
εςϨΦΧϝϥͱϓϩδΣΫλΛ༻͍ͨӷத෺ମͷ؟ڕ ଌܭঢ়ܗݩ࣍3
ʵط஌෺ମΛ༻͍ͨӷମͷ۶ં཰ਪఆʵ

౦ژେֶ Լ३ɼᕆؒҰࢁɼޫߒɼ౻Ҫ྄و౻ࠤຊҰथɼࡔ˓

༗ݶձࣾϥΠςοΫε Alessandro MORO ੩Ԭେֶ ಁࢠۚ

3D Shape Measurement of Objects in Liquid Using Fisheye Stereo Camera and Projector
ʵ Estimation of Refractive Index of Liquid Using Known Objectʵ
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This paper proposes methods for estimating refractive index of liquid and measuring the 3D shape of objects in water
using a stereo fisheye camera and a projector. Refractive index is estimated using a camera and a known object. Projected
pattern made by a projector is created on the surface of an object in water. Using the projected pattern, corresponding
points are detected on the images of two fisheye cameras. 3D coordinates are calculated using the principle of triangulation.
Experimental results show the validity of the proposed method.

1. ং࿦

ۙ೥ɼਫதߏ଄෺ͷݐ଄ɼอकɼ఺ۀ࡞ݕ΍ੜ෺ɼݯࢿͷௐ

͕ࠪଟ͘ߦΘΕ͍ͯΔɽ͜ΕΒͷۀ࡞Λਫதڥ؀ԼͰਓ͕ؒ௚

઀͜͏ߦͱʹ͸ଟ͘ͷ͕ݥة൐͏ɽͦͷͨΊɼਓؒͷ୅ΘΓʹ

ਫதϩϘοτʹͦΕΒͷۀ࡞ΛߦΘͤΔ͜ͱ͕Ͱ͖Ε͹ɼௐࠪ

౳ʹ͓͚ΔݥةΛճආ͢Δ͜ͱ͕ՄೳͱͳΔɽ

ͦ͜Ͱɼର৅෺ମͷਖ਼֬ͳ ΊΒΕ͍ͯΔɽٻଌख๏͕ܭݩ࣍3
ਫதܭଌͰ͸ΧϝϥΛ๷ਫέʔεʹ֨ೲ͢ΔͨΊɼਫʵ๷ਫέʔ

εʵۭؾͱ͍ͬͨ۶ં཰ͷҟͳΔ෺࣭ؒΛޫ͕௨ա͢ΔͨΊਫ

தͷ෺ମ͸࿪ΜͰ͑ݟɼ࣮ࡍͷҐஔͱҟͳΔ৔ॴʹ͑ݟΔɽͦ

ͷͨΊɼޫͷ۶ંΛྀ͢ߟΔ͜ͱ͕ਖ਼֬ͳଌఆʹ͸ٻΊΒΕΔ

͕ɼͦͷͨΊʹ͸ਫͷਖ਼͍͠۶ં཰Λਪఆ͢Δඞཁ͕͋Δɽ

ैདྷڀݚͰ͸ɼӷ໘ͷ্Լʹ͓͚Δ෺ମͷྠֲͷζϨΛར༻

ͯ͠ӷମͷ۶ં཰Λਪఆ͢Δख๏͕ใ͞ࠂΕ͍ͯΔ 1)ɽ͔͠͠

͜ͷख๏͸ɼӷ໘Ͱ෺ମΛܭଌ͢Δ৔߹ʹ͔͠༻͍Δ͜ͱ͕Ͱ

͖ͣɼΧϝϥ͕׬શʹӷதʹೖ͍ͬͯΔ৔߹ʹ͸͑࢖ͳ͍ɽ

ͦ͜ͰຊڀݚͰ͸·ͣΧϝϥͱͷҐஔ͕ؔ܎ҰఆʹͳΔΑ͏

ʹ൘Λઃஔ͠ɼۭؾதɺӷதʹ͓͍ͯΧϝϥʹର͢Δ൘ͷ ࣍3
औಘը૾্ʹྀͣͤߟɼޫͷ۶ંΛࡍଌ͢ΔɽͦͷܭඪΛ࠲ݩ

ͷ৘ใ͔Β൘ͷ ΊΔɽͦͷ݁ՌɼಉҰҐஔͷ൘ٻඪΛ࠲ݩ࣍3
Λܭଌ͍ͯ͠Δʹ΋͔͔ΘΒۭͣؾதͱӷதͰಘΒΕΔ࠲ඪʹ

ҧ͍͕ੜ͡Δ͕ɼͦͷҧ͍ΛੜΈग़͢ݪҼ͸ޫͷ۶ંͩͱ͑ߟ

ΒΕΔɽͦ͜ͰɼಘΒΕͨ 2ͭͷ࠲ඪΛ༻͍Δ͜ͱͰӷମͷ۶
ં཰Λਪఆ͢Δɽ

·ͨɼਪఆͨ͠۶ં཰Λ༻͍ͯӷத෺ମͷ ଌܭঢ়Λܗݩ࣍3
͢Δ͕ɼ؟ڕΧϝϥಛ༗ͷऔಘը૾্ͷ࿪ΈΛআܭͯ͠ڈଌΛ

ڀݚདྷैͨͬߦ 2) ͱ͸ҟͳΓ,ຊڀݚͰ͸࿪ΈΛ༗ͨ͠··ͷ
ը૾Λ༻͍ͯ ଌ͢Δɽܭঢ়Λܗݩ࣍3

2. ӷମͷ۶ં཰ਪఆ

Fig. 1(a)ʹࣔ͢Α͏ʹɼΧϝϥͱͷҐஔ͕ؔ܎ҰఆʹͳΔΑ͏
ʹ൘Λઃஔ͢Δɽ·ͨɼਪఆͰ༻͍ΔزԿֶతؔ܎Λ Fig. 1(b)
ʹࣔ͢ɽ·ۭͣؾதͰ൘ͷ ඪ࠲ݩ࣍3 A(a1, a2, a3)

T Λܭଌ͢

Δɽͦͷޙɼ൘ΛӷମʹೖΕͯ൘ͷ ඪ࠲ݩ࣍3 B(b1, b2, b3)T Λ

۶ં͢Δʹࡍଌ͢Δɽޫ͸۶ં཰ͷҟͳΔ෺࣭ؒΛ௨ա͢Δܭ

ͨΊɼΧϝϥ͔Βಉ͡Ґஔʹ͋Δ൘Λܭଌͯ͠΋ɼۭؾதͱӷ

தͰ͸ಘΒΕΔ ඪ͕ҟͳΔɽ࠲ݩ࣍3
͜͜Ͱ͸ x࣠ํ޲ͱ z࣠ํ޲ͷޫͷಈ͖ํʹ஫໨͢ΔɽΧϝ

ϥͱ๷ਫέʔεؒͷڑ཭ lairɼ๷ਫέʔεͷްΈ lglassɼۭؾɼ

๷ਫέʔεͷ۶ં཰ n1ɼn2 Λط஌ͱ͢ΔɽΧϝϥத৺ O͔Β
๷ਫέʔε΁ͷೖࣹ֯ θ͸ tan−1 b1

b3
ͰٻΊΒΕΔͨΊɼ۶ં֯

φ͸εωϧͷ๏ଇ φ = sin−1(n1
n2

sin θ)Λ༻͍ͯٻΊΒΕΔɽφ

ͱ఺ C ͷ࠲ඪ (lairɾtan θ, lair)
Tɼlglass Λ༻͍ͯ఺ D ͷ࠲ඪ

(lairɾtan θ + lglassɾtanφ, lair + lglass)
T ΛٻΊΒΕΔͨΊɼ

఺ Aͱ఺ Dͷ࠲ඪΛ༻͍ͯޫઢ͕ӷମ΁ೖΔ࣌ͷ۶ં֯ ψ Λ

ΊΒΕΔɽψͱٻ φɼn2 ஌ͱͳͬͨͨΊɼӷମͷ۶ં཰ط͕ n3

͸εωϧͷ๏ଇ n3 = n2ɾ
sin θ
sinψ ͔ΒٻΊΒΕΔɽ
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Fig. 1 ۶ં཰ਪఆ

3. ଌܭঢ়ܗݩ࣍3

੒Λߏͷܥݧ࣮ Fig. 2ʹࣔ͢ɽ؟ڕεςϨΦΧϝϥͷத͕ؒ
ϓϩδΣΫλͷϨϯζͷਅ্ʹͳΔΑ͏ʹͨ͠ɽۭؾதʹઃஔ

ଌ͢Δɽܭଌ૷ஔΛ༻͍ͯɼલํͷਫ૧಺ͷ෺ମΛܭͨ͠

ϓϩδΣΫλͰӷதʹஔ͍ͨ෺ମʹෳ਺ͷ֨ࢠ఺Λ౤Ө͠ɼ

ӈࠨ 2୆ͷ؟ڕΧϝϥͰ෺ମͷը૾Λऔಘ͢Δɽຊख๏Ͱ͸͜
ͷ֨ࢠ఺ͷ 3 ΊΔ͜ͱͰ෺ମͷٻඪΛ࠲ݩ࣍ 3 ߦଌΛܭݩ࣍
͏ɽͳ͓ɼຊڀݚͰ༻͍Δ؟ڕϨϯζ͸౳ڑ཭ࣹӨํࣜͰ͋Δ

ͨΊɼޫ࣠ͱޫઢ͕ͳ֯͢ θɼ૾ߴ rɼϨϯζͷয఺ڑ཭ f ؒ

ʹࣜ r = fθ ͕੒Γཱͭɽ͜ͷࣜΛ༻͍Δޫઢ௥੻Λޙड़ͷΤ
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Fig. 2 ڥଌ؀ܭ

ϐϙʔϥઢੜ੒΍ ͱͰɼ࿪ΈΛ༗͜͏ߦʹࡍग़ͷࢉඪ࠲ݩ࣍3
ͨ͠··ͷը૾ͰܭଌΛ͜͏ߦͱΛՄೳͱ͢Δɽ

఺ͷࢠ֨ ӈΧϝϥͷऔಘըࠨΊΔͨΊʹ͸ɼٻඪΛ࠲ݩ࣍3
૾Ͱ֨ࢠ఺ͷରԠ෇͚Λ͏ߦඞཁ͕͋Δɽͦ͜Ͱ 3୆ͷ૷ஔؒ
Ͱޫͷ۶ંΛྀ͠ߟͳ͕Βޫઢ௥੻Λ͜͏ߦͱͰΤϐϙʔϥઢ

Λੜ੒͠ɼରԠ఺Λಛఆ͢ΔɽΤϐϙʔϥઢͷੜ੒͸ 3) Λߟࢀ

ʹ࣮ͯ͠૷Λͨͬߦɽ

ϓϩδΣΫλ͔Β౤Ө͞Ε͍ͯΔ 1ͭͷޫઢʹର͢ΔରԠ఺
Λࠨӈը૾্ͰٻΊΔɽ·ͣ஫໨͍ͯ͠ΔޫઢΛ༻͍ͯࠨӈը

૾্ʹΤϐϙʔϥઢ ab, cdΛੜ੒͢Δɽ͜͜Ͱࠨը૾্ʹ͓͍
ͯΤϐϙʔϥઢ ab ͱॏͳΔ֨ࢠ఺͕఺ Eɼ఺ F ͱෳ਺͋Δͨ
ΊɼͲͪΒ͕ରԠ఺͔෼͔Βͳ͍ʢFig. 3(a)ʣɽͦ͜Ͱɼ͜ͷ 2
఺ʹରԠ͢Δӈը૾্ͷΤϐϙʔϥઢ ef, gh Λੜ੒͢ΔʢFig.
3(b)ʣɽ͜͜Ͱ΋ӈը૾্ͰॏͳΔ֨ࢠ఺͕఺ Gɼ఺ H ͱෳ਺
͋Δ͕ɼରԠ఺͸Τϐϙʔϥઢ cdͱ΋ॏͳΔ͜ͱ͔ΒɼରԠ఺
͸఺ G ͱܾఆ͢Δ͜ͱ͕Ͱ͖ΔɽΑͬͯΤϐϙʔϥઢ ef ্ʹ
͋Δ͜ͱ͕෼͔ͬͨͨΊɼࠨը૾্ʹ͓͚ΔରԠ఺͸఺ Eͩͱ
෼͔Δɽ·ͨɼӈը૾্ʹ͓͚ΔରԠ఺ͷީิ͕ෳ਺ͱͳΔ৔

߹͸طʹରԠ఺ͱܾͯ͠ఆ͍ͯ͠Δ఺Λআ͢ڈΔ͜ͱͰީิΛ

Β͠ɼ1఺ͱͳͬͨ৔߹ʹରԠ఺ͱܾఆ͢Δɽݮ
ͦͷޙɼࠨӈը૾্ͰͷରԠ఺Λ༻͍ͯɼ2 ষͰͨͬߦΑ͏

ʹޫઢΛ௥੻͢Δ͜ͱͰ֨ࢠ఺ͷ ΊΔɽٻඪΛ࠲ݩ࣍3
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Fig. 3 ରԠ఺ݕग़ख๏

4. ݧ࣮

͞ߴ͸ɼݧ࣮ 300mmɼ෯ 870mmɼԞ͖ߦ 270mm ͷਫ૧ʹ
ਫͱܭଌ෺ମΛೖΕɼਫ૧ͷ֎ʹઃஔͨ͠؟ڕεςϨΦΧϝϥ

ͱϓϩδΣΫλΛ༻͍ͯͨͬߦɽ

4.1 ӷମͷ۶ં཰ਪఆ

ʹ޲఺ͷ਺͕ॎɼԣํࢠ֨ ཭͕ڑ఺ؒͷࢠͰɼ֨ݸɼ7ݸ10
23mmͰ͋Δ֨ࢠ໛༷͕ඳ͔Εͨ൘ΛɼΧϝϥͱͷҐஔ͕ؔ܎
ҰఆʹͳΔΑ͏ʹઃஔͨ͠ʢFig. 4ʣɽۭؾதͰ൘ͷ ඪ࠲ݩ࣍3
Λܭଌ͢Δͱ (276, 111, 299)T [mm]ͱͳΓɼ൘ΛӷதʹೖΕͯ
ଌ͢ΔͱܭඪΛ࠲ݩ࣍3 (269, 114, 247)T [mm]ͱͳͬͨɽ͜Ε
Βͷ஋ͱΧϝϥ͔Βਫ૧·Ͱͷڑ཭ 181mmɼਫ૧ͷΨϥεͷް
͞ 2mmɼۭ ͷ۶ં཰ؾ 1.0ɼΨϥεͷ۶ં཰ 1.5Λ༻͍ͯ͢ࢉܭ
Δͱ sinφ = 0.491ɼsinψ = 0.557ͱͳΔͷͰɼεωϧͷ๏ଇ

ΑΓӷମͷ۶ં཰͸ 1.322ͱ෼͔ͬͨɽҰൠతʹ༻͍ΒΕΔਫ
ͷ۶ં཰͸ 1.33Ͱ͋ΔͨΊɼͦͷ۶ં཰ʹ͍ۙ஋͕ಘΒΕͨɽ
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Fig. 4 ʢ۶ં཰ਪఆʣڥ؀ݧ࣮
4.2 ଌܭঢ়ܗݩ࣍3
ਫ૧ʹҰลͷ௕͕͞ 180mm ͷཱํମΛೖΕɼϓϩδΣΫλ

Ͱ 2ͭͷ໘ʹ֨ࢠ఺Λ౤Ө͠ɼ֨ࢠ఺ͷ࠲ඪΛࢉग़ͨ͠ɽͦͷ
Ίɼ2ٻখೋ৐๏Ͱ࠷੒͞ΕΔฏ໘Λߏ఺ʹΑΓࢠɼ֨ޙ ͭͷ
ฏ໘͕ͳ֯͢౓Λࢉग़ͨ͠ɽਅ஋͸ 90degͰ͋Δɽ۶ંΛྀߟ
ͨ͠৔߹ͱྀ͠ߟͳ͔ͬͨ৔߹ʹ͓͚Δɼ2ͭͷฏ໘͕ͳ֯͢
౓Λ Table 1ʹɼ͢΂ͯͷܭଌ఺ͷ ඪΛ࠲ݩ࣍3 Fig. 5ʹࣔ͢ɽ
ଌͷ݁ՌɼTableܭ 1ʹࣔ͢Α͏ʹ 2ͭͷฏ໘͕ͳ֯͢౓ͷޡ

ࠩ͸ɼ۶ં཰Λྀ͠ߟͳ͔ͬͨ৔߹ͷ 23.2degʹର͠ɼྀ͠ߟ
ͨ৔߹͸ 2.7degͱͳΓɼࠩޡΛখ͘͢͞Δ͜ͱ͕Ͱ͖ͨɽ

Table 1 ֯౓ͷܭଌ݁Ռ
֯౓ ࠩޡ

ྀߟ۶ં 87.3deg 2.7deg
۶ંະྀߟ 113.2deg 23.2deg

(a)ࣼΊ͔Βͨݟਤʢ۶
Γʣྀ͋ߟં

(b)ࣼΊ͔Βͨݟਤʢ۶
ͳ͠ʣྀߟં

Fig. 5 ରԠ఺ݕग़ख๏

5. ݁࿦

ຊڀݚͰ͸ɼΧϝϥ͕׬શʹӷதʹೖ͍ͬͯΔ͜ͱΛ૝ఆ͠

ʹݧӷମͷ۶ં཰Λਪఆ͢Δख๏ΛఏҊ͠ɼ࣮͍͓ͯʹڥ؀ͨ

ΑΓఏҊख๏ͷ༗ޮੑΛ֬ೝͨ͠ɽ

ँɹɹࣙ

ຊڀݚͷҰ෦͸ɼ৽ΤωϧΪʔɾٕۀ࢈ज़૯߹։ൃߏػʢNEDOʣ
ݚඅएखݚ։ൃϓϩδΣΫτɼՊڀݚରԠແਓԽγεςϜ֐ࡂ

ڀ (A)22680017ɼ͓Αͼஂࡒ๏ਓѴ঳ஂࡒࢠͷԉॿΛड͚ͨɽ
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