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Pose Estimation for mobile robots with vertical walls
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This paper presents a pose estimation method for mobile robots with vertical walls in urban areas.
This proposed method exploits the fact that most of all artificial walls are built vertically. It corrects
accumulative error of estimated poses by estimating the gravity vector with the fact without any 3d
maps or 3d models. The poses which are estimated with vertical walls are integrated with integration
of angle velocity from inertial sensors thorough extended Kalman filter. To evaluate the proposed
method, outdoor experiments with an actual robot are performed. It shows the method keeps correcting
accumulative error while the robot moves.
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1 ॹݴ
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Λਪఆ͢Δඞཁ͕͋ΔɽҠಈମ࢟ʑͷࠁʑ࣌Δ͚͓ʹۭؒݩ࣍
ͷ࢟ɼҰൠʹɼδϟΠϩείʔϓՃηϯαΛͯͬਪ
ఆ͢Δ͜ͱ͕ଟ͍ɽ͔͠͠ɼ໘্Λ͢ߦΔҠಈϩϘοτͷ
߹ɼϩϘοτࣗͷՃ໘͔Βͷৼಈ͕ਪఆਫ਼ʹӨڹΛ
༩͑Δ [1]ɽ·ͨɼδϟΠϩείʔϓΛ༻͍ͨ֯ͷੵʢϨʔ
τੵʣͰɼੵൃ͕ࠩޡࢉੜ͢ΔɽҰํɼ͜ͷੵࠩޡΛิਖ਼
͢ΔͨΊɼࣄલʹ༻ҙͨ͠ใͱηϯαใΛϚονϯά͢Δख
๏͕͋ΓɼಛʹࣄલڥਤΛ༻͍Δख๏͕ଟ͘ఏҊ͞Ε͍ͯΔ
[2]ɽ͔͠͠ͳ͕Βɼࣄલਤͷ༻ɼద༻ՄڥΛݶఆ͢Δɽ
ຊڀݚͰɼैདྷͷϨʔτੵʹΑΔ࢟ਪఆʹରͯ͠ɼԖ

ͳน໘Λ༻͍ͯϩϘοτ࠲ඪܥͰͷॏྗํϕΫτϧΛਪఆ͠ิ
ਖ਼͢ΔɽఏҊख๏ɼҰൠతͳݐͷน͕͓͓ΑͦԖʹͯݐ
ΒΕ͍ͯΔ͜ͱΛར༻͠ɼࣄલڥਤΛඞཁͱͤͣʹੵࠩޡ
Λิਖ਼͢Δɽ֎Ͱͷ࣮ػݧ࣮ߦʹΑͬͯɼຊڀݚͷ༗༻ੑΛ
ࣔ͢ɽ

2 Ԗน໘Λ༻͍ͨ࢟ਪఆ
ຊख๏ͰɼϩϘοτ͕੩͍ͯ͠ࢭΔঢ়ଶͰੑ׳ηϯαʹΑͬ

ͯॳ࢟ظΛٻΊɼͦΕʹରͯ͠ϨʔτੵͰਪఆ͞ΕΔ૬ର࢟
มԽΛੵ͢ࢉΔɽͦͯ͠ɼน໘Λ؍ଌͨ͠߹ɼϩϘοτ࠲
ඪܥͰͷॏྗϕΫτϧΛਪఆ͠ɼੵࠩޡΛิਖ਼͢ΔɽॏྗϕΫ
τϧͷਪఆٴͼิਖ਼ͷৄࡉΛ 2.1ʙ2.3 અͰهड़͢ΔɽϨʔτੵ
Ͱਪఆ͢Δ࢟Λ༧ଌɼน໘ใͰਪఆ͢Δ࢟Λ؍ଌͱ͠ɼ
֦ுΧϧϚϯϑΟϧλʢE.K.F.ʣͰ౷߹͢ΔɽंྠܕϩϘοτͰ
ਓڥΛ͢ߦΔ͜ͱΛఆ͓ͯ͠Γɼ֤࢟֯มԽ͕ܹٸ
ͳͷͰͳ͘ɼE.K.F.Ͱेѻ͑ΔͱԾఆ͢Δɽ
ΛҎԼʹఆٛ͢Δɽܥඪ࠲
• ϩϘοτ࠲ඪܥɿϩϘοτʹݻఆ͞ΕɼਐํߦΛ x࣠ͷ
ਖ਼ͱ͢Δӈखަ࠲ඪܥͱ͢Δɽ

• ϫʔϧυ࠲ඪܥɿϩϘοτॳ࢟ظҐஔʹ͓͍ͯݪ͕ϩ
Ϙοτ࠲ඪܥͱҰக͠ɼॏྗํΛ z ࣠ͷෛͱ͢Δӈख
ͱ͢Δɽܥඪ࠲ަ

2.1 ओ๏ઢநग़
༺ใʹରͯ͠ओੳΛ܈ηϯαͰಘΒΕΔڑݩ࣍3

͍Δ͜ͱͰɼ֤ʹର͢Δͷ๏ઢΛࢉग़͢Δɽ͜ͷ๏ઢ͔܈
Βɼ৴པੑͷ͍ߴԖ໘Λͭ࣋๏ઢΛҎԼͷ݅Ͱநग़͢Δɽ

• ͕ۙͭ࣋ͷ͕ेଟ͍ʢີ͕͍ߴʣɽ
• 1εςοϓલͷਪఆॏྗϕΫτϧG′

robot Λͱʹɼ؍ଌ͞
Εͨ๏ઢ N ͕Ԗ໘Λ͔ͭ࣋Λఆ͢Δʢࣜʢ1ʣͰࢉग़
͞ΕΔ֯ β ͕ेখ͍͞ʣɽ

β =

∣∣∣∣cos
−1 N ·G′

robot

∥N∥∥G′
robot∥

− π
2

∣∣∣∣ (1)

• ๏ઢʹਨͳฏ໘ͱۙ܈ͷೋे͕ࠩޡখ͍͞ʢฏ
໘͕͍ߴʣɽ

நग़͞Εͨ๏ઢ܈ΛΨεٿ [3]ʹࣸ૾͠ɼٿͷ܈ʹର͠
ͯϢʔΫϦουڑʹͮ͘جΫϥελੳΛద༻͢Δɽຊख๏Ͱ
ɼదͳ๏ઢΛసͤ͞ΨεٿΛٿͷΈʹө͢Δɽͭ·
ΓɼฏߦͰ͍͔߹͏น໘ಉ͡๏ઢϕΫτϧΛͭ࣋Α͏ʹ͢Δɽ
ΫϥελϦϯάऴྃޙʹɼϝϯό͕ᮢΑΓগͳ͍Ϋϥελ֎
Εͱͯ͠আ͢ڈΔɽ֤Ϋϥελ͕ͭ࣋܈ͷॏ৺Λࢉग़͠ɼͦ
ΕΒͷҐஔϕΫτϧΛࢧతͳ๏ઢʢओ๏ઢʣͱͯ͠༻͍Δɽ

2.2 ୯ҐॏྗϕΫτϧਪఆ
ΫϥελϦϯά͞Εͨओ๏ઢΛ༻͍ͯϩϘοτ࠲ඪܥʹ͓͚Δ

୯ҐॏྗϕΫτϧGrobot Λਪఆ͢Δɽओ๏ઢͷʹԠͯ͡ҎԼ
ͷΑ͏ʹࢉग़͢Δɽ

• ओ๏ઢͷɿ3Ҏ্
ओ๏ઢΛΨεٿʹ͓͚Δͱͯ͠ѻ͍ɼ͜ͷ܈ʹର͢
ΔओੳͰಘͨ๏ઢΛॏྗϕΫτϧͱ͢Δɽͨͩ͠ɼ֤
Ϋϥελ͕ͭ࣋ͷͰॏΈ͚Λ͏ߦɽ

• ओ๏ઢͷɿ2
2ͭͷ๏ઢϕΫτϧͷ֎ੵΛॏྗํϕΫτϧͱ͢Δɽ

• ओ๏ઢͷɿ1
ϫʔϧυ࠲ඪܥʹ͓͚Δઈରతͳ࢟ΛಘΔʹɼฏߦͰ
ͳ͍Ԗ໘͕ 2໘Ҏ্ඞཁͰ͋Δ͕ɼ1εςοϓલͷਪఆॏ
ྗϕΫτϧG′

robot Λ༻͍ͯɼࣜʢ2ʣͷΑ͏ʹ෦తʹਪ
ఆॏྗϕΫτϧΛิਖ਼͠ࢉग़͢Δɽ؍ଌ͞Εͨओ๏ઢϕΫ
τϧΛNͱ͢Δɽ

Grobot =
G′

robot − (G′
robot ·N)N

∥G′
robot − (G′

robot ·N)N∥ (2)

• ओ๏ઢͷɿ0
ॏྗํΛਪఆ͢Δ͜ͱ͕ग़དྷͳ͍ɽ

2.3 ਪఆิਖ਼࢟
ॏྗϕΫτϧͷਪఆ͕ࠩޡɼਪఆ࢟ͷࠩޡͰ͋Δ͜ͱΛ༻

͍ͯਪఆΛิਖ਼͢Δɽิਖ਼ޙͷ࢟Λද͢ݩ࢛ qpose.wall ͷࢉ
ग़๏ΛҎԼͰࣔ͢ɽ1εςοϓલͷਪఆॏྗϕΫτϧG′

robot ͱɼ
2.2 અͰਪఆͨ͠ਪఆॏྗϕΫτϧ Grobot ʹ͓͍ͯɼ͜ͷ 2 ϕ
ΫτϧؒͷճసΛද͢ݩ࢛Λ qerror ͱ͢ΔɽਪఆॏྗϕΫτ
ϧG′

robotʹରԠ͢Δਪఆ࢟Λද͢ݩ࢛Λ q′
poseͱͨ͠ͱ͖ɼ

ิਖ਼͞ΕΔɽ࢟ͷΑ͏ʹਪఆ࣍

qpose.wall = q′
poseqerror (3)

qpose.wall ͓Αͼ q′
pose ϫʔϧυ࠲ඪܥͰͷ࢟Ͱ͋Γɼqerror

ϩϘοτ࠲ඪܥͰͷࠩޡʢճసʣͰ͋Δɽ
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Table 1: Errors in pose estimations

error in... rollw[deg] pitchw[deg] yaww[deg]

proposed method -0.947 +1.381 +3.250

1 rate-integration -0.287 +2.206 +3.154

round AHRS -1.000 +2.294 -2.918

proposed method -1.048 +1.872 +5.105

2 rate-integration -3.139 +0.167 +5.052

rounds AHRS -1.218 +1.832 +26.718

proposed method -0.714 +1.517 +9.554

3 rate-integration -2.070 +3.259 +9.200

rounds AHRS -1.198 +1.663 +19.476

ave. proposed method 0.903 1.590 5.970

(absolute rate-integration 1.832 1.878 5.802

value) AHRS 1.139 1.930 16.371

proposed method 0.020 0.043 6.998

cov. rate-integration 1.384 1.647 6.373

AHRS 0.010 0.071 159.139

3 ධՁ࣮ݧ
3.1 ཁ֓ݧ࣮
ɼఏҊख๏͓Αͤ͞ߦ෬ͷ͋ΔίʔεͰҠಈϩϘοτΛى

ͼैདྷख๏ʹΑΓɼ࣌ʑࠁʑͷϩϘοτͷࣗ࢟ݾΛਪఆ͢Δ࣮
Λࠩޡਪఆͷ࢟ͷมԽʹԠͨ͡ڑߦɽͦͯ͠ɼͨͬߦΛݧ
ධՁͨ͠ɽຊ࣮ݧͰɼैདྷख๏ͱͯ͠ɼϨʔτੵͰਪఆ͞
Εͨ࢟ͱ࢟ܭଌஔʢAHRSʣͰܭଌ͞Εͨ࢟Λ༻͍ͨɽ
ਅʹɼߦ։࣌࢝ͱऴྃ࣌ʹϞʔγϣϯΩϟϓνϟʢVicon
Vero v1.3XʣͰܭଌͨ࢟͠Λ༻͍ͨɽߦίʔεɼ֎ͷ 1
प 250[m]ɼߴࠩ 3[m]ͷίʔεͰ͋ΓɼपճΛม͑ͯෳ
ͷߦΛͨͬߦɽͨͩ͠ελʔτͱΰʔϧϞʔγϣ
ϯΩϟϓνϟΛઃஔͨ͠Ͱ͋ΔɽϩϘοτʹͨ͠ࡌηϯα
ɼVelodyne HDL-32EɼXsens MTi30ɼϗΠʔϧΤϯίʔμͰ
͋Δɽ

3.2 Ռ݁ݧ࣮
ද ܥඪ࠲ɼϫʔϧυࠩޡΛࣔ͢ɽදதͷࠩޡਪఆͷ࢟ʹ1

ͷ࠲ඪ࣠Λج४ͱͨ࢟֯͠ͷࠩޡͰ͋ΔɽϨʔτੵʹରͯ͠
ఏҊख๏ɼฏۉతʹϩʔϧ֯ɼϐον֯ͷਪఆ͕ࠩޡখ͘͞ɼ
ڑߦͷมԽʹ͓͚Δਪఆࠩޡͷࢄখ͍͞ɽAHRSʹΑΔ
Δ͍ͯ͠ࢭϩϘοτ͕੩ʹ࣌ऴྃߦଌܭଌʹؔͯ͠ɼܭ࢟
ঢ়ଶͰߦΘΕ͓ͯΓɼߦதʹ͓͚Δܭଌʹൺͯਫ਼Α͘ܭଌ
͕Ͱ͖ΔͣͰ͋Δɽͦ͜Ͱɼࣜʢ4ʣͷΑ͏ʹਪఆ࢟ͱฒਐ
Λ౷߹ͨ͠߹ɼϩʔϧ֯ɼϐον֯ͷਪఆࠩޡ Zw ࣠ํ
ɽ͏ߦͱͯ͠දΕΔͱ͍͏ԾఆͷͱɼผͷධՁΛࠩޡͷฒਐ

Lworld,k = Lworld,k−1 +R−1
k Vrobot,kdt

= Lworld,k−1 +RT
kVrobot,kdt

=

⎛

⎝
LXw,k−1

LYw,k−1

LZw,k−1

⎞

⎠+RT
k

⎛

⎝
Vrobot,Xr,k

0
0

⎞

⎠ dt

(4)

Vrobot ϩϘοτ࠲ඪܥͰͷฒਐϕΫτϧɼLworld ϫʔ
ϧυ࠲ඪܥͰͷϩϘοτͷਪఆҐஔϕΫτϧͰ͋Δɽຊ࣮ݧͰɼ
ϗΠʔϧΤϯίʔμͰܭଌ͞ΕΔฒਐΛ༻͍Δɽද 2ʹɼਪ
ఆ࢟ͱฒਐΛ౷߹ͨ͠߹ͷ Zw Λࣔ͢ɽࠩޡͷฒਐํ࣠
ఏҊख๏ͷฒਐ͕ࠩޡൺֱख๏ͷࠩޡΑΓখ͍͜͞ͱ͔Βɼߦ
தͷ࢟֯ਪఆͷࠩޡখ͍͞ͱ͑ݴΔɽ

3.3 Ճ࣮ݧ
ఏҊख๏ͷॠؒతͳਪఆਫ਼Λ͢ূݕΔͨΊɼҠಈϩϘοτ

͕࣌ߦʹৼಈ͢ΔΑ͏ͳؔݰϚοτͷ্Λͯͤ͞ߦɼ࢟Λ
ਪఆ͢Δ࣮ݧΛͨͬߦɽϞʔγϣϯΩϟϓνϟͰܭଌ͞ΕΔ࣌ʑ
Λਅͱͯ͠ධՁͨ͠ɽ࢟ʑͷࠁ
ਤ 1ʹɼਪఆ͓࢟֯Αͼਅͷؒ࣌ਪҠ݁ՌΛࣔ͢ɽਅʹର

͢Δਪఆࠩޡͷઈରͷؒ࣌ฏۉɼϩʔϧ֯ʹؔͯ͠ɼఏҊख๏
Ͱ 6.877deg/sɼϨʔτੵͰ 4.805deg/sɼAHRSͰ 5.003deg/s

Table 2: Errors in position estimations

error in... Zw[m]

proposed method +0.0185

1 rate-integration -0.2194

round AHRS +0.6763

proposed method -0.1813

2 rate-integration +2.9508

rounds AHRS +1.2496

proposed method +0.6073

3 rate-integration +1.2231

rounds AHRS +1.2725

(a) roll

(b) pitch
Fig.1: Real-time attitude angles

Ͱ͋ͬͨɽ·ͨɼϐον֯ʹؔͯ͠ɼఏҊख๏Ͱ 25.578deg/sɼ
ϨʔτੵͰ 17.232deg/sɼAHRSͰ 14.024deg/sͰ͋ͬͨɽൺ
ֱख๏ʹൺͯɼఏҊख๏ॠؒతͳਫ਼͕͍݁Ռͱͳͬͨɽ
Ԗ໘ͷநग़ͷॲཧؒ࣌ɼ؍ଌϊΠζ͕ݪҼͰ͋ΔͱߟͰ͖
Δɽॠؒతͳਪఆਫ਼͕͍͜ͱ͕ɼఏҊख๏ͷޙࠓͷ՝Ͱ͋
ΔͱΘ͔ͬͨɽ

4 ݴ݁
ैདྷͷϨʔτੵʹΑΔ࢟ਪఆʹରͯ͠ɼԖͳน໘Λ༻͍

ͯϩϘοτ࠲ඪܥͰͷॏྗํϕΫτϧΛਪఆ͠ิਖ਼͢Δख๏Λ
ఏҊͨ͠ɽ࣮݁ݧՌΑΓɼఏҊख๏͕ࣄલڥਤΛඞཁͱͤͣ
ʹੵࠩޡΛิਖ਼͢Δ͜ͱΛࣔͨ͠ɽ

ँࣙ
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ΑΔʹۀࣄɾϩϘοτதٕ֩ज़։ൃਓੈ࣍ʢNEDOʣͷɼߏػ
ਃ্͛͠ΔɽྱޚԉΛड͚ͨɽ͜͜ʹಞ͘ࢧ
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