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Vヽc dcveloped a ne、v computcrizcd CCD video light inicroscopy systenl for obtaining

thrce―dimensional(3-D)RGB measurements or shape(with CO10r texture)and BrOwth of

intact plants under various conditions and over a、 vidc magnincation range.  ヽ Ve used a

modincd shape― froln―focus algorithm that incorporated a linear regression operator 6or 3-D

rcconstruction ofimagcs oF petunia seedlings,、vhich have a coarsc tcxture.  This algorithm

、vas unsuitable for processing images of spccirllcns、vith glossy texture(e.g.,plant cens),but

this dra、vback、vas rnitigated by lllurninating thc cells in a checked pattern.  The algorithm

also reduced incorrcct range estimates,which are due to defocused areas around the otteCt'S

edge in original imagcs.  ヽVithin only a fe、v rninutes,the presented systenl can yield a series

of original color ilnages and reconstruct 3-D irnages incorporating color texture.  All

operations of our nc、v system are carried out automatically,and the results are displayed

by using in―house developed soft、vare that al10、vs ObSerVation of the reconstructed 3-D

image from any direction on the upper side.At angles from 10 to 80° to the objective's

facen the surfacc arca can be estimated to 、vithin an error of 5%.

INTRODUCTION

Rcccnt advances in computcrizcd light Hlicroscopy systcms havc cnabled threc‐

dimensional(3-D)analySiS Ofan ottect'S Structure(Erhardt 2r α ′.,1985;Hiraoka tt α ′,,1987,

1989;Pawley,1990;Russ,1994;Gu,1996).To obtain information on the 3-D architccture

of cclis and tissucs at high magnincation,the confocal laser scanning microscope(CLSM)has

bcen eniectivcly uscd(Pa、vley, 1990; Knebel and Schnepi 1991; Rigaut?r α ′., 1992;Guゥ

1996).In thiS System,thc 3-D image is typically cOnstructed by stacking numerous two―

dimensional(2-D)imageS,Which are obtained at consecutive confocal planes.The CLSM

has nuorescencc irnaging capability, and it can provide monochromatic or artincial c。lor

i m a g e s . H O w e v e r , t h i s  s y s t e m  c a n n o t  b e  u s e d  t o  o b t a i n  s u i t a b l e  3‐D  f u l l ( n a t u r a l ) o c 0 1 0 r  R G B

irnagcs.  In addition,using the CLSⅣ【for J″ざデr″observation of cells and tissues over a、vide

magniflcation rangc under natural gro、 ving cOnditions is difncult.  This problem rcsults

because in this situation, the laser is opcratcd at a narro、v 、vorking distance and must be

attuSted,thereby afFccting the physlological reactiOns of the targct cclls.

Traditionally,conventional stereorllicroscopes have been used for 3-D color observation

in biological applications.  Ho、 vcvcr,only lo、v―rllagniflcation observation has been possible

duc to the need for a dcep depth―of―focus and a、vide、vorking distancc.  To obtain thc stereo,

paired images ncccssary for three― dilmcnsionality,a singlc camcra and a shifting IIlicroscope

stage or duel video cameras(inStead of duel eye lenses)have been used(卜 Iiraoka θr α′.,1990;

Rigaut βr α′.,1992;Russ,1994).Many algorithms have been developed for determining a
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rangc image(1.et,depth image)from Stereo,paircd imagcs.HOwcvcr,these algorithms pOssess

a dra、vback in automatically matching corresponding points bet、vccn stereo pair imagcs,、vhile

also lacking practicality duc tO the high computational expcnse rcquired for calculating a

precise range image(InOkuchi and Sato, 1990; Faugeras, 1993 i Chellappa and Roscnfeld,

1993).

Range images can cvcn be reconstructed from monocular imagcs through``shape‐ froTl―x"

algorithms,in which x is focus,shading,texturc,or contour(Kanatanl, 1990;Nayar and

Nakagawa,1990;Jahne,1993;Omasa β ″α′.,1997).These mcthods can bc applicd to

monocular light microscopy. The shape― from‐focus(SF)method cvolved through studies on

automatic focusing techniques and for cascs in which limited mcasurements oF an OtteCt'S

dcpth arc avallablc(Krotkov,1987;Grossmann,1987;Darrcll and WOhn,1988).Thc SF

mcthod is Onc ofthc most practical lneans for automatically rcconstructing rangc imagcs from

flncぃtcxturc imagcs, Nayar and Nakagawa(1990)arst proposed an SF rllethod,applying it

to calculate the range image of a nne_texture steel ball from a series of 2-D monochromatic

ilnagcs that 、vere obtained at cOnsccutive focuscd planes.  HO、vever, this algorithm cannot

precisely determine the range imagc of Ottccts With Coarsc or giossy tcxture(e.g.,plant cclls,
tissucs,and sccdlings).

In an attcmpt tO idcntifJr an algorithm that wOuld bc ettectivc fOr reconstructing rangc

imagcs fromn monOcular light rnicroscOpe irnages of plant cells,tissues,or scedlings,、vc rcccntly

comparcd the previously described SF algorithn■,、vhich is bascd on a surll―modined Laplacian

(SML)OpcratOr(Nayar and Nakagawa, 1990)to modined shape― from、focus(MSF)algo―

rithms that were based on cithcr a linear rcgrcsslom(LR)or max― min(MM)OpCratOr,We

f o u n d  t h a t  t h e  L R  o p c r a t o r‐ba s c d  m e t h o d  w a s  t h c  m o s t  e t t e c t i v c ( O m a s a″α′., 1 9 9 7 ) . T h c

rnicroscOpc systcm that、ve used in our previous study providcd g00d…quality,3-D,fuH―color

RGB irnages.  Howcvcr, it vヽas unsuitabic For imaging giossy textures over a wide range of

magnincation,and it、vas nOt applicabic to observing sccdlings gro、vn under natural condi―

t i o n s . C O m b i n i n g  a c t i v c  l l l u m i n a t i O n ( e . g . , i n  a  c h c c k e d  p a t t c r n )、v i t h  t h c  S F  a l g o r i t h m

y i e l d e d  m o r e  e x a c t  d e p t h  m a p s  O f a  s o l d c r j O i n t  o n  a  c i r c u i t  b o a r d ( N o g u c h i  a n d  N a y a r , 1 9 9 4 ) ,

but this type oflighting had nOt been applied to mcasuring plant ceHs、vith cO10r and giossy

tcxtures.  Thcsc difttculties ied to our present study`  Here、vc cxtend our、vork by incOrpOrat―

ing thc cnhanced WISF algorithm into a nc、v cOmputCrizcd 3-D light rnicroscOpy systcmo  Wc

dcsigned the combincd systcnl fOr imaging the color,tcxture,and shading ofintact plants and

seedlings undcr natural gro、ving conditions and Ovcr a、vidc rangc of rnagnincation.

M A T E R I A L S  A N D  M E T H O D S

Cθ″β″″れzθグ アをんす″た殉ざごOpメ リSを初・ ThC COmputerizcd light microscOpe system that

we used(Fig.1)COmprised a modined light micrOscOpe(FS_60F, MitsutOyo)(Fig.2), a

stepping motOr cOntrol systerll fOr auto-lbcusing and cOntrolling each axis Ofthe rnicrOscOpe

s t a g e  a n d  l e n s  t u b c , a  C C D  c o l o r  v i d c O  c a m c r a ( X C - 9 9 9 , S O N Y ) , a n d  a  p c r s o n a l  c O m p u t c r

system(8500/180,Macintosh)fOr analyttng the rcsulting 3-D imagcs.Becausc ofthc inhercnt

widc wOrking distances(13.O mm with a 100×OttectiVC,20.5 mm with a 50×ottCCtiVc,and
34.O mm with a 2×objcctivc),intact plants can bc vicwcd undcr growing conditiOns similar

to thosc in thetr natural envirOnmcnt.The microscOpe's focal depths(0.6 mm with 100×

0明eCtiVe,o.9 mm with 50×Objectivc,and 91 mm with 2×ottcCtiVe)were adjusted to obtain
a series of 2-D ilnages at consecutive focused plancs;these images、vcrc used to rcconstruct the

3‐D irnages,  signals froHl the stcpping motor control system automatically transiate thc

町liCrOscOpe stage a10ng theメ ,ノ ,and z axes at O,02 μ IIl per pulse.  Nlovement along the z― axis

of the lens tube、vas also controllcd fOr autO―focusing and mcasurement of large rllicroscOpic
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Fig.1

P2/sοれα′     Srepp丁沌g″2ο″θ/

Cθttβ冴2/sメざr2772 cθれど/θF Sメざどで″  となんど'7た/θsc?βビ

Computerizcd light microscopy systcm for 3-D mcasurcment of shapc with color tcxture and

gro、vth of intact plants ulldcr natural gro、vth conditions over a、vide range of inagnincation

Ⅳlovcmcnt along thcメーaxis of thc nlicroscopc stagc is controllcd by thc stcpping nlolorメ、 that

along the ),、axis by thc stcpping motOr .メ、 and that along the z、axis by stepping inotor z2

Wlovelllcnt along the_――axis of thc lens tube is alsO controlled by the stepping motOrをぃbeing a

rapid albcit incxact adlustmCnt

Fig.2  Photograph or the light IIlicroscopy systcnl that 、vc dcveloped and used in thc present series of

experirnents

OttCCtS,bCing a rapid though rough adjustment.Thc imagc was measurcd by the CCD

canlera and digitizcd by a built―in vidco A/D converter.Each scrics of RGB digitizcd imagcs

(640×480 pixels;8-bit color)Was storcd until suttcctCd t0 3-D analysis.

J―D初 たたパご?クノ `ア g/οlt'″gβ 筋″な/ご夕体.Pctunia(P冴 ″″筋 んノうガ冴α Vilm cv.Mitchcll)

plant sccdlings(WhiCh have a coarse texturc)wCre selected for iow― magnincation obscrvations

and mcasurcmcnts.  Aftcr gcrHlination,sccdlings、vcrc gro、vn at 25°(ごin a pctri dish covcrcd

with moistcncd flltcr papcr;the dish、vas thcn placcd on thc lnicroscope stage.  11lu■lination

during growth was automatically controlled at 60/0/zmol photons m 2s l(PPFD)in a 12 hi

12 h lighti dark cyclc.We uscd a 2× ottcCtiVC[numeriCal aperture(NA)王 0.055 i dcpth―o偉

focus(DF)=91 μ m]and camcra rclay lcns of O.5× `Thcsc conditions allowed visualization

of organ gro、vth and oFshape(、vith CO10r tcxture)undCr light from thc surroundings.

H igh―magnincation microscopy was carried out on cells of an intact pothos(返移ウ/?″?′'″ア″
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α″″″ア″) p l a n t  b y  u s i n g  a  5 0×o t t C C t i V c ( N A = 0 . 5 5 , D F = 0 , 9  μl l l ) a n d  i×r c l a y  l c n s , T o

facilitatc rccOnstruction of thc 3-E)shapc of thcsc giossy―tcxturcd cclls、 a nnc tcxturc 、vas

illunlinated On the giossy―tcxturc cclls throLlgh a Chcckcd glass niter and polarizing nitcr

connectcd to the nlicroscopc via an Optical cablc adaptcr in addition to light frolll thc

SurrOLIndings  Potllos plants、vcre gro、vn under typical indoor conditions.

夕/gθ/″r/2初ざ??″で″ごβ yb/J_D r77,c/οざご?ガご初θαざ夕′セ7772″rα″グ rβメr″″ 初αppデ″g.Using thc

LR operator_bascd MSF algoritllm,wc reconstructcd focuscd 3-正 )RGB images fl・ om a serics

of lilllitcd―focus plancs, 、vhich 、vcre obtained by_‐―axis traversal of thc tllicroscope stage and

lcns tubc t wc also rllcasured organ growth(Fig 3). BasiCally,the algorithm intcrpolatcs thc

dcpth data such that 3-E)shapcs、 vith color tcxture can bc visualized in ally direction On thc

uppcr sidc using a、virc fl‐amc―outlinc nllcd in、vith a focuscd color imagc.  For 3-E)analysis

of organ growth(cg,,lCaf arca)nthc orgall imagc is cxtractcd ttom thc tcxturc mapping imagcs.

Focus nlcasurc opcratori  Thc LR opcrator was uscd to obtain focus mcasure ilnages

仲om a scries Of original colorimagcs(Fig,3(a)),WhiCh wcrc collcctcd at limitcd―focus plancs,

Data were calculated On eセich axis ofttur squarc―linc masks(ん4訳ちブ),た=1,2,3,をind 4isee Fig

3(a))iあAブindiCates thc ccntcr ofthc』И低×Л″名linC masks,a mcthodology that rcduccs colllputa―

t i o n  t i m e . I f  t h e  i n t e n s i t y  a t  c a c h  p o i l l t (れ) , ) O f t h e  O r i g i n a l  R G B  i m a g c  i s  d c n o t c d  a s  r R (メ,

メ),え(メ,ノ),and名 (,Y,ノ),thenム lax(メ,メ)iS

為ax(メ,メ)=max{rR(メ,ノ),えは,ノ),る(X,メ)} ( 1 )

Thc ttcus mcasurc/(,ブ)Can subscqucntly bc detcrmincd by using thc LR opcrator,11l wllich

thc sum of the absolute errOr bctween 名 狙x(れ ノ)and the regression linc Of ttax(メ ,メ)iS

CalCLllatCd by using thc lcast―squarcs mcthod On thc axes(r'た, /tZ=1,2,3. and 4)of caCh line

mask.That is,

/(えブ)王々主13Ⅲ毘∈ジ熟,ブ)1名
la、(れメ)~{αた(あブ)十あた(ちブ)、βた(ヽメ)}|,      (2)

where α々(ォブ)andゎた(ち、ブ)repreSellt the regresslon cocttcients on linc maskん4試ん、ア)in whiCh
メ,ノ∈7'イた(らにア)indicatcs that(れノ)CXiSts inんちょらブ)。ThC LR opcrator is bctter suitcd ttr

processing inlages with coarse texturc than arc surll―modined Laplacian(SML)or maX― min

(MM)OpCrators(Omasa cr α /.,1997)

Gaussian intcrpolatiOn and mcdian iltcri  The nunlbcr of focused plancs, ソV, 、vas

littlitcd tO tell or icss in order to reduce computation rcquircmcnts.  Although a discretc value

of rangc of dcpth cOuld bc cstilllatcd frOlll thc fOcus lllcaSurC,adding Gaussian intcrpolation

provided smoothcr、mol‐c accuratc rangc csti11latcs(Fig.3(a)).ThC ttcus mcasurc that is

calculated by assuming the distributiOn Ofimagc data at cach imagc point(ちブ)Of COntinuous
SOCLiSCd planes can bc approxilnatcd as a Caussian distribution in H/hich thc optimLIIIn focLIS

Focus measure    Caussian

operator       lnterpOlation

ftjcus measurey

3D measurement

of organ growthI n t e r p o l a t i o m
D i s p l a y    ( b )          ( c )    ( g )

2 D / ―
i フ
て一 ∠ 範 /

Rangc image    Focused colorimage

Oj=inal color images
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point,the focuscd rangc芝各(あブ),iS thC peak of thc Gaussian distribution. This assumption
allowsる(あブ)tO be detcrmincd from only thrcc focus measures,and its distancc can be
dctcrHlincd by using a single rcfcrcncc point on thc z―axis,″占(Nayer and Nakaga、 va, 1990).

Thus,

る=            い )

whcrc coordinatcs(らブ)arc Omittcd for simplicity,/n iS the largest valuc in a serics of focus
mcasurcsあ(ん=1,…,″-1,″,″+1,…,N)esdmated by Eq。(2)at limited―focused planes,

/n l,/n+1,名1,and名十1 arC thc ncighboring valucs of/n andム)and∠空z is the distancc bctwcen
ncighboring focused planes.  Thc rangc imagc estilnatcd by Eq.(3)includCd Strong,spikc―likc

n o i s c , w h i c h  w c  r c m o v c d  b y  u s i n g  a  m e d i a n  n i t c r ( 1 . e . , t h eるo f e a c h  p i x e l  w a s  r e p l a c c d  b y  t h e

mcdian ofる
's in thc linc Hlask).ThiS ilter is particularly efFectivc when the noisc pattern

consists of strong, spike―like components and the characteristic to be preserved is edge―

sharpness(Gonzalez and Woods,1992).

Composition of focuscd color image and texture rnapping:  A focused color imagc、 vas

gcncrated after rcspcctivcly interpolating thc Original RGB intensities by using the information

on thc focuscd rangc at cach image point.That is,thc intensity rR,p(あブ)Ofthe R imagc
focused at an image point(ちブ)Was estimated by

■p=■同{上孔売井
土
|十二
nt盗を死|二},       “ )

whcrc coordinatcs(あブ)are Omittcd for simplicity,and rR,n and rR,n l are the intcnsities of the
R  i r n a g e  m e a s u r e d  a t‰andる1.E q u a t i o n ( 4 ) i s  c o r r c s p o n d i n g l y  a p p l i e d  t o  o b t a i n  r c , p (ちブ)
and rB,p(ちブ),thCrCby cnabling composition of thc ibcused color imagc. By using ncwly
developcd soft、varc that generates a 3-D、vire frame―display incorporating color information

and a tcxture mapping display in any dircction on the uppcr side,3-D shapc and color toncs

can be casily rccognized frorll thc computcr display.  This soft、vare incorporated a “rapid

previc、v"function so that thc vie、v positiOn cOuld bc casily verifled.

Measuremcnt of organ gro、 vth i  Changcs in thc area of cotylcdons, an indicator of

seedling gro、vth, 、vcre automatically mcasurcd fron1 3-D images.  Bccausc the tcxturc―

mapping irnagcs of cotylcdons 、 vere prcdoHlinantly grccn in color, they could casily bc

cxtractcd frorn thosc of other organs and the background.  That isぅ the cotyledon image、 vas

extracted by a set of image points satisfying

え,p(ちブ)/{ r R , p (あブ)十rc, p (ちブ)十rB, p (ぁブ))≧rGT H ,

and

r B , p ( ぁブ) / ( r R , p ( あ ブ) 十 え , p ( あブ) 十 r B , p ( ちブ) ) ≧ r B T H ,

( 5 )

( 6 )

、vhcrc rGTH and/BTH arc prc―deterrllincd,nxed,thrcshold values.  Small holes or uncvcn cdgcs

in thc extractcd ilnagc 、vere f11led and smoothed by expanding or shrinking the irnagc as

neccssary,achieved by dividing thc 3-D ilnagc into a largc number oftrianglcs then applying

Hcron's formula to compute leaf arca aftcr smoothing uneven surfacc.  The rneasurcmcnts of

a metallic plate、vith an uneven surface conarrned the suitability of this lnethod.  Automati…

cally cxtracting an image of a targct organ is difncult、vhcn its tone and brightness are silnilar

to those of othcr organs and the background.  HO、 vever, as long as there is even a slight

diderencc in tone and brightncssぅapplying thc unsharp masking processing bcforc the thresh―

o l d i n g  i s  c t t e c t i v e ( O m a S a  a n d  O n o c ) 1 9 8 4 ) . T h e  d i f F e r e n c e  i n  t e x t u r e  i s  a l s o  u s e d  f o r

segmcntation and thresholding(Russ, 1994).

Vol.36,No 4(1998) (29)221



RESULTS AND DISCUsS10N

A scrics of original c01or images of a pctunia seedling(Fig.4)renccts nine focused planes,

with thc intcrvalガz=0.3mm.Thc planc offocus in thc arstimage(1)iS the wet nitcr papcr,

that for the last(9)iSjuSt above thc secd leai FrOm these colorimagcs,the focus mcasurc was

cstimatcd by using Eq.(2)and the fOcuscd range by using Eq.(3);the rrlask size(including the

mcdian ilter)for thCse opcrations wasソ ムヽ=13.Dcspitc the smali numbcr of discretc original

images, thc resuiting wirc―framc 3-D rangc image(Fig.5)is smooth and exact

The ultirnate accuracy of the rccOnstructed irnagcs dcpcnds on thc surface tcxturc(、vhiCh

is relatcd to the fOcused color image)Of petunia seedlingst hOwcvcr a more prccise range image

can be obtained by optilnizing the mask sizc,  For cxampic,ifspikc nOisc in thc rangc imagc

lcads to chOosing incorrect focused planes, the focused color inlagc becomes unctcar at thc

irllagc points,  Too largc a mask size also leads to unclear ilnage points((3onzalez and

Woods, 1992; Russ, 1994),espCCiaHy at seedling edges. Applying thc LR opcrator_bascd

algorithrn tO the focuscd c01or ilnagc obtained by using Eq。 (4)(Fig.6)reduCed irllage

dcgrading cfFccts produccd by spike noisc and edgcso  ln fact, 、vith a small t1lask size, this

opcrator yicldcd clcarcr imagcs than did thc SML or MM opcrators(Orllasa ?r α ′., 1997).

This opcratOr also was morc cfFcctivc、vhcn using RGB imagcs in placc of a monochrOmatic

imagc(Omasa Cr α ア.,1997).

A tcxturc mapping imagc(Fig.7),whiCh was gencratcd through combining thc 3-D range

ilnagc and the focuscd color image, clcarly sho、vs the 3-E)tonc、 tcxt urc, and shapc of thc

sccdling.  By manipulating thc cOmputcr mouse, thc obscrvation or rccOnstructcd tcttttarc

mapping ilnage is aHo、 ved from any directiOn on the upper side.  Thc undcrsidc of the

seedling cannot bc sirnilarly cvaluated bccause thc 3-E)irnage is recOnstructcd from color

irnagcs(cOHected thrOugh thc lcnses ofthe light lnicroscope)ofthe upper sides but sianting thc

rllicrOscOpe stagc facilitates imaging Of this reglon to somc extent,

Dcterrllining thc range focus in thc g10ssy parts ofcclls ofpOthOs plants、vas difncuit、vith

thc prevlously dcscribed mcthod,and illurllinating the checked pattern(Figゃ8A)on the CClis

had some dctrimcntal ettects On imaging.HOwcvcr,at a suitablc mask sizc(フ ィs=15),whiCh
rcnects thc、vidth of the chccking, using the mcdian alter tendcd to crase thc chcckcd pattcrn

(Fig.88)  In particularn intensity and saturation along rcd lincs、vcrc avcraged aftcr nitcring,

whereas huc was only slightly arected(Fig,9). ThC reconstructcd tcxture mapping imagc Of

pothos cells Obtaincd frorn a scrics of eight Original cOlor imagcs(△z=3μ m)inCOrporatcs

checkcd illurllination and rllcdian altering(Fig.10).  ThcヽVCll‐roundcd cclis arc smooth ithe

color tOne changed slightly,

Vヽe used the mean arca ofcotylcdOns(correlated with growth),as determined from 2-and

3-D imagcs acquircd from the uppcr sidc oflcaves,to documcntthc gro、vth history ofan″″ざFr″

pctunia seedling ovcr 9 d after providing a、vatcr―supply(Fig.11).  Fo1lo、ving gerrnination

aftcr 4 d,偽vOrablc grOwth is apparcnt`NOtc that valucs from 2-D imagcs arc markcdly(frOm

26 to 38%)smallcr than thOse from 3‐ D imagesi the accuracy oflcaf arca as determined from

thc 3-D shape was dcpcndcnt On thc angle bctween the ottCCtiVc and the learsurttcc and thc

texturc(uneVenness)Of thc lcaf surfacc,  In cxperilncnts incorporating a rnctal disk that had

a n  u n e v e n  t e x t u r c ( s i m l l a r  t O  t h a t  O f t h e  l e a r s u r f a c e ) , d c c r C a s i n g  t h c  a n g l e  t o  t h e  o t t e c t i V C ' s  t t c e

increased errOr;in Fig.12,crroris about 18%fl・om 10to 30°.  Ho、vever,this crrOr、vas rcduccd

to -5% by using a smOOthing nitcr、 、vhich dcterrllined the avcrage valuc for an area of 5

pixcis ×5 pixels,  In tcsts that imaged a mctallic hernispherc with 2 rn「l radius,thc crror in

surttce arca was within 3%(data nOt shown).

Our rcsults shO、v that the presented computcrized light inicrOscopy syste■l can perforrn 3-D
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Fig.4  A series of original color images of a

petunia seedling obtained by changing the

Focus planes from wet ilter paper(1)tO a

plane just above the cotyledon(9)at COn_
secutive intervals of O,3 mrn.

Fig.6  Focused color image composed by repeti―

tive interpolation[thrOugh usc of Eq。(4)]

at all lmage points of RGB images.
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Fig.9 Hue(万 ),intensity(r),and samration(S)

values oF image points along red lines in

Fig.8 before and aftcr llitering.

Fig,10  Texture mapping il■ age of、 pothos cells

obtained by using a series of eight original

color ilnages that were llluIIlinated in a

checked pattern.

Vol.36,No.4(1998)

Fig.5 Wire―frame range image reconstructec b,

using the original color images in Fig,4.

F i g . 7  T e x t u r e  m a p p i n g  i m a g e  g e n e r a t e d  b y  t t m ‐

bining the 3-D range ilnage and the

focused color image.

Fig.8  EfFect of the median lllter on erasing the

superilnposcd checkcd pattern.

A: Original ilnage, obtained aFter

luHlinating cells in a checked patern.

Image after flltering.
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Fig。1l  Changcs in arca of cOtyledons in an intact petunia scedling artcr providing a、vatcr supply to the

sced

●,mean value of lear area cstilnated by using a 2-D image measured frona thc upper sidei o,

mcan valuc of lear area estimated by using thc 3-D shape  Vcrtical bars indicatc tt l standard

dcviation.
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Fig.12 Errors in surrace area estimated by using the 3-D shape depend on thc anglc to thc otteCtiVC's ttcc

and the unevenness of the suriace.

●,berore use of a 5×5 smoothing fllter; 〇,artcr usc of the niter

irnaging oFshape and color texture of plant cells.  Bccausc ofits、vide、vOrking distances even

a t  h i g h  m a g n i n c a t i o n ( > 1 3  m m  f o r a  1 0 0×ott c c t i V C ) , O u r  n c w l y  d c v c 1 0 p c d  c q u i p m c n t  c a n  b c
uscd to rllonitorデ″s″″the gro、vth ofintact plants under natural conditiOns.  Our ne、v systcm

is cttcctivc ovcr、vidc rangcs of rnagnincation――frorll a lo、v that is gcncratcd through use of a

2× o明 ectiVe and a O.5× rclay lcns tO thc high level,which incOrpOratcs a 100× o明 eCtiVC and

al×  relay lens.  The pcrformancc ofthc systcm that wc prcscnt hcrc is bctter than that of our

prevlously described remotc‐controllcd light rnicroscopy systcrll, 、vhich was developcd for

observing stOmatal movcments(OmaSa gr α′.,1983,1985;Omasa and Croxdale,1992).

Another advantage of the prescnt systcm is its rapid prOcessing tilne,  ヽ4easuring a series Of

original color images and reconstructing the corresponding 3‐D ilnage、vith cOlor texture can

be accomplishcd autOmatically ヽ vithin several rninutes, 、vhich is prObably less tilne than

r e q u i r e d  f o r  o t h e r  m e t h o d s [ c . g " a n a l y s i s  O F  s t c r c o , p a i r e d  i m a g c s ( I n O k u c h i  a n d  S a t o , 1 9 9 0 ;

Chellappa and Rosenfeld,1993)].Morcovcr,by incorporating thc sOttware that wc dcvcl―

opcd,the resulting 3-D imagc can be obscrvcd fronl any directiOn On thc upper side by thc click

of a rnOuse.

The modincd LR opcratOr― bascd shape― from―focus(NISF)algorithm that wc used was

well―suited for proccssing images from plants with a cOarse texture(Omasa g″αア.,1997),

However,this methOd was ill―suited for processing images ofotteCtS With a giOssy tcxture(e.g.ぅ

【ゞ

】
】ｏ
壇
口
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plant cclls).ThiS limitation was mitigatcd by llluminating cells with a checked pattern;thc

only the dra、vback of this technique、vas a slight change in cell color tone.  Using the MSF

algorith■l also prcvented incorrcct range estirnates due to the unfocused areas around the edgcs

of the ottect in the original color image.

Thc surface arca of each organ ofintact plants has traditionally been estilnated through

using 2-D images(MatSui and Eguchi,1978;Omasa and Onoe,1984t Omasa,1990);thiS

practicc may lead to unacceptable errOrs duc to lack ofinformatiOn about the 3-D shape.  By

using thc ne、v irnaging systern that、vc prcscnt,thc surfacc area can be deterHlined to、vithin an

error of 5%at objcctive angles frOm 10 to 80°though direct 3-D measurement.In light of its
overall pcrfOrmancc,our system is likcly to bc an cttcctivc tOOl for assessing 3-D changesin the

shapc and color tone of plants gro、 ving under natural conditions over a 、 vide rangc of

magniflcation.

Sinccrc gratitudc is extended to M` OnOc, Emcritus Proressor or the university of Tokyo and an

executivc advisor of Ricoh Co., Ltd.,3or his valuable guidance.  This rcscarch was supported in part by

thc Nc、v Tcchnology Dcvc10pment Foundation Of Japan.
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く和文抄録〉

生育状態の植物の 3次 元カラービデオ顕微計測法 :

形状 と生長の新 しい計測法

大 政 謙 次 。国府田正樹
ネ

国立環境研究所 ・
ホ日本大学生産工学部

生育状態の植物の形状や生長を,低倍率から高倍率にわたって,非破壊で計測するための新しい

3次元カラービデオ顕微計測法を開発した。この計渡l法は,線形回帰演算を用いた mOdined shapC―

仲om―focus(MSF)法 によって,カ ラービデオ画像から,3次 元のカラー形状画像を再構築し,器

官生長を測る方法である.こ の MSF法 は,原 画像のエッジ周辺のボケにより生じる誤差を改善で

き,ま た,ス テレオ画像から3次元形状を再構築する方法に比べて,短 時間に,再 構成画像を得る

ことができる。具体的に,低倍率での器官生長の 3次元計測の例 として,粗 いテクスチャをもつペ

チュニアの実生を,シ ャーンで生育させながら,受動的な方法で 3次元の形状の変化を計測し,発

芽後の子葉の生長を求めた.ま た,高 倍率で,表 面光沢がある細胞の計測の例として,ポ トス細胞

を例に,表面の色調や生理状態に影響が出ない程度の格子状のテクスチャ照射し,細胞の膨らみを

3次元的に計測した。演算は自動的に行われ,結 果の 3次元画像を上方の任意の方向から,マ ウス

操作で観察できる.また,この方法を用いた表面積の計測精度は,対物レンズの面に対して,10°か

ら80°までの角度で 5%以内の精度であった。
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