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A three-dimensional digitizing system based on
triangulation using multiple viewing images

Takao UBUKATA'

Abstract A three-dimensional digitizing system for measurements of organic forms was in-
stalled in the Institute of Geosciences, Shizuoka University. It is based on a triangulation meth-
od using an image-capture device that enables multiple viewing of the object fixed on the stage.
The device consists of a standing arm and an attached CCD camera that can be tilted so as
to capture images from a known angle of offset. The CCD camera and its controller can be
connected with a personal computer via USB. Measurements of x and y coordinates of points
of interest are made on the captured image using a computer program developed in this study.
The x and y coordinate data collected from the images of normal and offset views determine
the z heights of the points. An original add-in program for Microsoft Excel is used to calcu-
late the z values of the points. The program corrects the warp caused by aberrations of the
lens simultaneously with calculation of z. It also includes the option for calculating
three-dimensional Bookstein shape coordinates based on the calibrated data. The result ob-
tained from 20 repeated measurements of a sample indicates that the standard deviation of
the measurements is less than 1% of the mean in the x-y plane and no more than 2% in z di-
mension. The system is most useful for capturing landmark-point and line-tracing coordinate
data from a small- to medium-sized specimen.
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Fig. 1 The image-capture device. A CCD camera with a
microscope lens is attached to the standing arm that can be
tilted toward the right and left sides.
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Fig. 2 A schematic diagram illustrating the geometry of the
multiple viewing of the object. The z value of the black bold
point in the diagram can be determined if x and x’ coor-
dinates of the point and tilting angle (0) are given.
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Fig. 3 Relationship between the known coordinates on a section paper (x, y) and their measurements including aberrations of
the lens (px, py). Plots of the ratio of the measured values to the true values against cosf are shown, where B is the angle be-

tween the directions of the ray and the optical axis (Fig. 2).
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Fig. 4 A geometrical illustration of transformations of the figure for obtaining the three-dimensional Bookstein coordinates. The
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that the baseplane lies in the x-y plane. The remaining transformed coordinates give the Bookstein coordinates.



SWITFRERNE Y AT A 69

LItk oT, EREE XD 20D S DOBENENFN
(=05, 0, 0), (05 0, 0, EEMELEZXDHLH>VED
DOFEIER O 2 JEREDN0 L7220 L O I TOFRS 2 AR L
725 ONR3WTEBookstein LR EETH S (X4). XYZ-
calc Ti¥, 3¥%&ItBookstein FLIREEZE A LD X 912 LT
KD B,

PV E, EROEINICRD X O IR E I
ML, SHIEROFRPIFERERD O ICEMSESD.
Z D& EFHAE I DIERED (x4, yi 20) DB (xd, yi,
z!) WWEH NS LT,

, _x1tx2 , _y1+y2>
Xi —<xi 2 )/D, Vi —<yi 72 /D,

,_ [ zitaz
Zi —<Zi 72 >/D

7ziZL D =J(x2— x1)2+ (yz—y1)2+ (z2— 21)2

CHOLTEHm L EMEZ S S ziio b v ic|iE L TH
WA z-x Y EICRED L35 &, KEFHREID ZIEDR X
LI BEERAEOETIIE, X4LD tanf=—y2'/x 72
5,

’

N £ S RN
cos@—m, sin6 NS
Z D%, yEhiD £ Y 2R [ZolRlR L TR 2 1l
ZEDbEDL LT DL,

. _ X2’2+y2’2 . _ Z2

B e

PLEDOZEHT, HROmS OEEITZENZE (=05, 0,
0), 05, 0, 0) £7%5. Fie, oL, HiEm ED3FK
HOREMESOBZEZ (5%, ys*, 255 &92&, KR
Diz-x i & R AL, KEEFHEIY ZIEEOmE L3l
tan¢=—yi* ®

zZ3

TEZLND. (xs%, ys* 25 ZELIx@iOEbYIC
KIFEHE Y ToRRTAuE, R IE x-y FmicH s, 2
T, xh, yiEh zEOFEDY ZRERIE H1THIEENR
ZXWRz, Ry, R:EBITIT,

1 0 0 coso 0 sinw
R;:Z(O Ccos¢ sind)), R;,Z( 0 1 0 ),
0 —sin¢ cos¢ —sinw 0 cosw
cosO sinf 0
Rz=<—sin9 cosf O>
0 0 1

£1 20EIO# VR LUAEIZ L > TR D - 2 iHilREZE.
Table 1

0 (R URBEIRIY Z EQmME &45), (xs*, ys%,
Zs*)T:Rsz(xs’, ya’, Zs’)TJZD,

ysT=—x3’sinf+ ys'cosb,

z3"=— x3’sinwcosf— ys'sinwsinf+ zs'cosw
R @) % (9 IRATIUL, cosop&singZzRbDZ L
NTED, UEDXoicL T, £EERITII R, Ry, R:
ERDDHIENBTEX D,

T, WIZ—WRDRDERRIZONTEZ D, (v, yi,
zi) DBIFROEERIC L > T (&, v’ z/") TEH#ES
na &g, 7, v 2" "= R.RyR:(xi, yi, z)"
LRBING,

711 712 713
RnyRz:<7’21 V22 723

731 732 733

EBITIE,
711= — COSwCosH
712= COSwSsin O
713= sino
721=— C0S¢$sinf— sinpsinwcosh
722= COS¢pCcosO— sin¢psinwsinf
723= SIin¢$ CcoS w
731= Sin¢sinf— cos ¢ Sinwcos o
732=—sin¢cosf— sinpsinwsinf
733= COS ¢ COS
b, Zhb S & 3%t Bookstein R EEAZ I,
x1” = ruxi + rizyd + riszid
yl” = raxi + 7’223/1" + 73z
21" =raxi + raeyi + raszi
ELTkOBND,

XYZcalc Tix, HEROE 222 o0 HEN, HiEm L
D HVEODOIMER, ZOMORERDIRIC, HEEF
W7 —# % Excel DU — 7 v— bk _EIZWTAST T,
LREOHELFEITTE S,

AERE

AR AT L TOIRTIERZE DR ERE E % 34 5 7
2, BOEUIEIC X > THERBEEZEZ R L -2, 31
st L THEFEOMEL I LZHY, FEERO4-D>DIELED
553D IRTCIEAE KD, ZDEEET— 7 56 E
DFE-E (length) &M1& (width) &JEE (thickness) %
kD72, ZOEHANT, LR EBEHEOEREL 53159 cm
THERSHEOBRES L, L=126 cm TRERSEORE, &
BITIZL =126 cm TIER10FOBED 3@ Y OFNEN

The errors of the 20 repeated measurements of a parallelepiped sample.

L=159 cm, X5 L=12.6 cm, X5 L=12.6 cm, X10
length width thickness length width thickness length width thickness
true value 23.45 21.35 12.00 23.45 21.35 12.00 23.45 21.35 12.00
mean 23.64 21.49 12.30 23.58 21.53 12.77 23.13 21.15 12.64
std. 0.158 0.180 0.223 0.165 0.083 0.173 0.096 0.045 0.183
std./mean  0.0067 0.0084 0.0181 0.0070 0.0039 0.0136 0.0042 0.0021 0.0145
3 0.22 0.45 0.18 0.44 0.033 0.000008 0.0008 0.000004 0.0005




70 i 7

WZOWT20EFTOMVIRLTE, £, /XATEDEN
HEHELILDESLIREEIZFHIL, ZollfEE “E
OfE” &R L T IR LEIEOFHHME & eis L, R/t
BRAEDOFEZ1T o T2,

FTORER, FERRZEIL, b A T2 < TERIMEVIE
ERELBRDHABD -7 (D). Thix, FEnFEL
KEZ b, HELETHEEREZKESETIZEAEDFE
BICRbZ L a2ERL, BEROITIISEZVFIORETH
DEnz b, FHEDEEEICH T S IEERZEOEIGIT,
AIEBORBHANTRRICEEL>TH, v &y bR
ORI TI%ARR, 20056RDEEITII2URHETH 5
tEZOND, —J, FHIMEDOFEZ “BOE” & g
T5E, x L yPOERODEEITRHIIFELEDLLRNL S
Wb R 28, FHAME & R U Y LR 2R OIER
PP OIEEZMHEL T “BEOE” L0 bFEErLEENn
TERELNLHE (p) ZiHETDE, BATHELST
FERPEVIZE plI/hE <, FERI0MH5 TIEHE ORICE
W 1% KETHEEFBD BN (ED. Ziux, HEN
IR F CTERRED R E VWD ICRFEBEIRE S
N2 EITh £LB8, —HTHRENIVGEDEE TOH
X, yPBROEEEN “BEOME” LV bfEenT, X—
LDRERIEIFT B RFREN SV HD L0 L Bbhb,
E7z, zPORDICE S TR “BEOf” 10 oK
EVWEAHTRY, FITHEBEPK 25 1E SR %
MREDPKREL RDEMDBD L. I HOMERIT, BfE
RTHBIELS RDIEERT =V LA TR—LDE
AV TNV ETICRD I EE L, R0 EEA
WSRO ZEEEZDEAD. ZDXOIT, Sk
FREFIEL TITRMARZEIC L BB feREZE L Y bkl
RLEDOT, ERISLBBEIONRT U R EEEL CHE+
WX, H2BRELATRETDIEOVPREDT —F 25
LD EEZLND. L3159 cm THERLSEOFE, F
MAEZEITx & y D ORDIEES TIUARM, 20RO E
T2 REETH D,

BbhYIc

HBORIZRLZ0720, BEE L HHE S 20 8-
TWVWDHT, /FRFEENTFHIBRIIRNWEA S, E
B, LA oFHNCiE, SHTHRBLELDEARIT/ FA
DBHWSLITNS, 3WITFHIN T & 84 725 HHERE
BOLHRINTWER, Znbiddatdb /21D
IERE Y TEMZROT, AR EHFMHESYSER E
DHBLSMTITIZE A EER L THWRWORERTH 2.
—F, R—=VFrarsta—F—03KE-- EHITLY,
KEDT VA NVEBGT —F 2HEICRVIAD S L 5T
2o ledT, KA b TEZREGRFOFERSHFE
BLTWbnLEbN5.

EHREHAID b 3IRTTIEAR 215 2 AT REAIE Y A 7 A,
Homm ~Fcm A 7 — )V DR O PRGN i b IR T
HY, WEREE LA OFHNCRW TIEEAN KT
HDEWZD., T, —HOBEBERISZEDEDOEE Y
HHICIETES DT, < OEEIL R L2EMAFEAL
O WIFRITIIRICE L TW 5, BEE IR O 8L, 240 2

"5 5

ST ORI DTH Y, FEROHE - ez A
oS AMET L, HECTHMREICES ZLMLT
5. GHEEEL L TE, L ZET UETF A FOfk
BRI 2 T SRTTEAE T — 2 DEUSS, —ACH DR
(20 > T S TTHmER DR 72 &, #RA REPEZ B
5.

# o

F ] KR AR A BR R R R o AT e R IR ITIE, A1)
EREL TWZREWe, KUY AT LOEAILIE, SCE
BRI e w4 (20034EF, #EHETFHE (B),
BEEE15740310) A L7z, ZZELTHEEZRT
5.

51 Ak

Bookstein F. L. (1991), Morphometric Tools for Landmark
Data: Geometry and Biology. Cambridge University
Press, New York, 435p.

Dean D. (1996), Three-dimensional data capture and vis-
ualization. [n: Marcus L. F., Corti M., Loy A., Naylor
G. ]. P. & Slice D. E. (eds.) Advances in Morphometrics,
Prenum Press, New York, 53-69.

Dryden L. L. & Mardia K. V. (1998), Statistical Shape Anal-
ysis. John Wiley & Sons, Chichester, 347p.

=HEZE (1999), FEREHIES:. HAEWORE2, HEYOFE
RE LT (S —pk - 2 &), WIAEIE, HOR, 6199

IE—Bg (1988), AYEEE. A —2atkitiiRE, B, 258p.

1851 BT — 7 3HA17 v 7' Z 4 Digitizer.
Appendix 1 Digitizer: a computer program for cap-

turing coordinate data on an image.

Option Explicit ’declare public variables
Dim i, j As Integer
Dim ¢x(400), cy(400) As Integer
Private Sub Dirl_Change()
Filel.Path=Dirl.Path
End Sub
Private Sub Drivel Change()
Dirl.Path=Drivel.Drive
End Sub
Private Sub cmdStart_Click()’load picture
=0
picGraphic.Picture=LoadPicture(Dirl.Path &”¥"&
Filel.FileName)
End Sub
Private Sub picGraphic MouseDown(Button As Integer,
shift As Integer,_
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X As Single,Y As Single)measure coordinates
picGraphic.Circle(X,Y), 30, RGB(255, 0, 0)
i=i+l
cx()=X:cy(i)=Y
End Sub
Private Sub cmdRevise_Click()'undo
i=i-1
End Sub
Private Sub cmdSave_Click()’save data
Dim k As Integer
iFitl
Open Dirl.Path &”¥”& txtFilename.Text &”.csv”
For Output As #1
For k=1 To i
Write #1, cx(k), cy(k)
Next k
Close #1
i=0
Erase cx, cy
End Sub
Private Sub cmdEnd_Click()’quit
Unload Forml
End Sub

1852 2z B X O3kt Bookstein JE IR FEFE 3 7 v
7'Z 5 XYZcalc.

Appendix 2 XYZcalc: an add-in program for Excel for
obtaining z coordinate and calculating Bookstein coor-
dinates.

Sub XYZcalc()

Dim nx(), ny(), nz()As Double

Sheets(”data input”).Select

sc=Sqr((Cells(2, 5).Value-Cells(3, 5).Value)"2

+(Cells(2, 6).Value-Cells(3, 6).Value)2)

L=Cells(2, 7).Value*sc

i=1

While Not Cells(i+1,1).Value=""
i=i+1

Wend

n=i-1

ReDim nx(n), ny(n), nz(n)

Fori=1 Ton
x=Cells(i+1,1).Value-4819
y=Cells(i+1,2).Value-3615
tx=Cells(i+1,3).Value-4819
ty=Cells(i+1,4).Value-3615
nL=Sqr(x"2+y"2+L"2)
nLt=Sqr(tx"2+ty 2+L"2)+tx
For j=1 To 30

nx(i)=(-0.2184#(nL/L)"2+1.3554*(nL/L)-0.1403)*x

ny(i)=(-0.2073*(nL/L)"2+1.2379*(nL/L)-0.0384)*y
ntx=(-0.2184*(nLt/L)"2+1.3554*(nLt/L)-0.1403)*tx
nty=(-0.2073*(nLt/L)"2+1.2379*(nLt/L)-0.0384)*ty
nz(i)=nx(1)-Sqr(2)*ntx
ntz=Sqr2)*nx(i)-ntx
nL=Sqr(nx(1)"2+ny(i)"2+(L-nz(1))"2)
nLt=Sqr(ntx"2+nty " 2+(L-ntz)"2)
Next j
Next i
Sheets(”calibrate”).Select
Fori=1 Ton
Cells(i+1, 1).Value=nx(i)*10/sc
Cells(i+1, 2).Value=ny(i)*10/sc
Cells(i+1, 3).Value=nz(i)*10/sc-2
Next i

End Sub

Sub Bookstein()

Dim x(), y(), z() As Double
Sheets(”Bookstein”).Select
i=1
While Not Cells(i+2, 2).Value=""
i=i+l
Wend
n=i-1
ReDim x(n), y(n), z(n)
For i=1 Ton
x(1)=Cells(i+2, 2).Value
y(i)=Cells(i+2, 3).Value
z(1)=Cells(i+2, 4).Value
Next i
D=Sqr((x(2)-x(1))"2+(y(2)-y(1))"2+(z(2)-z(1))"2)
Select Case x(2)
Case Is=x(1)
costh=0:sinth=1
Case Else
tanth=(y(2)-y(1))/(x(2)-x(1))
costh=1/Sqr(1+tanth”2)
sinth=tanth/Sqr(1+tanth”2)
End Select
tanom=(z(2)-z(1))/Sqr((x(2)-x(1))"2+(y(2)-y(1))"2)
cosom=1/Sqr(1+tanom”2)
sinom=tanom/Sqr(l+tanom”2)
nx=(2*x(3)-x(1)-x(2))/2/D
ny=(2*y(3)-y(1)-y(2))/2/D
nz=(2*z(3)-z(1)-z(2))/2/D
tanph=(-nx*sinom*costh-ny*sinom#*sinth+nz*cosom)_
/(-nx*sinth+ny*costh)
cosph=1/Sqr(l+tanph”2)
sinph=tanph/Sqr(1+tanph”2)
rl1=-cosom*costh
r12=-cosom#*sinth
r13=sinom
r21=cosph#*sinth+sinph*sinom#*costh
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r22=cosph#*costh-sinph#*sinom#*sinth
r23=sinph*cosom
r31=sinph*sinth+cosph*sinom#*costh
r32=sinph*costh+cosph#*sinom#*sinth
r33=cosph*cosom
Fori=1 Ton
nx=(2#x(1)-x(1)-x(2))/2/D
ny=(2*y(i)-y(1)-y(2))/2/D
nz=2*z(1)-z(1)-z(2))/2/D
Cells(i+2, 5).Value=rll#nx+r12+ny+rl3*nz
Cells(i+2, 6).Value=r21#nx+r22+ny+r23*nz
Cells(i+2, 7).Value=r31#nx+r32*ny+r33*nz
Next 1
End Sub





