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A Registration Method with Vision and

Inertial Sensors for Augmented Reality”*

Hirofumi Fujii

Abstract

This paper proposes a registration method with stereo cameras and an inertial
sensor for augmented reality (AR). The registration between real and virtual
environments is one of the most important problems in AR that enhances a real
environment with computer graphics. The vision-based registration is achieved
by estimating position and orientation of cameras which track markers in the
real environment. The proposed method realizes a robust tracking of markers
by estimating their positions in images using a camera orientation acquired from
an inertial sensor. This paper also proposes a registration method using both
markers and natural features to extend a registration range. The feasibility of
the proposed method has been successfully demonstrated with experiments using

a prototype system of video see-through augmented reality.

Keywords:

augmented reality, registration, marker tracking, natural feature, stereo cameras,

inertial sensor
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gobbodguo,ggbbobuoguobogoouoooug,bboboooo
gbbooboooooobob,boobooboobboobibog TeO0O
go.bobboood TegO,0000bobbbooobbobooobobd
O000000,0((6)000000000000 Ad0D0ODOODODOOODOD.

Ty = RP, — P, (6)

000,P.000000000000000000000000000. 000
000000000000000000000,00000000000000
0000 A/DD0O0O00ROOOOOOOOOOOO. 000000 TR0,
00000000000000,000000000.
0000000000000000000000 P,O00000000OO, O
(3)0 00000000000 APODDDO0O0O0DO000000000,000
000000000000000000 TR0000000000000000
0,00000000000000000 Py 0000000000,0 (7)0
ooo.
P.,a. = RP, - Ty (7)
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3.23 Juboooboobobooobbooboobbuoobooobooooa
ggooooood

00000gobobobbboooouoooobbb,oobbbbboood
gogoooooo TooOobogbooboobboo.bboboob,oaon
O0obDO A, 000000000 00DL0OD0ODLOD Ty, 0DOOOOOO
gooboboooobodob T.00gobobb.bobbg,b0wooobgg
Oo,0(7)oo00 P, 0000000 PPOOOOODOOOCOOCOODO PLOOO
O0oo00000000,0000000000 T:000000O000OO, O (8)
gogooooo.

TT - PI—Pb
— RP,- Ty - P, (8)

gooooooooobobo pp0O,000b0bodooboooboobbon
O0000000,0000000000000000 [30)c0000O. OO0
gbobo,bobdbbodoboobbooooobobbobdoooooooooon
gubobobboboooogbobbb,o0bbobooooboboboogo
gogbbboooobobboooooboboooobooboboo 200000,
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ooboboobogoobo,obbbobobobob To000000DODOOO0
000000000000 AOC0DOOOOODO (9YOOOODOOOODODOOO.

Pt+At =RP; - Ty — Ty (9)

000, RO00000000 APODDODOOOOOODOO,0@DOODOOOO.

3.3 Uubugoooobobooaa

gboboooogbboboooogbboog,ggooobooooon
gogbbbodooobbbooooobobooobbbooobbbooda. o
g,gbbbbuogooobouoboobbboooooobobboogo
gbbbooooooooboooboo.
goooooboboboodboooobobobobdbbooooboob,b oo
gogo,bbubobooobbbobugdbobbboobooobboooon
gogbodgbodg.oboo,bbbobbodobbooboooobaobooobbo
gogdb,bbooooboobobboooobooobooboboo. o
gooobbooboboobb,uggbuoooboobobbobobobb,boobo
gobooobbboboooobboobooa.
goobbboogooobobobbuooooo,bobdoobobboooon
guoodbbobboobbd,bobuodgbobbboooubbbboodgn
. ggogooobobobobdug, bbb oboobbooobo
gbgbobboooobbboooobboobbobb.obbobbooogo
gogbboboboboooobboo,ggobbobooobobuoooogao
god.obo,bbgogoobdoogooboboboobogbbobb,bbo
gogdbbuoooobbboooobbooooboboobobobobo.
gbbdooooobbbooboobobboooogooboboo,o0ua
gogdboobbooboogbbobobbobbodo.obobog,boooooobn
ggbobbboooobbbuobuooooboodbo,obbbobao
ggoodoobobobobboobb.oboog,gbboobbobbbodogo
gooobobobooobooboooboob.boo,obobob 12000
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011 0000000000000

ggbobb2000000bbi1bobbboodobbboboobobbdad, o
gigggbooboogoobbbooooboobobobob,bbodgo
gogobobbobobobouooooooabbboob,bodabobooooboag.
gbo,gdbgoobobbbog,ggbbobobbooooboobood
gogooobobobobdg,gobboobbobbbodgbdooobboboobboog,
goggobobgobboboooodgobobooboon.
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4. Do ooboooboobooon

gobobbboooobdboooooobboodb,oubooooggya
gogbbbbogoobo,obobbbuodgbbobobob.obbbbbbo
gobo,gbbobbogbobodgoooobobo,bbboooogoaa.
goog,3gbbugobogbbuobbboooaobbuoooboobon
gobbouoguobobooobbooboon.

gi120,000ooodadoggobooboobboboobooo. oo,
gogobboboooobbobboobooobbbooaa,uobbbbodao
00000000 12A).000000000000O0,30000000000
O000o00O0o00ooOo0oooOoo (0 12B).000,00000000000O
o0o000O0OO00O0O0O0OO00O0O0OO0,0000000000O00O00OOO0O0 (O
12C)0,0000000000000000000000000000O00O0OO
00000(012Dh).000,00000000000O000DDOOODODOO,O
gogobbobboooobboo,obobobobbbobooobbboboao
gboboooogdgbobb.og,oboboooobood.

4.1 ODO0ogogooooobood

00000000000, Moravee D 0000 OO0D0OOOOOO (310000
goggd. go,dbboobbdobdodoooboobobuooobooon
goggbbbboogg,bbboooboboobuooooooaoobobbobo
godbobboooobbooooobbooodbboboooon.

Moravec U OO OO DOOOOOOO,00000DODDOODOODLO
gooobboooobbbbbooo,bboobdoboobobbbboon
ggodobuoooogboobooouoobbobooobbbbdad. Moravee U
O000o000o0o0oooooooOoo ()ooo.

min(dirvall, dirval2, dirval3, dirval4) (10)
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dirvall = ZZ Lpi1y)*/n
dirval2 = ZZ ey — Leriyn)’/n
dirval3 = ZZ Lyi1)?/n
dirvald = ZZ ey = Lo 1411)° /0

ooo,dra000000000O, 000000000 L,000040000
gggbobobbooogb,bobobooobbboooooobuobbogo
gogbogd.bdub,nbbobbbbboodgbod. bbb 40000000
00l memd, Moraveel DO OO OOOODOOOODOODOODO. O 1300
gogo,bbuoooobbbbubobboobbobobboboogo
O,dgdubdubobobibogugoobobbooouooobbbbobooob
U. Moravec U DO OO O00O0ODOOOODOOODO,DDO0O0DOODDDOOO
gobbobdb 14000.bod,bbuodbd 33x3gboubibboand
gubobbbboddooooooobooodg,gbbuoouoobobbbbo
googgon.
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ggooobbooooooobboooobobo,bbbooobobbbon
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4.2 Q000000 oboooooooobood

gbbgobobbuogbboboooboooobubobbooouonb,onob
ggobbuoooooobobbuoobobo.obobooooobobo Tr 0
gobo,ggdbbooogoooboboooooood.

gbobobbbod,20bdggoggbbobboogbaoboobobbbn
O00000000O00. 000000000000 0,016() 000000,
O000000o0o0oo0o0ooooooooo,oO0,0leh)00oooooo
gobooobooooooooobboobooboooboboob. ob,0bn
0000000000000 O0O (SshbA)[32j0000pooooooo. 0O
ggbobobbodgodg,bbbboobobbbobboboobodgooad
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00000000.00,0000000000000O0O0000OO0O0 [32]
godbobbbogobooboooobbbboooooobon.
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gooboobbboobbboooobobo.ooobbuoooobbboao
gogbgbooboobobdooooo,gbuooboobooboogn. go
gobbbbo,gboobbodabubdoobbbbooooobbboodas
gobuogd,bobogboobobobobobobbobbbbb,00d0go
guo.

4.3 DO0OOO0O0O0oOoOOn
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gooooo.
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gbboboo.obbobbbobbuououoooobodobb,od0boo
gbodbobboobobbbobdoooouoobobooooo,uobbo
ggbuoooooobuogooboob.oobbo,gbobuoooooaon
gogoooboboood,bboobbbbouoobbobooon.
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gobbobogbogobbooooobouoobbobo,oboobo
gbbooobuobooboobuoouooobobobobooboa. b
gogooboobooouooobbbobbbboooooooboobooboo
goobobbboobbobuooooobbobbooduoooooon
gboboob,booobooogbbbboobobobooad.
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018 0bbougooboooouoobooad

4.4 U0O0OOO0O0Ooobbooooogooobood

430000b00uo0ouoooooobobboouoobobooobobn
g, ggbbdoogod. 41igggobobooooooobooobboboboo
gbgbbbboodgg,bbboouogobobboooooobboooobn
gboooboboooobbb. bsgodoobo,ggugooboboboan
gbogbbbouoooggbobobodooogob,bbdooobobboboo
ggdboooobbodobbooobooobbboobobobooobao
gogbboooooao.

gbboboooobbbuoobb,obbouuboobbbbbooooon
U0 Py OO0 OO0OOO0O000D0O0000 P, 00O0O00OO0O0O00OO
gobbobuogobbbooooobbboobbobooob.gobbobogo
0000000000, 0(1)Doooooooooooogd.

Z w; |Pnow,i - Pinit,i (11)

udb,»000000,000000000000000000000000
gogbooooooboo.
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5. Joooboobuoboonn

gooboobobobbboobbbooobbouooooobboooon
gouddbbbb,oboobbbbudgbbbbobooaoobbboodan
ggooobbooboobbooobobdoou.gb,ogbuobboobboooobda
gogbbouooobbbbuouoobbbooodgb. ob,s1bugogo
ggdobbooooboogo. s2n0guuobboboboooobbooon, s
gbbboodbooooogboa,s4buugoobboobboubbobod
gogdbobboooobbodad.

5.1 JOOoogg

I A O I R
oooobooboo, eEMD 0000000 bbobo ccbubobo 20000o00d
UedsemUD00O000O0OOOOO0OOOODOOO0OOO,OD00000000
goboooboooobobooobbobo. ececbobooo,boonnb 768x494 O
/3000 cCcbOoooooono,00oooooooon /loooooooooo.
O0000000,00000 12000 /0,000000.020,000000 30
goboboooboobooboo,boobbodb 300MHzO DO

Ooooboobooboooobogoboobgo 20000, cecbooooooonog
gbbdboouoooooobobooo,obobobooobbboboogo
gboobogooooubbboooboboobbbbobbooag,obob

01 0000
ccboon 00 : IK-UM42 (1/3000 CCD)
goooogo InterSense : IS-300
HMD OO00O0ODO : mediamask
oogd SGI : Onyx2 IR (16CPU MIPS R10000 195MHz)
OOoOoOoDoooo || SGL: DIVO

30



PO T O .

U199 gboobobbboboubboobbbabbobobboobbbdan
0 HMD

gooobogd

/

godd

goooog

oo
ggooog

HMD
cebu oo

RN
g

ugogooon
O gooobod

020 000O0O0bOoobooboagao

31



gboboo.oboobbbo,00bbbooo0oboobg 720x243000.
gbbgooooboobbobuogoo,bbbbobbbooooboobbb
goboobo,0oogoboooobbbboboooooo eMDOODODO.

5.2 o oooooobbooooboon

gbbouooooobbboooob,bbboooboobboooaob
gobboog.gboboob,ggobbb40000bbuoobooooogo. o
ggbbobobbuoobbboobboobbooboboobboooooon
goboboobod 21~25000.
021~23000000000000000000000O00O 4oo0o0oo,0o
gogbobobuooobbooodooobboooobbobdooo.oobooobn
ggbobbooobdooobbuoob,ggduouogo ooxioogoggog
. gz210,00u000bbbbgdooobobbboouoggboobooobn
g.gbobdbotbddouoooooooob,0obbbbooooogoo
gbobgodgo,gbobboobbbdogbuoouooouoooboon,ooobd
godbbbboooobboooboboobon.
g2200dbbddgoobobobbodoooooobobooob,obooa
gogdbbboooobbbuobdoboooooboobobooo.ooooaon
ggoboboooboa,bbbobobboooooboooboooooooaon,
ggooobbouogoogogoobobobooo,bobboobbsianoan
gogdbesecemgubbobbobbbougboouogbboobbbdddn
00 (0.2~1.5m)00000000O0O0O0O.
go,gbbbobobbbdboouooooooobbobbobobbo. B
20,200000000000000,000000000000000400,
guodubboogobbuoobbooobbobbboooououooooboon
gbboodgdodg,boogbbbbuoodobbbbooobboooobb.
020, 000b0oggoooboboobbbobuoobooboboob,
000 4000000000000, 00ooo0o00(0o0)ooooooo
god.tbobbtboodgbbbooooboboobbbbuoobooobon.
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gogbo,buogbobbbbuoogoobbbuooooobbobboo
g,ggogogooboboboodoobbobbooooobbobooo. oo,
gobbogbobbbooboooboobobboooooobbooobogn
O0000000. 020 00000000000000,025b)0D0000O
gbooooooooobobob. bbb ooooooobobbo,bboo
ggbdobboooogobbooooob,bbbuobooobbobbon
gogbbo,dgboobobobbboddguooooooobobbboodo. ggo
ggobobobbooogoo,bboguoggobbbooooooboooobn
gobob,odbbdudg,bobbooobbbooooobboooobobb.

53 oo ooooboobuobgooboon

gbbotoooooboboooob, bbb booooobDd
gbooggboooagd.

e J000000000DOOO (00 [4)
e 0000000000000 0DOOOOODO
e 00000000 O00O0000000OO

goboobuogo,bogobodddodooooooobooooooag,od
gobobob.ooob,boggbbobuoboobbobboobb,o0bbbo
gboboo. oogbbuoboooooooobobobo,boooobobon
gbogoooobbobbooobbbbbbooog,booouoooobb
gbbogbaooo.bda,bbbboobbdoboboogoobobbod
goboog,gubooobbobbobbobbob. b 20000000000
ooooo,0osgbogbooobobooboobobobobooob.bobo, Cceb
guobobgobooboboobooobbbbuobuood. oo, 0ooooooobob
ggogobobobobboboouooooobb. bboag,bbbboouaoon
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gogobbuoboooboooboobbboodobbb.oooobboobo

guogdbboboboo2e0,00b00oooggoonoon 4,000, 0dd

000,00 (12)00000.0000,1000000000000000O.
gooooobooood

Doooo = (12)
00000 xOO0O000

g20b,00boboodobboobbbbb,ooboboobbbobooo
ggobooooobouobobooboobbbbbooooooobobobobo.
gg,bbbbdooooboguabobobbbbuuooooobbbbibon
gogobobodo,buogogbobooobobobbbboooobobobogoo
ggb,gbbbooggubboougoobbbooobboboboobogo
O00.0000000000000(03)0,00000000O0,0D0000
ggoboobooobbboobuoooooooo. bob,00oobooobon
gbobodgbbbobooogobobuoooob,bbbugoobbboogo
gbbbboouodgobbobooobbobo,ooooobbboooanb
gobbobouogooboboobbgoobood.

ood,0oo0oob ecbogoooooooooo gMbO OO0, O
gbooobbobbbooobooobboboobobooobbboo 4,500
.40, 0000b0000b0obbboooobo,ooobbobooogd
0000000000000 0,0 2(2)00000000000000O000O0
O0. 0200000000000000000000DOO0OODOODOO,1/6
goggdgooboobbbb. oooob,obbouotuoooouoooobn
gou,ggbobobuoddggoooobooobobboooooboboboan
god,gbbuouoogbggobbob. gosb,goboboouggbbbbdan
0,0260b)00000000C0000OOOOOOOO. OOOOOOOOOO
gbgbbobboogoobboooobo,bbbuooooboooogo
O0o00oo00oo0ooooooooooo.ooo,02e(b)000000, 0O
gboobouobooobooooooobobbbooboboobbboog, o
gobooogobbuoobooobbooobooobboobboduodo
gobogo.
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02 00000@O000000O0O0O0O)

RN oood ooooo
OO0 |000 [% |co00000on (% |coooooog %)

1 0 0 0

2 2.36 0 0

3 11.48 0 0

5) 40.01 0 0

10 56.25 0 0

20 72.92 0 0

30 87.50 0 0

50 87.50 0 0

03 0000 (Dooooooooon)

00 oood ooooo
OO0 |000 [% |co00000on (% |coooooog %)

1 1.43 0.50 0

2 16.39 9.63 6.93

3 27.04 19.13 16.58

4 40.97 35.42 32.99

5) 46.55 32.33 30.60

10 56.25 49.11 49.11
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04 00000 (HMDODO-ODDOODO)

oooo 00000
000 [% | 00000000 [% | 00000000 (%]
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05 00000 HEMDOO-00)
oooo 00000
000 [%) | 00000000 [% | 00000000 [%]
18.37 14.43 14.18
06 0000000 (4CPU)
0ooo 00000
000 [fps] | 00000000 [fps] | 00000000 [tps]
15.11 14.99 14.92
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O060,0000000000000000 (Onyx2 IR 16CPU MIPS R10000
195MHz) 0000000000 4CPULOODOOOOOOOOOOOOODODOO
g.gobbbobobobobgbboobobbboobbooboobo,oo
gboboboooooboobooooboobooooobbobobo,gbban
godooooobbodbboobobooubobbooooboooboo
gogooo.

gboboboooob,bgougobbbbboobboobbooooon
gobgb,ogboobobboboboobbbbobobbobobobobb. o
go,gbobubdogobobbod,ggobuogdoououoobooogao
gd,buugdgoboboobbbuooooogoobbboodg. oggao
gobbobobdobbbooooboboobbbuobbobooobo,ooobob,
goubobooogbbobobboooobooboooooo,bbooooobb
g,0bboogbooobbbooobuooo.bbbboobbbooog, o
0000000 [30j0ooooo00o0ooooooooooooOnO. boo,o
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0000000000000 0000000 27(a) 000, 000000000
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000000000000 (0000) 10x5 pizel (1/20000)
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000000000000 (0000) 5x3 pizel
000000000 0000000 0.8
000000000 0000000 25 pizel
000000000 000000000 10 pizel
000000000000000 wopn wopopo = 41

(a) 000 (h)0OOO0O00000000
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gogobooobobod. 430bb0buobuoabbobbooobbb,ouon
goobbobbooobbbboo,dggobobobbooouobbbboooo
gogooboad.
0280b)0,4000000000000000000CCOO0O0OO,0000O
gb3gobboogbobboooggnooboubbobuooobbbogn
g,bob4000000000O0O0O0O0DOOODOOObLOObObObODbODb. 00
god,bbobgbbbobddououooooooboobooobboboobono, o
goggbbbboogooobbb,uooobbooobooobobbbogo
gogoobo. ogbbobobbboodooooooboboboo,obbobooo
gbobboodoooboobbooooboboobobog,bbobboodboba
guoodgodaoobooo,bbboubbooobbbbooobbdod. o
g,bggoogoboboboboobuoooo,bbobbbobboobogo
gbbodoooboob.obb,booogbduodboooo,ooobboon
gbubdooobbbouoooobbbbuoooa,bbbbbooodobbbo
ggbboouogobobb,oggbobbuogobbbuoobooobon.
OOoboobooooobobooboboobo,b020000oogb 1ecpibbOOnDnO
gbobo,0bgobbbto wogoobbbooobonb.
gboboogob,bbbuobooboobuooooobbbooobon
ggoboboob.boo,booobbboobboobbooobodobb, o
gogobbobboogbbobbobooouobbboooobob,bbuboo
gbdobobboooobbboobobb.buoooobooabdobboodas
0000000,000000 26)000. 000000000000 OOOO
gbodo,buoogobbboogbbbuooobbobood.
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6. Q00O

gbobogb,buoggbbuobbooogddoooooooooooobg,
gugboogbobboogooobbbbooobbbbooobbboooob. b
gobg,bobgoobboooooobbbboboboa,bobbbboooanb
gugdgoooogbbuogboboouoobbogobooooboooobo
go,obgbbobodgbbbobdoboboooboboboboboboo.gb,uo
goggbbbouoooobbuobooooobboboo,ggbbbbodgo
godobbuoodobbbboodgbbuoooobboba.

gbodogodoboobobobooobobbuooobuoo,goboobob.ood
guodgboboobboooobboo,oobbobboooubobbbodao
g, gobodgogoooobobbobuobobobobbbouoooooooo
gbbooooobbobbooooobbboooo,oobbooooab
gogodgdgoboobbo. bbb,gboobobbbbooboboobbodan
gobodo,bgbogugoobboobuboooobbobouooboboonbo
gbodgbobug. go,bobuooobbbudobboooobooooaod,gd
gbuobdgboboboououoooobbboboob,oobbbduooooabn
gogo,bbougoboboogoobogaogoon.

gbobodgobb,bbboogbbbbbooooobbboooabb
ggodgooobbobbobbo. ooogoboobob,obbbbobbooooo
gobbbuodggboouoooobobuaobobbboobo.
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HEN

gbbodoobooog,gbuoaob,obboobobbobobobogod
Uobbodbbbodobbboodgb.

gooboooobb,bbbooooobobobboou bbb boug oo
goboboboaoo.

googobogboo,bb,gbguooobbbboobooooood
Uoboggbobooboboboodgb.

gobobdugbugb,goduodgooobboboobooobo bo od
go,ggbbodb oo oooooooog.

gbbogbobobooboodgoa,bboobudguoo obb oooobobon
gogd. gg,booggodboobobbobbobbbboodouoaoo
gobooboobobdoooug. gbg,bbooobuoob obbug go
gobb baoobbobod.
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