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                                 ABSTRACT

 A  method  is described for reducing  the lange errDr that often oocurs  in the measurement  ot three-dimensional

         using  the photometric stereo  method  when  there ts a  speoular component  in the reliectio.n
    objects(3D)characteristics

 of the objectrs  surfboe, First, the change in the luminanoe distribution caused  by the component  s

estimatect based on  the corTelation between the modebd  dlstribution and  a  gray4ertel image of the object created

by numerical experiment  Ne)ct the shape  rneasurement  of the hemtsphere object was  carTied out Numerical

experirnent  of three dimensiona1 measuTement  of a hemispherical otbject showed  that the mean  error  of normal

vectDr can  be reduoed  by as  much  as  90%. This method  ts appl'K able  to machine  vision, automaic  manufacturing,

and  other industrial preoesses,

KEYVVORDS: Iumirvanoe dtstribution model, specular' refiection cnmponent  3-D shape  measurement  gray4evel
image

1. Introdudion
 Studies on  extracting  three-dimengional  imatfon

ftom images input ftom carfierai)"a) are  important and

indiepensatile for industrial robot  (tibjec t reoc,gnitiorL

 Generally, two metliods  can  be considered  for extracdng
information from image data. One  is a  met[hod  that  uses

epecial dght sources  and  slit light in cErder  to calculate  the
absolutedistanoetothecibjectfromtihecamera.  [[heotiher

is tihe pkmmetric  stereo metihod4)'S)  by which  tihree-

dimensional inlimabon  fbom multiple  grqy-level images is
extracted.

 [M)e photometric  gtereo  metihod,  a  represerrtative  method

for three-dimensional  image measurement,  is orie in which

gradients of the dbiect surface  based on  gray-level images

6btained tihrough a  device such  as  CCD  eamera  are

measured.  The  advantages of tliis metinpcl  are  its

capahihty  of measuring  gradients of  tihe d!iject surface  at

every  picrture elemerrt  of the gray-level images

photographed  and  of  obtaining  a  large velume  of data
tihrough one  measurement  in this metu  multiple

gray-leve1 images are  photographed and  norma]]y,  the

conventional  need  lhr complicate(l  calculations  to malre

adjustrnents  between images in order  to fuc the relative

pogitions of the viewpoint and  tihe dhject can  be elminated,
tlius tihe prooess of  measuremerrt  is gimplified  arid

ahortened. T[hedrawbacktotihismethodisitsincapal)ihty
to chtain the ncmnal  vector  af the cftijecrt surface  when  ttle
relation  between the luminance and  the surface  gradient is

unlmown  due to the absence  of inforTnation such  as  tihe

rabo  of  qpecular reflection  component  in surface  refleedon

characteristios and  tl)e reflectlon  characteristirs hemselves.
 [[b solve  this, Iwahori et aL9)  pr(rposed a  method  to

estimate  the reflection  dharacterigtios of  tihe dbject surface
based cm  information obtaine{1  from a  unique  point on  the

surface.  H(vwever, as  this method  requires  repetitious

(mlculations  and  rnassive  prooessing work,  the benefu of
tihe pbotometric gtereo  method  can  no  lenger be dbtained.
lkeuchiiO) prtrposed anmher  method  to ca1culate  tl!e

gradient  of  the target p(mbt by selecting  mon-highlighted

gray-level images of the object  surface.  Hcrwever, this

method  has also  a  drawback, which  is that mcrre  numbers

of  gray-level images mugt  be pbotographed,
 The  purpose of  tihis gtudy  is to measure  the three-

dmengional sliape of an  crkziect when  its gurface  reflecrtion

characteristics are  unknown  by applying  the photometric
gtereo  metihod.  To adhieve  tihis goal, gray-level images of

the dtziect surface  are  creatod  using  the conventional  Pbong
modeL  and  effects  of highlight caused  by tihe surfaee

specru]ar reflec tion component  b(Jtih on  the measuremerrt  of

mormal  vectcrr and  on  tihe three-dimengional measurement

ofbemiepherk dtijects are  clarilied.

 Mareover, a  method  to correct gray-level images by
egdnating  luminance digtribution of highlight generated
by ttie epecular refleedon  cornponent  is pr(rposed. Through
numerical  experirnents,  tihe effectiveness  of  tihe proposed
high]ightcorTectionmetihodisindicated.

Excerpts ffom this paper  was  addreBsecl  by Kenii Fiijinami at  tihe National Convention ofthe Muminating  Engineering

Institute ofJapan  in 1998.
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2. ThePrineipleofthePhotometricStereoMethod

  T[he briglmess auminance) of the object  surface  can  be
measured  by the reflecrtion  of  the ]ighg when  the surface  is
Muminated  and  observed  fbom the viewpoint.

 [[[he lurninance of  the dbject surface  is determined by
such  factors as, the luminous intensity af  the dght sourve,
the relative  positions between the light souroe  and  tihe

viewp6nt  arid  the refiec tion chara( teristies and  gradient of
tihe object  surface.

 Hence, the lurninanoe of the 6hiect surface  contains

informabon on  the surface  gradient. [[he principle of the
photomeuic stereo  metihod  is to meaBure  the surface

gradieirt by effectively  utilizing  this fact.

 ln the photometric stereo  method,  tihe gradient of  tihe

dtiject suTface is measured  by 6bserving luminance level at
a  uniform  viewpcint aeoording  to various  Iight souree

positions. During the measurement  prooess, the luminaiioe
of the object  surface  can  be chserved by photographing
gray-level images by a  devioe such  as  CCD  camera.

 Eig. 1 chows tlie concept  of measuring  tl Le  sliape of  the

object  by uging  the pbotometric gtereo  method.  As
indicated in tinis figure, the dtijecrt is placed  on  tihe w:y  p]ane
on  tihe carv-2 ooordinates  and  Muminated by tihe dght
sources.  [Ehe dght sourve  is regarded  as  a  ptmt  souroe,

and  tihe surface  oftihe diiject is assumed  to be a  Ianbertian
surface.  [Iheq the luminarice L  of ari arbitrary  point P an

the dtiject surface is indicated by the foibwing equatfon  ew,

   
L=
 ,b{,,p  

cose=
 ,bf,,p  i;'g-  (i)

 where,

 N  : normal  vector  of  the object  surface  at  the point P,

 S : direc tional ve[rtor of  the straighr  lme connecting  the

point P and  the light seuree,

  e:angle betweenN and  s, rp:distance  ffom the
lighr source  to tihe point P,
 t  lurninous intensity of the light p:  refleotanoe  of the
surface.

 [[he luminanDe of the peint P observed'firvm  the

viewpoim  is h, h  and  la, aocording  to the posibon  of the
dghr souroe  Lj and  k, reqpectively.  [[Therefore, let tihe
vectors  directed fhom tihe pcint P  to each  light souroe  be S,
S  and  &, and  the distance between tihe point P  and  each

light souroe  be rpl, nlj and  rptu then. h, h  and  L4i are

desc ribed as  fo]fows:

      I N.S,
  L. =

   
'

 r,,znP'1iVl'1si[l

      I N.Sj
  L.=

   
J

 ,,,.i.P'11vl-IS,1

      I N.S,
  L,=  

,
 p-

     ;,z iPl･IS,
 [[Ehe normal  vecrtx)r N
can  be derived from (2).

---･･
 
･-------------･---･--･--･--------

 e)

oftlie  6bject surface  at tihe paint P

 Obtaining N  for all points on
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Fig.1 The geonBtric relation  betvveen viewpoint,  chjeot and

    1ight source.

the  6tziect smhce,  the dmbution  of  gradierrts (hereinafter
`harmal

 vectDr  digtribubon') can  be obtained.
 [[[he luminanoe of  the surface  can  be obtained  even  when

the surface  is not  a  Immberdan  surface,  since the

luminance is dependent on  the gradient. T[herefore, the
nDrmal  vecrtor  distribution of t2ie dlijec± surface  can  be
measured  provided  that tine relatiye  position of  the light
souree,  tihe viewpoint and  the objec  t are  examined  and  that

the characteristies of  reflection  of the object  surface  are

verified.

3. Producing  Graylxevel  Image  using  tlie Phong
   Model

 {rlie luminance distmbution of  the 6bject surface  is
calculated  based en  the convendonal  Pbong model  in crrder
to produce  gray-level image. [[Ehe Pbong model  is a

method  to calculate  the luininance ofr tlie obiect  surfaoe  by
regarding  tibe lurninance as  a  combinatiDn  of the
luminance caused  by diffUse reflection  and  that  by epecular
reflection.

 fig. 2 shows  an  example  of  luminous distributiion of
reflectian  of the dtziect surface,  which  has a  specular
reflectton  component  calcu]ated  by Phong  model.  The
luminance L  measured  at tlie viewpoint P  is given as
fo11ows,

  L=  ,b{,v "d l/71:li-1' :I, mmHfil p, (e)(} .Rr  
(3)

where,N

 : normal  vector  of  tlie surface,  v  : directional vectx)r  of

vtewmg,

s  : directional vector  of Mumination. R  : direedonal vector
ofreflection,

fp: distanoe between tihe light source  and  measuring  pcint,
E luminous intensity of  tine dght souree
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pd: diffUse reflectarice, e : angle  ofincidenoe  aftihe  light
                            m
p s(  e ): function of specular refiectance  chara(rteristies
n: rate  of  difftision of  light of epe( ular  reflection  component.

 ln equation(3),  fuiictian of specular reflectanoe

characteristios ps(e),  which  indicates epecular reflection

against  incident angle  is des(zibecl as  follows:

p, (e)= p,(b). (1-p. (oD (llte)"o (4)

Spec"tarRefiectionLight

Directione

(b]x-zcresssectienoflvmineusdistriburioncurvc

Fig2 Theiminousdistributioncurveofthethongmodel,

   (a)Case in which  the amount  of  (b)Case in which  directivity of

    specular  refiection  specular  reflection  Ughtn is high

    compenent  Ps(O) ;s large

fe3 OorTparison of gptevvel  

'rrnages
 by ndection charecberisties  of

   be  chject sLrrface.

2i

where  ps(Q)  is Qpecular reflec tarice of the incident angle  O

[icadl, and  mo is the rate  of  change in luminance reflectance.

 In numerical  experirnent  pict ure  elements  of gray-level
image  are  512  thorimnta]) ×  512 (venicul) and  luminance

is degeribed based on  256 isoluminance gray-scale values

lpr(rp(ntional to luminance D  ranging  ffom O to 255. ln

other  words,  gray-level image is prDducEd by calculating

luminance of the dtlject uging  equabon  (3) and  by
quantizing  tlie image into 512 ix-axiS) X  512 ly-axiS)
elements  and  expressing  eadh  element  on  a  256 gray scale.

 FEg. 3 chows the relation  between reflectlon

dharacteristios and  gray-scale images. Fig. 3 la) is a  gray-

level image where  tihe ratio  of  epecular component  to the
total ref[ectance  of tihe object  surface  is high  while  fo) is
tihat where  the directivity of  the epecular reflection

oomponent  is higlL

4. Numrical  Experiment  of  Three-dimensioml

   Shape  Measurerrttint ofObiect

 FEig. 4  is a  measurement  environment  assumed  fbr tihe
numerical  experiment  T[he dtiject is plaoed on  a  plane
(Called reference  plane) with O [%] refiectance,  which  is

parallel to the p and  y-axes  an  the xyz  ooordinates  and  z  
=

O. Tlie object  is Muminated fu)m the point source,  of
which  distarice from tihe origin  O  is r,

Li

ei

Fig4 MeasutemerTterMrorimerTtixnurnericale)oerirnent

Fig5 su,apeoftheetijeatfbrthenurnericalexperimerTt
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 FSg. 7 is a  comparison  of ncmnal  vector  distributions for
two  types of dLiject surfaces;  one  with a  epecular reflection

component  and  the cxher  is a  Lambertian gurface.

 in Eig. 7 (a), tlie dtiject is with Lambertian gurface,  while

in (t", the dliject surface  has a  epe(ular refiection

component.  TotalreflectanceoftiheIjambertiansurfaceis
set to O,7, which  is tihe same  as  tihat of the surface  with a

epecmlar refiection  component.

 As  ahown  in Fig. 7, n(mnal  vector  digtribution of the
dbject with a  epecular reflectitm  component  is different
from that  of  tihe Lambertian surihce  in the area  where

highlight is generated by the eifect af epe(rular refleedon
component.  [[he relatiye  height af tihe (nljects is calculated
based on  the above-merrtioned  normal  vecbor  distribution
FEg. 8 shows  an  example  afcomparison of tihe heights in the
two-dimengional  eross  se(rtiion between the surface  with

specular  refiection  eomponent  and  the Lambertian surface.

[[he former is indicated as  a  eolid  lme, whi]e  tihe latber as  a

dotted line. As ahown  in F}ig.8, tihe twodimensional･c ross
section  af the Lariiberdan surface  tends  to be consistent

with that af the actual  6bjecrt. On  the other  hana  the  tw"
dimensional (rross section  of tihe surface  witii epecular
reflection  component  differs largely from that of tihe actual
object  near  the nenith  As  inclicated in mmal  vector

distribirdon, this discrepancy is due to the highlight

generated by the qpecular  refiection  component

  Eig. 9 is an  example  of mean  emx  of the norrnal  vector

against  the epecular refiectanoe  ps(or  included in the
total reflectance  p=O.7  of  the object  sunhce.  The

hmnul  axis  of Flig. 9 represents  the specular reflectance

 p s(or,  whle  the vertical  axis  repregents  the mean  erTor.  ln

this graph, the symbols  O,A  and  D  refer  to rate  of

difusion of  liglitQz) of  epecular  refiectlon  componeng  and  n

is 20, 60 and  1oo, reepectively.  Here, the diserepancy of
norinal  vector  is defined as  the angle  between  two  normal

vectars,  namely  nQrmal  vector  digtribtibon of the olijecrt

with  Ianbartian surface  and  that of  the object  with

10

uer-e8iNg215Etsc8E

  o

   O e,1 o.2 o,3

     Specuhar refiectance  P  sCO)  in the  cace  of  lighr incidenL angle  O'

Fig9 Themaerrorofnonma1vectorixspeouhrim.
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epecular refleedon  oompenent  at  the seme  position of  tihe

object,

 As cham  in the graplt regardless  of  the value  of  rate  of

dilfusion of  light crf epecrular reflection  component  n, mean

errur  of the n(mnal  vector  inereases as  mu  reflectance

eoeMc  ient ps(or  rises, since  highlight is enhanced.

   When  tihe ooeficierrt  n, whidh  indicates the rate  of

difftision of  dght of  specular  refiection  lighg is lowered, the

mean  erTor  of  the norrnal  vecrtor increases due to the
reduodon  of direedvity of the epec ular  refle( tion light and
thus gonerating highlight in a  larger area  According to

these results,  it can  be concluded  tihat the error  of  tinree-

dimensional measurement  of tihe dtiject inereases as  the

highlight generated by the  spec ular  reflection  component

on  the surface  is enhanced  er  the highlight area  is widened.

4..2 Estirnate of  Luminanee  Distribution by

     Mghlight  and  Its CoTrection
   ln the previDus  section tihe errors  in the shape  of  tihe

cfiijec t with epecular reflection  component  when  measured

by the ph(vtometric sbereo  metho(i  are  degcribed. Errors are
gignifi{rmt  in the area  tihat high]ight is generstted on  the

gray-level images. Tlierefore, shape  measurement  by
phcvtometric stereo  metliod  of the object  witih epecular
refiectton  component  be(x)mes posgible if gray-level image
is mmd  by egtimating  the luminance distribution
highlight generated on  the dtziecrt surface.

(a)Case of illurninated by the light souce  i

cegray-scalevalueLtiQn)

(b)CaseofiLlum{natedbythelightsourcej

ancegray-scalevalueLijen)

FiglO Thepm1'TnagewithhighlVTt
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oonoern 辻rg　the　height　ofthe（）bj　ec　t　iS　obta 血 ed ，
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5. Conclusion

 In tihis study,  by lirgt employing  the Pbong  modeL  the

effect  of  mu  refiection  compcmerrt  in reflection

dharacterigtios af  the obiect  $urface  on  sihape measurement
of tlie dtiject is reviewed  tihrough application  of tihe

pbotometric  stereo  method.

(1) Case of epecular reflectance  ps  (O) increqses, tihe

highlight is enhariced

e) As  tlie (x)eficient  n, which  indicates the rate  of

  diffUsion of the light of  tihe specular reflection

  component  becomes sma]ler,  the directivitzy af  epecular
 reflection  light beoomes lower, and  tihus the area  of

  highlight is widened,

 [[herefoce, the effecrt of the specular reflect ion component
mcreases.

Furtihermore, it was  dlarified that tlie use  of  the

photometric stereo  method  in 3-D sihape measurement  of
the dbjecrt witih specular reflection  component  causes

signimt  erm.

 In addition  luminance distribution models  for the

highlight aaused  by tlie epecular refiec tion component  are

introduced in arder  to elirninate  its effect  and  the method  to
correct  tlie highlight is reviewed.

  As a  regrk  ir was  found tihat when  tihe ratio  of

specular  reflection  component  is small  as  ps  (D =O.1,  tihe
information extracted  timugh  both 3-D reoonstruction  and

2-D cross  section  sihows good approximation  of  actmal

(Sofect. ln case  of a  higher epecular refleedon  component

ratio, such  as  ps  (or =O.3,  the information extracbed

through 3D  reconstruction  and  2-D cross  section  sihows

good approxirnation  of  actual  crkijecq except  Ihr the
appearance  of slight  concave  part  near･the  zenith  The
results  obtained  suggest  tihat the correcbon  of highlight
enables  the application  of  the photometnc method  to 3D
meagurement  of  hemisPheri(nl dbjects witlt unlmown

reflection  dharacberigties, namely  those with specu]ar
reflection  componept  jugt as  tihe method'can  be applied  to

cibjects with a  Lairibertian surface.  Meanwhile, the

metihod  proposed  in tihis paper  can  not  be applied  to objects

with  uneven  surfaces  or  tliase which  have epecrular
reflection  component  gtrong  emough  to reflect  the light
source  itseE sudh  as  metal  dbjects. T[herefore, we  plan  to
condnue  our  study  to seek  lhr a  measurement  method  tihat

can  be applied  to such  cSbiects as  well.

References

(1)M.F.Wu and  H.T.Sheu : Representation af  3D  Surfaces

  by [Vw"Variable Fourier Descriptor, IEEE  Tims.

  Patbern Analysis and  Machine Intelligenee, 20

  8,pp.858-863(1998).
e)RAMorano, C.Ozturk R  Cbm  S. Diibin S. Zietz
 and  J.Nissanov : Structured Iight Using Pseudarandom
 Codes, IEEE  [rEtans.Pattern Analygis and  Machne

 lnfeMgenoe, 203, pp.322-327(1998).

ne  nluminating Engineeri ng  institute of cJdpan

,JL  Light &  Vis, Env, Vbl.26, IVb.2, 2002

6"ANdble, R. Gupta, J. Mundy,  A  Sdhmitz and

 RI.Hartley i High Precision XRay  Stereo lhr

 Autmated  3-D CAD-Based  Inspecticm, IEEE  [Rrans.
 Rbbotios and  Automatioq 142, pp.29Z301(199S.
(4)Mbgumi Saito ,

 Ycichi Sato, Katsushi Ikeuchi and

 Hiroshi Kashiwagi : Mbasurement of  surface

 orientabons  of  usarent  dbjec±susingpolarizatien  in

 lighlight J.hiorm.ProoessJpnll, 53ll, ss(1998),

(5)R.J.Wdodham : Pbotometric metihod  for determining
 surfaoe  orierrtation  from multiple  images, Ciptical

 Engirieering, 191,No.1,pp.139144(1980).

G)H.D.Tagare and  RJ.P.deFligueiredo : A  T[heery crf

 IEhcrtz)metric Stereo for a  C]ass of Diffinse Non-
 Lairiberdan, IEEE TErans. Pattern Analygis and  Machine

 Intel]igenoe,132,pp.133152(1991).

(7)Jun Yang, Nbb(mi  Ohnishi and  Nbboru  Sugie :

 Phcvbcmietric sbereo  with two images, J.Inform.Prooess.
 JPn3410,pp.2143-2152(1ee3).
anKoichi Shimn(Jbo, Tsunen(ni Honda  and  Shunichi
 Kaneko : Reoongtruction af  3D orientation{rf  sldn

 surlhce  replicas  by expanding  photometric st2reo,  [Erans.
 Inst Electron. Inform. Cbmmmi  Engr)r. JPnJ77-D-ll-
 9,pp.1797-1805(1994).

(QTSI'uuii Iwahori, Nbi iharu Hiratguka, Hiroyulri kamei and
 Shoidm  Yamaguchi  : Extended pbotomet ric stereo  fhr

 an  cbjwh  with unlmown  reflectance  prepedy,  Thm.

 Inst. Electron Inforrn. Cbmrriuni. Engnr. JPn. J71-D-

 1,pp.11"117(1988).

(1ojIkeuchi:Iimacting the  Shape and  Roughness of

  pmecular ibbe dbjects Using Four Iight Photometric
  Stereo, IEEE Trans. Pattern Analysis and  Machine

  intelligenoe,18-4,ppM9-454(1996).

(11)Keaji Fajtm  Naotaka Ikemoto and  Minaru
  Isomura : On  3Dimensional  measurement  of  grassy
  61ijec± by phcJtometric stereo.-FNmdamental

  examination  on  extraction  of highligh-, Proc. 1ee8
  Annual Conf Rec.EIJPn.(in Japanese),pp.2oo(1998).
(ID]Vlinoru Isomura and  M6tomi  Yainauchi : An

  approximate  calculation  of  interrefections in rooms

  with mixed  ditfLnse-epec ular surfacelpart2),  J. Mum.
  Engng. Jpn. 67-10,pp.509-513 (198ar.

NII-Electronic  


