸЮжχἱΦρ῏₯χḩἰχ ₰Υ ρ―ΠϣϦϥʽϘθʼᵬ σς

χӛ Ϭ ρβϥᴷ τ ṀἇΥσΜ ›Ϝ ∕βϥθϛʼBLE (Bluetooth Low 

Energy)τϢϥ ӡ [31]σςϬ βϥάρπϢϤ‰ χӛ Υᴦ τσϥρ―ΠϣϦϥʽ  
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 ꜝךּ

ϬϘρϛϥτΚθϤʼ Ψχ ˑΤϣ ˑσέẸ ϬΜθιΦϘΰθʽ τʼ◙

ễḂπΚϥ ễ τψʼᶘ Ⱳ Τϣ ᶘԚ ●ᴿ ʾ ●ᴿ Ϭ ΰο τ

Ψχέ ᾠϬΜθιΦʼ ΨḇּךχӪϬ ΰϘβʽϘθʼ ₰χ╦ ễ ʼ Ṱ

ễ ʼ ὲ ễ τ ΨḇּךΜθΰϘβʽ ᾆẕχ πΚϥϸЮжᵊ τϢϥὓ

︣ ϞםᾓτΣΪϥ ᴣ σςτνΜοʼ⇔τϩθϤ ◐ σέ ᾠϬΜθιΜθ

ᶣ ᶘ ễ ӻӿ τḇּךΜθΰϘβʽ 

ζΰοʼ‰ ϱЮ˔ЅЈрЂϬ►μθ♯⌠Ṑ⌠ τέẸ ΜθιΜθУйϱрРЅдр

ᶴ꜠ᵓּז ︡ ʾ◕ ễ♃τῡΨῈ Ϭ ΰ ΫϘβʽ 

ήϣτʼᾆẕעχ   ἧʼ ὲῄἧʼ ἧϞʼ Ộ χ ╦ ἧʼ

ἧʼ ύἧϬψαϛρβϥᵧ ρχᾁ ᵓσςπχṳ πψ Ψχ ꜡Ϭ ϥά

ρΥπΦϘΰθʽϘθʼὓ ᾓτΣΜοϜם ΨχⱲḧϬᶤΜοẸ ΰοΜθιΦϘΰθʽ

ᾆẕעχᵧ τϜ Ψḇּך ΰ ΫϘβʽ 

ΩῇτʼάϦϘπЂЪ˔Еΰᾋ︢μοΨϦθ τ ϢϤḇּךΜθΰϘβʽ τΚϤ

ΥρΞέίΜϘΰθʽ 

28 3Ὦ 
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x2 ḕẽ 1χжрЖЫ˔ϼ ID- 

м˔иЖ℅ ᴂ  

Table x2 Correspondence between IDs and  

world coordinates of landmarks, Environment 1. 

ID 
World coordinates Pw (xw, yw, zw) 

(mm) xw yw zw 

#2 5510 3000 2820 

#3 5510 4200 2820 

#4 4350 0 2820 

#5 3300 0 2820 

#6 5510 5400 2820 

#7 4350 6600 2820 

#8 4350 1800 2820 

#9 0 4800 2820 

#10 2250 6600 2820 

#11 3300 1800 2820 

#12 3300 7500 2820 

#13 2175 4500 3140 

#14 0 6000 2820 

#15 2175 3300 3140 

#16 4425 3300 3140 

#17 2175 5100 3140 

#18 4425 5100 3140 

#19 2250 1800 2820 

#20 1800 7500 2820 

#21 4800 7500 2820 

#22 4425 4500 3140 

#23 2175 3900 3140 

#24 4425 3900 3140 

#25 3300 6600 2820 
 

x1 ḕẽ 1χὓ χм˔иЖ℅  

Table x1 World coordinates of measuring points 

of Environment 1. 

ὓ  
World coordinates Pw (xw, yw, zw) 

(mm) xw yw zw 

MP1 4800 6600 1300 

MP2 4800 1800 1300 

MP3 1800 6600 1300 

MP4 1800 1800 1300 

MP5 3300 4200 1300 

MP6 3300 4000 1300 

MP7 3300 3800 1300 

MP8 3300 3600 1300 

MP9 3100 4200 1300 

MP10 3100 4000 1300 

MP11 3100 3800 1300 

MP12 3100 3600 1300 

MP13 2900 4200 1300 

MP14 2900 4000 1300 

MP15 2900 3800 1300 

MP16 2900 3600 1300 

MP17 2700 4200 1300 

MP18 2700 4000 1300 

MP19 2700 3800 1300 

MP20 2700 3600 1300 
 




