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                                     ABSTRACT

Many  white and  nearly  white  objects  are  in our  IMng and  working  areas,  such  as  documents written  on

white  paper, white  curtains,  white  clothes,  white  walls, and  white furniture. The  perceived whiteness  of

these objects  i$ important to the impression of the fiighting in these  areas.  fo investigate the perceived
whiteness  in living areas, a series of experiments  were  conducted  using  four different fluorescent Iamps in

three different environments.  It was  found that the areas  of perceived whiteness  in the living area  envi-

ronments  were  Iarger than the areas  of perceived whiteness  under  achromatic  conditions, Based on  these

results, a  perceived whiteness  index is proposed for these experimenta1  conditions.

KEYVVORDSIwhiteness area, fiuorescent lamp, color temperature, achromatic  room,  living room

1. Introduodon

 Since the 1930s, many  studies  have been done regard`
ing the evaluation  of  white  objects  such  as  white  paper
and  white  textiles that  use  fluorescence in order  to have

them  seem  more  white,  the method  of  quantitatively
evaluating  the degree of  whiteness,  and  the perceived
whiteness,  and  the CIE  Whiteness Index Formulas and

JIS Z 8715 (Whiteness Index-Indication Method) have
already  been establishedi)'3).  The wnteness  Index Indi'
cation  Method  Study Committee  (The Co!or Science
Association of Japanl implemented  experiments  of  vis-

ual  pereeption  evaluation  by many  experts  regarding

white  paper  and  white  textlle objects  with  D65  fluores'
cent  lamps  as  the  light source,  and  clarified  that' the

CIE  wnteness  Index corresponds  closely  to the percep'
tual whiteness  regarding  the experimental  materials

within  the application  limitations of  the CIE Whiteness
Index Formulas as  recommended  by the CIE4).
  Suzuki et al, quantifLed the whiteness  index for the
light source  color, and  proposed whiteness  index formu'
las for the light source  color  based  upon  subjective

evaluation  experiments  using  several  kmds  of  the day-
light fluorescent lamps with  an  approximate  correlated

color  temperature of 6500K. Suzuki et al, also  proposed

the quantification of  the perceptual  whlteness  and  so  on

by means  of observing  photographic colored  paper un-

der an  illuminating light from high  color  rendering

fluoreseent lamps for coloT  evaluation  with  a  correlated

color  temperature  of  5000K5)'T).

  On  the other  hand, fluorescent lamps prevail in Ja'

pan  as  the main  light source  for living spaces.  In recent

years, many  fluorescent lamps have been sold  in the

market  by illumination lamp  manufacturers  and  many

kinds of  fluoreseent lamps with  different eorrelated

color  temperatures  have been used  for living spaces.

Also, the interior color  of the living spaces  in contempo'

rary  buildings tends to have a  higher reflectance  ratio

for each  plane compared  to traditional Japanese arehi'
tecture, and  white  or colors  elose  to white  have  been

used  in rnany  cases  for interior materials  and  objects.

The  appearance  of  these colors  varies  depending upon
the spectroscopic  eharaeteristics  ofthe  light sources,  the
surrounding  environment,  and  so  on.

  The appearance  of  white  or  colors  close  to white  is
also  eonsidered  to influence the perception of brightness
of a space,  as, for example,  the ease  in whieh  a  room  is

feIt to be dark when  a  white  object  in a  room  is seen  as

yellowish. Therefbre, it is considered  important fbr se'

lecting light sources  and  interior materials  for living
spaces  to clarify  how  the perceived  whiteness  of  white

and  colors  close  to white  used  for interior colors  varies

with  the light sources  used.

  Katayama  et al. evaluated  the whiteness  of  white

samples  under  various  kinds of  Muminating  light and

clarified  the influence of the spectral  composition  of the

Muminating  light on  the  perceived  whiteness  of  the

white  objects8)9).  In the preceding  studies  by Akatsu et

al,, an  experiment  on  the whiteness  perception  was  im'

plemented  using  twelve  color  sheets  of  white  or  colors

close  to white  in a  real  living space,  and  it was  elarified

7Vientum  inating Engineering Institute of,mpan 42

NII-Electronic  



The Illuminating Engineering Institute of Japan

NII-Electronic Library Service

The  IlluminatingEngineering  Institute  of  Japan

J: Light& Vis. Env. PbL3i, Nb.2, 2007

that  the color  sheets  fall into two  categories  when  the

correlated  color  temperature  is reduced:  those for which
the feeling of  whiteness  is reduced  and  those  for which
it is increasediO)'i3). Eda  et  al.  studied  the perceptual
whiteness  areas  under  illumination by fluoreseent
lamps of  incandescent lamp  color  and  daylight colori4.
However, an  evaluation  index for white  or  colors  elose  to

white  has not  been clarilied  so  far.

 Therefbre, in this studM  we  have implemented ex"

periments  on  perceived  whiteness  using  white  and

close'to'white  sheets  under  various  types of illuminat"
ing light with  the aim  of  clarifying  perceived  whiteness

in a  living space,  and  we  wM  try to quantify this per-
ceived  whiteness  based upon  the experimental  results.

2. Experiments regarding  perceived whiteness  under

   various  types of  Muminating light

 84  samples  of  color  sheets  consisting  of  81 pieces of
high brightness (V=9.0-J9.25) and  low chroma  satura'

tion (C=O.5-1.5) covering  almost  whole  hues and  three

pieces of  N9,O, N9.25, and  N9.5 were  illuminated by
fiuorescent lamps with  different spectroscopic  charac'

teristics in order  to observe  how  the perceived  white'

ness  of  these  color  sheets  was  changed  by the spectTo-

scopic  characteristics  of  the light sources  under  two

conditions:  an  achromatic  background (Experiment 1)
and  a chromatic  baekground (Experiment 2).

2,1

  Sincenarrowvelopedwidely

 adopted  for use,  not  only  in residences,  but also

in various  living spaces.  Although the narrow  band
fiuorescent lamp  has such  features as  rendering  an  im-

pression  of  transparenty  clean  color, and  accentuated

whiteness  of paper and  china  compared  to traditional

broad band  fluorescent lamps,  quantitative studies

have not  been made  so  far.

Experiment 1: Experiment regarding  pereeived
whiteness  with  an  achromatic  background
-Comparison

 of  perceived  whiteness  with  nar'

  row  band fiuorescent lamps versus  broad band

  fluoresoerrt lamps

  the three'band  fluorescent lamp, which  is a

  band emission  type  fiuorescent lamp, was  de-

  in Japan  more  than  20  years  ago,  it has  been

2.1.1 Experimentalconditions
 Four types of  fluorescent lamps -narrow  band  fluo-
rescent  lamps with  comrelated  color  temperature  of  3000

K  and  6700K  and  broad band  fluorescent lamps with
correlated  color  temperature  of 3000 K  and  6500 K-
were  used  for the experiment.  The demonstrated color
sheets  were  84 pieces in total, or  33 color  sheets  with

Munsell  values  of 9,25 and  C=O.5Nl.5 covering  almost

whole  hues, 48  pieees of  eolor  sheets  with  Munsell  val"

ues  9.0 and  C=O.5-1.5 covering  almost whole  hues, and
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Figure 1 The 84 munsell  color sheets  used  in the experiment
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three color  sheets  of  N9.5, N9,25, and  N9.0. The HVfCs
of  the color  sheets  used  in the experiment  are  shown  in

Figure 1.

 The experimental  room  was  divided into a prepara'
tory adaptation  booth and  an  observation  booth, each
of  which  had a  width  of  1.5m,  a  depth of 1.8m,  a  ceil-

ing height of  1.8m, and  interioT walls  covered  with

cloth  of  N8. A  table covered  with  a  cloth  of N5  was  set

at  the center  of  each  booth. The  illuminance  of the

horizontal plane  of  the tables was  set  at  500lx.  The

afore'mentioned  four types of  fluorescent lamps were

installed in the observation  room,  and  monochromatic

fluorescent lamps with  R, G, and  B  phosphors  were

installed in the preparatory adaptation  booth, The
whole  ceiling  surfaces  of both booths were  made  lumi"
nous  ceilings  by using  milky  white  diffusion panels.
The subjeets  were  five young  people.

2,1,2 Experimentalprocedure

 Befbre  the experiment,  each  subject  was  instructed to
enter  the preparatory  adaptation  booth, which  was  il-

luminated with  a  colored  light set at random,  and  the

subject  was  put  in chromatic  adaptation  for around  10
minutes  so  that he or  she  could  not  detect the  color

temperature  of  the illuminating  light in the observation

booth. Then  the suhject  was  instructed to move  into the
observation  booth and  put  in preparatory  adaptation  for
around  five minutes.  After that, a  color  sheet,  which

was  taken out  one  at  a time at  random  from the 84
color  sheets  in a box beside the table, was  put on  the
table and  the subject  was  requested  to classify  it as  ei-

ther 
"a

 color  sheet  felt to be white"  and  
"a

 color  sheet

not  felt to be white".  Figure 2 shows  the experimental

setting.  Each  sukiject  repeated  the experiment  five
tlmes.

2.1.3 Experimentalresults

 Figure 3 shows  the experimental  results  with  a  nar`

row  band fluorescent Iamp and  a  broad band fluores-
cent  lamp, both with  a  correlated  color  temperature of
3000K, The horizontal axis  shows  the hue of  the pre-
sented  color  sheet  and  the vertical  axis  shows  the fre-

quency  of  selection.  As shown  in Figure  3, the number
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4  Whiteness evaluation  values  of  the  84 munsell  color

  sheets  in the achromatic  room  under  the narrow  bands

  fiuorescent lamps, (ofwhich correlated colour tempera-

  tures is 6500 K) and  the bread band fluorescent lamps

of  color  sheets  evaluated  as  being white  in the light
from the narrow  band fiuorescent lamp was  larger
compared  to the same  with  the broad band  fluorescent
lamp, and  a  t test (5% significance  leveD, which  is a  test

of  frequencM was  performed to find that the difference
is significant.  When  the Tesults  are  examined  by hue,
the number  of  selected  hues was  large in the PB  series

and  the B series. Figure 4 shows  the experimental  re'

sults  with  the narrow  band  fluorescent lamp  and  the
broad band  emission  fluorescent lamp, both with  a  cor-

related  color  temperature  of  6500K. As seen  in Figure 4,
the number  of  color  sheets  selected  as  being white  un-
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der the illuminating light of  the broad band  fluorescent
Iamp  was  larger than  that with  the narrow  band  fluo'
rescent  lamp. At  test, a  test of  frequencM was  per-
formed to find that  this is a  significant  difference. Also,
among  the selected  hues, as  was  the case  with  3000K,
the hues  of  the  PB  series  and  the  B  series  were  large in

number  compared  to the other  hues, Also, hues of  the N
series  were  selected  in large numbers.  wnen  the se-

le¢ ted hues are  compared  by the differences in the cor"

related  color  temperatures, the hues of  the PB  series

and  the B series  were  seleeted  heavily in 3000K, while

the R  series  and  the YR  series  were  also  selected  in
6500K, and  it was  clarilled  that  the range  of selected

hues was  expanded  in the case  of  6500K.

2,2 Experiment 2: Perceived whiteness  with a chro'

    matic  background in a  real  spaoe

 We  see  white  and  colors  elose  to white  in complicated

and  uneven  chromatic  backgrounds in actual  living
spaces,  Hence, we  evaluated  the perceived whiteness  of

white  or  close-to'white  color  sheets  that  were  illumi'

nated  by narrow  band  fluorescent lamps with  different
comrelated  color  temperatuTes  in an  environment  of  a

living space.

2.2.1 Experimentalconditions

 A  living room  (around 17m2), with  an  interior with

white  as  the basic color, and  a  Japanese-style living
room  (around 10m2)  were  used  for the experiment.  A
surface-mount  illuminating appliance  with  a milky

white  globe was  set  at the eenter  of  the ceiling  in each
room.  The light sources  were  three'band  fluorescent
lamps with  correlated  color  temperatures  of  3000K  and

6700K. The horizontal illuminance on  the surfaces  of

the tables was  set  at  500lx. A  backgTound of  N5  was

used  as  a  uniform  achromatic  background in Experi'
ment  1, while  a complex  and  uneven  chromatic  back'

ground  was  used  in Experiment 2. For the chromatic

background, a  living room  and  a  Japanese-style living
room  with  modern  residential  interior colors  were  se-

Iected from model  house brochures from several  house
manufaeturers,  and  each  photograph  was  printed in

color  after  a  mosaic  treatment  in to 315  chips.  The  spect

trographic reflectance  of  each  chip  was  measured,  and

the chromaticity  coordinates  of each  chromatic  back'
ground  was  calculated.  Figures 5(a), (b), (c), and  (d)
show  a"b"  coordinate  values  on  the CIE  1976  L"la"h"
chromaticity  diagram of  the living room,  the Japanese
room,  and  eaeh  ehip  for the two kinds of chromatic

backgrounds. [fypical experimental  settings  are  shown

in Figure 6. The  subje ¢ts were  the same  five young  per`
sons  who  pardcipated  in Experiment 1.

44

NII-Electronic  



The Illuminating Engineering Institute of Japan

NII-Electronic Library Service

The  IlluminatingEngineeringInstitute  ofJapan

.L  Light&M's.  Enzava)L3L ?Vb.2, 2007

-

m

":･e"t

 1/t/5t-c,,llE,tM5t"'/･1/t1

]

.

F

-

g

t.

     us.-.-m./
 
･O /5

iffil

         /."

 

.

 
.,i

       ./t
         1
     .l       ./t

5/n

l
 ]--11/

 etut+klr1

 o sofa

zFusunEItelllnE-/ntls

/5tt.t

d[ut -dtHvEt

  "elo,te

  -  catpet

-bolkt/ln

-1

(a) Living reom (b) Japaneseroom

/5/o5.L

 
o

      ;
   s "-  

--

  -"  ----

  - ---
    --  t-

 
..ut'.isjr:;:i"

:.i.;.g":t.ilti.;:
 --"  -- -

 - e--  -

     N.  . t -

  } .

 .

   .-#

   .:

   '

-t

-s1//tt/5xtt.zo

@  Chromatc background of Chromaic bad<ground of the

    the Living room  Japanese mm

Figure 5 Chromaticities of colour chips  under  diferent fluotescent

       lamps in living areas  and  Japanese style living areas

       plottedontheCfiEn976Lta'b'chromaticitydiagram

(a) Livingroom

    Figure6
         (b) Japaneseroom
Atyplca1 experimenta1  soene

45

ioi

2.2.2 Experimentalprocedure

 Each  subject  was  instructed to enter  the living room
or  the Japanese room  and  was  put in color  adaptation

for around  10 minutes.  The succeeding  experimental

procedure was  the same  as  was  the case  fbr Experiment
1. The repeat  frequency was  five sessions.

2.2.3 Experimentalresults

 Figure 7 shows  the experimental  results  fbr the living
room  and  the Japanese room  with  an  illuminating light
from a  fluorescent lamp with  a  correlated  color  tem'

perature  of  3000K. The  horizontal axis  shows  the eolor

sheets  by hue and  the vertica!  axis  shows  the selection

frequency The  results  of  the selection  frequency  in the
living room  and  the same  in the Japanese room  were

put into a  t test (5% signifricant  level), a  test of  frequency,
to clarifY that there is a significant  difTerence. From  the
viewpoint of  hues, a large number  of  selections  were

made  in hues of  the PB  series,  the P series,  and  the N
series.  Figure 8 shows  the expeTimental  results  of the

living room  and  the Japanese room  with  an  illuminat-
ing light from a  fluorescent lamp with  a  correlated  color

temperature  of  6700K. SimilarlM a  t test, a  test of  fre-

queneg  with  both results  was  done and  it was  clarified

that  there is a  significant  difference.
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Figure 7 Whiteness evaluation  values  of  the 84 munsell  color
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       fluorescent lampwith the correlated co[or temperature of
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3. Cemparisonofexperimentalresults

 The  results  of Experiment 1, which  was  implemented

with  an  aehromatie  background, and  the results  of  Ex'

periment  2, which  was  implemented with chromatic

backgTound, were  compared.  The experimental  results

are  shown  in Figure 9 and  10, In case  of  correlated  color

temperature  of  3000K, the selected  number  was  large
in hues  of  PB  series,  P series,  and  N  series  in both
achromatic  background and  chromatic  background.
Number  of  kinds of  selected  hues was  large in the

achromatic  background compared  to the chromatic

background, As a  result  of  the t test, the test of fre-

quencM  it was  clarified  that there is no  significant  dif-
ference between the living room  and  the achromatic

background, but that there are  signiliLcant  di[Eferences
between the Japanese Toom  and  the living room  and

between the Japanese room  and  the achromatic  back-

ground.
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 In the case  of  the correlated  color  temperature  6700K,
the seleeted  number  was  large in hues of  the PB  series,

the N  series, and  the R  series  with  both the achromatic

background and  the chromatie  background. As  a  result

of  the t test, the test of  frequencM it was  clarified  that

there is no  signizETicant difference between the living

room  and  an  achromatic  background, but that  there are

significant  differences between the Japanese room  and

the living room  and  between the Japanese room  and

the aehromatic  background.

4. Correspondence between the experimental  results

   and  the color  perception  property values

 As mentioned  befbre, the CIE whiteness  index was

recommended  in 1986  and  JIS Z 8715 was  established

based upon  it. Also, many  studies  weTe  implemented on

color  appearance  models  to forecast the appearance  of

material  colors  under  various  illuminating lights, and

the CIE proposed CIECAM97s  in 1997, in which  the

color  perception  property  value  was  defined. Hence, the
relationship  between the experimental  results  in this
study  versus  the whiteness  index and  the color  percep-

tion property values  defined by CIECAM97s  was  exam-

ined.

  Figure 11(a) shows  the relationship  between the se-

lection frequency with  the 3000K  correlated  color  tem'

perature in Experiment 1 and  the whiteness  index, and
Figure 11(b) shows  the relationship  between  the selec'

tion frequenqy with  the 6500K  correlated  color  tem-

perature in Experiment  1. As  shown  in Figures ll(a)
and  (b), the correlation  coeencient  between the selection

frequency and  the whiteness  index was  O.60 in the case

of  3000K  and  O.30 in the case  of  6500K, and  it was

fbund that the correlation  was  low in either  case.

  As mentioned  before, Mukai  et al.  studied  the rela'

tionship between  the experimental  results  of  subjective

evaluations  by Akatsu et  al., which  was  used  as  basic
data, and  chroma  C, which  is one  of  color  perception

properties in the CIECAM97s, and  found that there is a
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highly negative  relationship  with  a  correlation  coeM"

cient  of 
"O.93

 between chroma  C and  the subjective

evaluation  results.  Although the number  of  color  sheets

was  limited to seven  in the subjective  evaluation  ex-

periment done by Akatsu  et al., 84 eolor  sheets  of  white

or  colors  close  to white  covering  almost  whole  hues were
used  in the experiments  of  this study.  Hence, we  have
examined  the corresponding  relationship  between the

experimental  results  in this study  and  chroma  C.

  Figures 12(a) and  (b) shows  the relationship  between
the selection  frequency with  an  achromatic  background
in correlated  color  temperatures of 3000K  and  6500K,

respectivelM  versus  chroma  C, As  shown  in Figures
12(a) and  (b), the correlation  coeffeient  was  'O.85 in the
case  of  the 3000K  correlated  eolor  temperature  and

-O.60
 in case  of  the 6500K  eorrelated  eolor  temperature.

Nso, Thble 1 shows  the correlation  coeeneients  between
the selection  frequency ofwhite  in Experiments 1 and  2
and  the color  perception  property values.  As shown  in
[fable 1, it was  found that  there is a  negative  correlation

between the selected  frequency and  chroma  C, although
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       whiteness  index W, the modified  CIECAM97s  C, s, a and

       b in the ach  romatic  room

 1

-2

47

103

the correlation  coethcient  was  smaller  than  what  was

shown  by Mukai  et al. Also, it was  known  that the cor'

relation  coeffeient  between the experimental  results

and  the distanee from the center  of the eoordinates,

which  is shown  by (a, b), was  in the range  from 
-O.57

 to
-O.78.

5. Tleialforquantificationofperceptualwhiteness
5.1 Permissible rate  of whiteness  and  calculation  of

     the locus of  the equal  perceptual whiteness  rate

  In Experiments 1 and  2, the subjects  were  requested

to observe  84 color  sheets  under  each  il1uminating  con-

dition and  to c}assify  eaeh  sheet  as  either  
"a

 color  sheet

felt to be white"  or 
"a

 color  sheet  not  felt to be white".  In
other  words,  we  had them  judge if the demonstrated
color  sheet  is permissible as  white  or  not.

  As  mentioned  before, Suzuki et  al.  proposed  a  white-

ness  formula based upon  experiment  m' which  the psy'
chological  whiteness  of  44 pieces of  photographic  color

paper, for which  the a"b"  coordinate  values  were  dis-
tributed in the third and  fourth quadrants on  the CIE
1976 L"}i "b"chromaticity  diagram, while  being illumi'
nated  by high color  rendering  fluorescent lamps for
color  evaluation  (5000 K  correlated  eoloT  temperature).

  In this studM  the purpose of  whieh  was  to study  the

perceived whiteness  in a  Tesidential  space,  experiments

were  performed with  color  sheets  of  high brightness and

low chroma  saturation  eovering  almost  whole  hues and
with  fluorescent Iamps of  different correlated  color  tem'

peratures, which  are  used  for general illumination.
Therefbre, it is impossible to diTectly compare  the re-

sults  of  this study  with  the  results  by Suzuki et  al. who

used  different light sources  and  color  sheets  for demon-
stration,  but we  have deeided to study  what  difference
there is in regard  to the white  area.

  The  perrnissible rate  fbr the experimental  results  in
Experiments 1 and  2, which  allows  the results  to be
regarded  as  being statistically  significant,  was  calcu'

lated using  a  chi-square  distTibution applying  a  signifi"

cance  level of  5%. FirstlM the results  obtained  fbr each
illuminating condition  by the chi'square  distribution on

the results  of  Experiment 1 were  classfied  into three

groups: those with  a  probabilty  exceeding  72%, which
is permitted  as  being apparently  whitei  those with  a

probabfity  below 28%,  which  is judged as  apparently

not  being whitel  and  those with  probability in the range
from 28%  to 72V6, which  is judged as  being neither  of

them.  Figures 13(a) and  (b) show  the distributions of

the permissible  rates  of whiteness  for each  color  sheet

on  the  a'b'  coordinates  of  the CIE  1976  LSb  "b"chro-

maticity  diagram for the correlated  eolor  temperatures

of  3000  K  and  6500  K  (both narrow  band  fluorescent
lamps), respectively  Here, the symbol  e  indicates

coloT  sheets  of  whieh  the permissible rate  of  whiteness
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Figure 13 The distribution of  permissib[e rate to the perceptual

        whiteness  in the achromatic  reom  under  the fluores-

        cent  lamp with  the correlated color  temperature ot

        3000K

exceeded  72%,  the symbol  A  indicates those  with

permissible  rate  ef whiteness  in the range  from 28%  to

72%, and  the  symbol  × indicates those with  a  permis'
sible  rate  of  whiteness  below 28%,

 Then, the locus of  the equal  perceptual  whiteness

permissible rate  was  obtained  from the permissible rate

of  whiteness.  An  average  of  the color  sheets  permitted

as  being "white"

 and  
"neither

 of  them"  was  put at the

eenter  of  the coorcimates.  For the long axis, analysis  of

the main  component  was  made  using  the measured

value  of  each  colored  sheet,  the 'a"b"
 value,  to obtain

the eigenvalue  and  eigenvector  for calculating  the first

main  component.  From the first main  component,  the

slope  and  then  the straight  lme  passing  through  the

711ie lltuminating Engineering l}istitute ofJdpan
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center  of the coordinates  were  obtained  to define the

long axis,  The  short  axis  was  put  as  a  straight  line that

crosses  the long axis  perpendicularly  and  that passes

through  the center  of  the coordinates.  The  locus of  the

equal  perceptual  whiteness  permissible rate  was  calcu-

lated based upon  the equation  for an  e-pse  (two di"
mensional  curve)  as  shown  below. There  are  three con-

stants,  b, c, and  d, in the equation  for an  ellipse,  and

three points were  set in order  to determine these con'

stants.  Regarding the three points, a  point for which  the

eooTdinate  on  the long axis  is a  maximum  and  the cooT-

dinate on  the short  axis  is a  minimum  was  selected  as

one  point, and  a  point at  a  position symmetrical  to that

point in relation  to the center  O', oT  axisymmetrical  in

relation  to the long axis,  was  selected  as  another  point.

Also a  point fbT which  the coordinate  on  the short  axis

is a  maximum  and  the coordinate  on  the long axis  is a

minimum  was  selected  as  the remaining  one  point.
Figures 14(a) and  a]) show  the loci of the equal  percep"
tual whiteness  permissible rates  in the cases  of  the cor-

related  color  temperatures  of  3000K  and  6500K  (nar-
row  band  fiuorescent lamps), respectively

  Then, an  analysis  regarding  Experiment 2 was  made

following a  simi}ar  procedure. Figures  15(a) and  (b)
show  the permissible rates  of  whiteness  in the living
room  and  the Japanese room,  respectivelM  under  an

Muminating light of  3000K  correlated  color  tempera'

ture (narrow band  fluorescent lamp), and  Figures 16(a)

and  (b) show  the permissible rates  of whiteness  in the

living room  and  the Japanese room,  respectivelM  under

the illuminating light of 6700K  correlated  color  tem'

perature  (narrow band fluorescent lamp), both on  the
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The dishibution of rate of permissible rate to the percep-
tual whiteness  in the Living room  and  Japanese room

under  the fiuorescent lamp with  the  correlated color

temperatureof6700K

a'b"  coordinates  of  the CIE  1976  Lla 
"h"color

 space.

  Following a  similar  pTocedure as  was  the case  for Ex'

periment 1, the loci of  the equal  perceptual  whiteness

permissible rates  were  obtained  from the permissible
rates  of  whiteness  as  shown  in Figures 15(a) and  (b),
and  Figures 16(a) and  (b). Figrires 17(a) and  (b) show

the loci of  the equal  perceptual  whiteness  permissible
rates  in the living room  and  the Japanese room,  respec'

tivelM under  the il1uminating light of  3000K  correlated

eolor  temperature,  and  Figures  18(a) and  (b) show  the

loci of the equal  perceptual  whiteness  permissible rates
in the living room  and  the Japanese room,  respeedvelM

under  the illuminating light of 6700K  corre}ated  eolor

temperature.

 As shown  in Figures 14(a) and  (b), Figures 17 (a) and
(b), and  Figures 18 (a) and  (b), the loci of  the equal  per'
ceptual  whiteness  permissible  rates  under  each  illumi'
nating  condition  of  correlated  color  temperature  of 3000
K  and  the same  of 6700 K  are  nearly  elllptical.  Also,
when  the values  of  coordinates  at  the eenter  of  these

loei of  the equal  perceptual  whiteness  permissible rates

are  compared,  it is clarified  that the centers  of  the eoor-
dinates are  Iocated in the range  of  1 through  3 in both
the a"  value  and  the b" value,  both in the first quadrant.
 While the range  of  colors  with  high permissible rates
of  whiteness  was  from '1 to 1 in the a'  value  and  from
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The Locus ofthe  equal  peroeptual whitenes$  rate  in the

Living room  and  Japanese room  underthe  fluorescent

lamp with the correlated color  temperature of 6700 K

'4 to "7 in the b' value  and  shifted  towaTd  the direction

of  blue in the experiment  by Suzuki et  al., the area  of

colors  with  high permissible  rates  of whiteness  in this

study  is wide  in range  in the direction of the b" axis

from the direction of  PB  to the direction of  Yl It was

clarfied  that the area  of  the loci of  the equal  perceptual
whiteness  permissible  rates  as  shown  by the elhpses  is

large with  the illuminating condition  with  the 6700 K

correlated  color  temperature  compared  to the 3000K,

and  also  that the whiteness  area  is larger with  the

chromatic  background in the real  space  compared  to the

achromaticbackground.

T7ie nluminating Engineering institute of.Idpan
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5,2 Tltrialforquantficationoftheperceptualwhiteness

 As  described before, it was  clarified  that the shape  of

the loci of the equal  perceptual  whiteness  permissible

rates,  which  was  established  from the chromaticity  co-

ordinates  of  the color  sheets  that were  evaluated  as  be'

ing "white"

 and  
"neither

 of them,"  is an  ehipse.  Also  it

was  clarMed  that  the chroma  C  and  the distance from

the  coordinates'  center  as  expressed  by  (a, b) correspond
to each  other  as  a  result  of  a  study  of  the relationship

between the color  perception  property  values  and  the

results  of the subjective  evaluation.  Henee, we  have

tried to quantify  the perceptual  whiteness  assuming

that the perceptual whiteness  is related  to the chroma

corresponding  to the color  intensity and  the direction of

the color. As it is clear  in the a'b"  of  coordinates  on  the

CIE 1976  Lla"b"co!or space,  the color  intensity in"

creases  in parallel with  an  inerease in the distance from

the center  of the coordinates.  It was  clarified  by the ex-

periment that, when  chroma  C gets lower, the color  in'

tensity is decreased, and  the rate  of  perception  of the

color  as  being white  gets higher. Nso, the direction of

the color  expresses  the perceived  hue, and  it wag  clari"

fied in this experiment  that  the perceptual whiteness

varies  by diffbrences in hue.

  Hence, the correspondence  of  the distance r between

the a"b"  value  of  a  color  sheet  that  was  evaluated  as

being  
"white]'

 or  
"neither

 of  them"  under  each  experi'

mental  condition,  as  described in Paragraph 5.1, and

the center  of the coordinates  versus  chroma  C was  stud"

ied, As  a  result,  it was  found that  the correlation  coeffi-

cient  between these  two  items is outstandingly  high.

Since the correlation  between  the distance r  and

chroma  C exceeded  O.80 in all of  conditions,  we  have

decided to express  the color  intensity by the distance r

from the center  of  the coordinates.  Since an  increase in

the distance r  means  an  increase in the perceptual
whiteness  area  under  a particular illuminating light,

the perceptual whiteness  area  can  be estimated  by the

area  of  the e-pse  surrounding  the loci of  the equal  per'

ceptual  whiteness  permissible  rate.  Area S of  an  ellipse

is expressed  by equation  (1).

s=gxExn･---･--･--･-･･-･-------･-･---･･-･-----･-･-･o
   22

Here, a: The  long axis  of  the loci of  the equal  perceptual

       whiteness  peumissible  rate

     6: The short  axis  of the loci of  the equal  percep'

       tual whiteness  permissible  rate

  a  (long axis)  and  B(short axis)  in equation  (1) are  eon-

stants  obtained  through  the equation  of  the loci of  the

equal  perceptual whiteness  permissible rate.

 When  the density of  the color  sheets  that were  se-
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lected as  being white  or  neither  of  them  in each  experi'

mental  condition  was  observed,  it was  found that, al'
though  area  S of  e]lipse in eaeh  condition  obtained  from
equation  (1) was  almost  the same,  the density of  the

selected  color  sheets  was  dillbrent as  shown  in Figure
19. Hence, the selection  rate  a  of  perceived  whiteness

was  derived, and  the volume  of  an  ellipsoidal  body as

show  in equation  (2) was  put  as  C.

c=1.e.g.E....  -･-･-･--･--･-･----･-･---･-･-･･-･ (2)
   2322

Here, a:  Average of  the fo11owing fraction:

       (numerator) Experimental results  (selection
                  frequency)
       (denominator) Distance from the center  O'of

                   the locus of  the equal  peTceptual

                   whiteness  permissible  rate  for
                   each  a"h"value

 For the selection  rate  a  in equation  (2), the distance
frem the center  of  coordinates  O' in the loci of the equal

perceptual  whiteness  permissible rates  under  eaeh  il-
luminahng  condition  for correlated  eolor  temperatures
3000K  and  6700K,  as  shown  in Figures 15(a) and  (b),
Figures 17(a) and  (b), and  Figures  18(a) and  (b), to the

chromaticity  coordinates  of  the eolor  sheets  that were
selected  as  being white  and  neither  of  them  was  put  as

r', the product  of the reciprocal  of r' and  the selection

frequency for each  color  sheet  was  calculated,  and  the

averages  of  such  products was  set  as  a,

 Then, we  would  like to discuss the direction of  co}or.

The direction of  the colors  that are  perceived  as  being
white  varies  by the experimental  conditions.  According
to the experimental  results  with  the narrow  band  fluo-
reseent  lamps as  shown  in Figures  3, 4, 7, and  8, many

3PB  series  hues were  perceived as  white  in any  experi-

mental  space  with  a  correlated  color  temperature  of

3000K, while  many  10PB  hues were  perceived as  white

with  a  correlated  color  temperature  of 6500K. Thus, it

･}s

.t ..
 t.1./'tll.t....t.t/'"'

";  i

 l l,,

/oe-t-t/

 ,.
 stn:,...,

      r.t:･t
... i.･.--L･ 

,.

es/･

･1-/1/?-sSi

tttt
 

tttit
 

ttt/
 
ttl

     1

/.:/1./t. 
.....t

i

,t..tt. 
J-
 
"･obl

･g:t-

tttttt 
ttlt
 
t

''.:
 
r,･..1.".

 .l....'b-

 ta) Adirernaticroom (b) Livingmm  (ej lapaneseroom

Figure t9 The distribution of  density of  Perceptual whiteness  in
        the diferent environmenta1  oondition  under  the fiuores-

        oent lamp with the comelated  color temperature ot

        6700K

5f

107

was  clarified  that a  shift  in the hues perceived  as  white

owing  to an  inerease in the correlated  color  temperature

was  observed,  Meanwhile, the slope  in the direction of
long axis  of  the loci of  equal  perceived whiteness  varies

by correlated  color  temperature  and  baekground  condi-

tions. Hence, we  have decided to have the slope  corre'

spond  to the direction of  the color. In addition,  since  the

density of  the selected  color  sheets  varies  even  if the
area  of  the ellipse  surrounding  the loei of  the equal  per'
ceptual  whiteness  permissible rates  is the same  as

shown  in Figure  19, we  have decided to take  the selec-

tion rate  into consideration  for quantMcation,
 Hence, equation  (2) to calculate  the volume  of  the el'

lipsoidal body was  modified  to create  equation  (3) by the
addition  of  a  parameter for the slope  that expresses  the

direction of  the color,  and  it was  put as  the Perceptual
Whiteness Index (PWI).

Perceptual Whiteness  Index (PWI)

==lxaxgxExsinexaxz-･･････････-･･･--------･-----･(3)
 2322

Here, 112 is for upper  half of e-psoidal  body.

  0in equation  (3) expresses  the slope  of  the long axis  of

the loci of the equal  perceptual  whiteness  permissible
rates,  and  it was  set using  the metric  hue angle.

0 
=
 H.b' =  tan'i(211i). 

i;O

 As shown  in equation  (3), the Perceptual Whiteness
Index  (PWI) is composed  of  the volume  of  ellipsoidal

body S, which  was  derived from the perceptual white"
ness  area,  the slope  e to express  the direction of  the

coloz  and  the selection  rate  a.  TVible 2 shows  the Per'

ceptual  Whiteness Index undeT  each  experimental  con"

dition, and  Figure 20 shows  the correspondence  be-
tween  the subjective  evaluation  values  and  the Percep-
tual Whiteness  Indices. As  seen  in Figure 20, the corre`

lation coeffcient  was  O,80 and  a  high correlation  could

be obtained.  By  the wa}1  the selection  frequency in the

leble 2 Correction of the experimenta1  result  and  Perceptual

        Whiteness Index
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Figure 20 Relationship between the experimental  resuks  and  the

        Perceptual Whiteness lndex

case  of  the 3000K  correlated  color  temperature  with  an

achromatic  background was  small  compared  to the

other  experimental  conditions.  EspeciallM  the selection

frequency of  color  sheets  of  the R, YR, and  Y  series  was

small,  and  as  a  result  a  small  Perceptual Whiteness
Index was  obtained,  as  shown  in Figure 20, In view  of

the above,  the appropriateness  of  the quantdication
equation  for the perceptual whiteness  within  the scope

of  experimental  conditions  for this study  could  be found.

6. Closingremarks

 The perceptual  whiteness  of white  and  colors  close  to

white  with  fluorescent lamps of  different correlated

color  temperatures  was  studied  under  the conditions  of

an  achromatic  baekground and  chromatic  backgrounds
that simulated  real  spaces.

 The results  are  summarized  as  follows:
1) In the achromatic  background condition  with  a  coTTe'

   lated color  temperature  of  3000K  the narrow  band

   fluorescent lamps show  a  higher selection  rate  of

   color  sheets  judged as  being white  compared  to the

   broad band  fluorescent lamps.
2) In the achromatic  background condition  with  a  cor-

   related  color  temperature  of 6500K, the broad band

   fluorescent lamps show  a  higher selection  rate  of

   color  sheets  judged as  being white  compared  to the

   narrow  band  fluorescent lamps.
3) The number  of  color  sheets  beingjudged as  white  is

   larger in the chromatic  background condition  in the

   real  spaces  compared  to that in the aehromatic

   backgroundcondition,
4) The permissible  rate  of  whiteness  was  ca}culated

   based upon  the experimental  results,  and  the Ioei of

   the equal  perceptual  whiteness  permissible rates,

Tlrie Illuminating Engineering Jnstitute ofJopan

J  Light&  Uis, Enu  P2)l.31, Nb.2, 2007

   which  have the shape  of  an  ethpse,  was  derived.
5) The Perceptual wuteness  Index  (PWI) was  derived

   from the volume  of the el]ipsoidal  body S that was

   derived from the perceptual  whiteness  area  as  ob'

   tained from experirnent  in this study  the slope  0to

   express  the direetion of  color, and  the selection  rate

   a.6)

 A  high correlation  was  obtained  between the Per'

   ceptua!  Whiteness Index (PWI) and  the subjective

   evaluation  values  obtained  through  experiment  in
   this study

 In the experiments  of  this studM  as  shown  in Table 2,

the influence of  the illuminating light and  the influence
of  the background are  included in each  coecacient,  but

each  influence has not  been segregated.  It is necessary
to study  further the influence of  the color  contrast  effect

by background in the future. Also, we  would  like to con"
front themes  such  as  the relationship  between the per-
ceptual  whiteness  and  the perceptual  brightness and

the influence of  aging  on  the perceptual  whiteness.
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