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THE INTERNATIONAL COMMISSION ON ILLUMINATION 

The  I n ternational  Commiss ion  on  I l l um inati on  (CIE)  i s  an  organ i zation  devoted  to  i n ternational  co -operation  and  exchange  
of i n formation  among  i ts  member coun tri es  on  a l l  matters  re l ati ng  to  the  art  and  science of l i gh ti ng .   I ts  membersh ip  cons i sts  
of the  National  Commi ttees  i n  abou t  40  coun tri es .  

The  obj ectives  of the  CI E  are:  
1 .  To  provide  an  i n ternational  forum  for the  d i scuss ion  of a l l  matters  re lati ng  to  the  science,  technology and  art  i n  the  

fi e l ds  of l i gh t  and  l i gh ti ng  and  for the  i n terchange  of i n formation  i n  these  fi e l ds  between  coun tri es .  
2 .  To  develop  basic  s tandards  and  procedures  of metrology i n  the  fi e l ds  of l i gh t  and  l i gh ti ng .  
3 .  To  provide  gu i dance  i n  the  appl i cation  of pri ncip les  and  procedures  i n  the  development of i n ternational  and  nati onal  

s tandards  i n  the  fi e l ds  of l i gh t  and  l i gh ting .  
4 .  To  prepare  and  publ i sh  s tandards,  reports  and  other publ i cations  concerned  wi th  a l l  matters  re l ati ng  to  the  sci ence,  

technology and  art  i n  the  fi e l ds  of l i gh t  and  l i gh ti ng .  
5 .  To  main tai n  l i a i son  and  techn ical  i n teracti on  wi th  other i n ternati onal  organ i zations  concerned  wi th  matters  re l ated  to  

the  science,  technology,  s tandard i zati on  and  art  i n  the  fi e l ds  of l i gh t  and  l i gh ti ng .  

The  work of the  CI E  i s  carri ed  ou t  by Techn ical  Commi ttees,  organ i zed  i n  s i x D i v i s i ons.   Th i s  work covers  subj ects  rang ing  
from  fundamenta l  matters  to  a l l  types  of l i gh ti ng  appl i cati ons.   The  s tandards  and  techn ical  reports  developed  by these 
i n ternational  D iv i s ions  of the  CI E  are  accepted  th roughou t  the  world .  
A p l enary session  i s  he ld  every four years  at  wh ich  the  work of the  D iv is i ons  and  Techn ica l  Commi ttees  i s  reported  and  
reviewed ,  and  p l ans  are  made  for the  fu tu re.   The  CI E  i s  recogn ized  a s  the  au thori ty on  a l l  aspects  of l i gh t  and  l i gh ting .   As  
such  i t  occupies  an  importan t  pos i ti on  among  i n ternational  organ izations.  
 
LA COMMISSION  INTERNATIONALE  DE  L'ECLAIRAGE  

La  Commiss ion  I n ternationale  de  l 'Ecla i rage  (CI E)  est  une  organ i sati on  qu i  se  donne  pour bu t  l a  coopérati on  i n ternationale  
et  l 'échange  d ' i n formations  en tre  l es  Pays  membres  su r tou tes  l es  questi ons  re l atives  à  l 'art  et  à  la  science  de  l 'écl a i rage.   
E l l e  est  composée  de  Com i tés  Nationaux représen tan t  envi ron  40  pays.  

Les  ob j ecti fs  d e  l a  CI E  son t :  
1 .  De  consti tuer un  cen tre  d 'étude  i n ternational  pour tou te  matière  re levant  de  l a  science,  de  l a  technolog ie  et  de  l 'art  

de  l a  l um ière  et  de  l 'écla i rage  et  pour l 'échange  en tre  pays  d ' i n formations  dans  ces  domaines.  
2 .  D 'é l aborer des  normes  et  des  méthodes  de  base  pour l a  métrolog ie  dans  l es  domaines  de  l a  l um ière  et  de  l 'écl a i rage.  
3 .  De  donner des  d i rectives  pour l 'appl i cation  des  principes  et  des  méthodes  d 'é l aborati on  de  normes i n ternationales  et 

nati onales  dans  l es  domaines  de  l a  l um ière  et  de  l 'écla i rage.  
4 .  De  préparer et  publ i er des  normes,  rapports  et  au tres  textes,  concernant  tou tes  matières  re l atives  à  l a  science,  l a  

technolog ie  et  l 'art  dans  l es  domaines  de  l a  l um ière  et  de  l 'écl a i rage.  
5 .  De  main ten i r une  l i a i son  et  u ne  col l aborati on  techn iqu e  avec l es  au tres  organ i sati ons  i n ternationales  concernées  par 

des  su j ets  re l ati fs  à  l a  science,  l a  technolog ie,  l a  normal i sati on  et  l 'art  dans  l es  domaines  de  l a  l um ière  et  de  
l 'écla i rage.  

Les  travaux de  l a  CI E  son t  effectués  par Com i tés  Techn iques,  organ i sés  en  s i x D i v i s i ons.   Les  su j ets  d 'études  s 'étenden t 
des  questi ons  fondamentales,  à  tous  l es  types  d 'appl i cati ons  de  l 'écl a i rage.   Les  normes  et  l es  rapports  techn iques  é laborés  
par ces  Divi s i ons  I n ternationales  de  l a  CI E  son t  reconnus  dans  l e  monde  en ti er.  
Tous  l es  quatre  ans ,  une  Sess ion  p l én ière  passe  en  revue  l e  travai l  des  D iv i s ions  et  des  Com i tés  Techn iques,  en  fa i t  rapport 
e t  établ i t  l es  proj ets  de  travaux pour l 'aven i r.   La  CI E  est reconnue  comme l a  p l us  hau te  au tori té  en  ce  qu i  concerne  tous  
l es  aspects  de  l a  l um ière  et de  l 'écl a i rage.   E l l e  occupe  comme te l l e  une  posi ti on  importan te  parm i  l es  organ i sati ons  
i n ternationales.  
 
DIE  INTERNATIONALE  BELEUCHTUNGSKOMMISSION  

Die Internationale Beleuchtungskommission (CIE) ist eine Organisation,  die sich  der internationalen  Zusammenarbeit und  dem Austausch 
von Informationen zwischen ihren Mitgl iedsländern bezüglich der Kunst und Wissenschaft der Lichttechnik widmet.   Die Mitgl iedschaft 
besteht aus den Nationalen Komitees in  rund 40 Ländern.  

D ie  Zie l e  der CI E  s i nd :  
1 .  E in  i n ternationales  Forum  fü r D i skuss ionen  a l l er Fragen  au f dem  Gebiet  der Wissenschaft,  Techn ik  und  Kunst  der 

L i ch ttechn ik  und  fü r den  I n formationsaustausch  au f d i esen  Gebieten  zwischen  den  e i nze lnen  Ländern  zu  sein .  
2 .  Grundnormen  und  Verfahren  der Messtechn ik au f dem  Gebiet  der L ich ttechn ik zu  en twickeln .  
3 .  Ri ch tl i n i en  fü r d i e  Anwendung  von  Pri nzip ien  und  Vorgängen  i n  der En twickl ung  i n ternationaler und  nationaler Normen  

au f dem  Gebiet  der L i chttechn ik zu  erstel l en .  
4 .  Normen ,  Berich te  und  andere  Publ i kat i onen  zu  erstel l en  und  zu  veröffen tl i chen ,  d i e  a l l e  Fragen  au f dem  Gebiet der 

Wissenschaft,  Techn ik  und  Kunst  der L ich ttechn ik betreffen .  
5 .  L i a i son  und  techn ische Zusammenarbei t  m i t  anderen  i n ternationalen  Organ i sati onen  zu  un terhal ten ,  d ie  m i t Fragen  

der Wissenschaft,  Techn ik,  Normung  und  Kunst  auf dem  Gebiet  der L ich ttechn ik zu  tun  haben .  

Die Arbeit der CIE wird  durch Technische Komitees geleistet,  d ie in  sechs Divisionen organisiert sind.   Diese Arbeit betrifft Gebiete mit 
grundlegendem Inhalt bis zu  al len  Arten  der Lichtanwendung.   Die Normen und  Technischen Berichte,  d ie von  diesen international  
zusammengesetzten Divisionen ausgearbeitet werden,  sind auf der ganzen Welt anerkannt.  
Al le vier Jahre findet eine Session  statt,  in  der die Arbeiten  der Divisionen berichtet und überprüft werden,  sowie neue Pläne für d ie Zukunft 
ausgearbeitet werden.   Die CIE wird  als höchste Autorität für alle Aspekte des Lichtes und der Beleuchtung angesehen.   Auf diese Weise 
unterhält sie eine bedeutende Stel lung unter den internationalen Organisationen.  
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Th is  Techn ical  Report has  been  prepared  by CIE  Techn ica l  Committee  1 -85  of D ivis ion  1  
"Colour and  Vis ion ”  and  has  been  approved  by the  Board  of Adm in istration  as  wel l  as  by 
D ivis ion  1  of the  Commission  I n ternationale  de  l 'Ecla i rage .  The  document reports  on  current 
knowledge  and  experience  wi th in  the  speci fic fi e ld  of l igh t and  l i gh ting  described ,  and  is  
i n tended  to  be  used  by the  CIE  membersh ip  and  other i n terested  parties .  I t  shou ld  be  noted ,  
however,  that the  status  of th is  document i s  advisory an d  not mandatory.   

Ce  rapport techn ique  a  été  é laboré  par l e  Com i té  Techn ique  CIE  1 -85  de  l a  D ivis ion  1  "Vis ion  
et Cou leur"  et a  été  approuvé par l e  Bureau  et D ivis ion  1  de  l a  Commission  I n ternationale  de  
l 'Eclai rage.  Le  document expose  l es  connaissances  et  l 'expérience  actuel l es  dans  l e  domaine  
particu l i er de  l a  l um ière  et  de  l 'écla i rage  décri t  i ci .  I l  est  destiné  à  être  u ti l i sé  par l es  membres  
de  la  CI E  et par tous  l es  i n téressés.  I l  fau t cependan t noter que  ce  document est i nd icati f et  
non  obl igatoire.   

D ieser Techn ische  Bericht i st  vom  Techn ischen  Kom i tee  CIE  1 -85  der D ivis ion  1  "Sehen  und  
Farbe"  ausgearbei tet  und  vom  Vorstand  sowie  D ivis ion  1  der Commission  I n ternationale  de  
l 'Eclai rage  gebi l l i g t worden .  Das  Dokument berichtet  über den  derzei ti gen  Stand  des  Wissens  
und  Erfahrung  in  dem  behandel ten  Gebiet  von  L icht und  Beleuchtung ;  es  i st zu r Verwendung  
durch  CIE-M i tg l ieder und  durch  andere  I n teressierte  bestimmt.  Es  sol l te  j edoch  beachtet 
werden ,  dass  das  Dokument e ine  Empfeh lung  und  keine  Vorschri ft  i s t.   

Any mention  of organ izations  or products  does  not impl y endorsement by the  CIE.  Whi lst  every 
care  has  been  taken  in  the  compi lation  of any l i sts ,  up  to  the  time of going  to  press,  these  may 
not be  comprehensive.   

Toute  mention  d 'organ isme ou  de  produ i t  n ' impl i que  pas  une  préférence de  la  CIE.  Malgré  l e  
soin  apporté  à  la  compi lation  de  tous  les  documents  j usqu 'à  l a  m ise  sous  presse,  ce  travai l  ne  
saurai t  être  exhausti f.   

D ie  Erwähnung  von  Organ isationen  o der Erzeugn issen  bedeu tet keine  B i l l i gung  durch  d ie  CIE.  
Obg leich  große  Sorgfal t bei  der Erstel lung  von  Verzeichn issen  b is  zum  Zei tpunkt der 
Drucklegung  angewendet wurde,  besteh t d ie  Mög l ichkei t,  dass  d iese  n ich t vol ls tänd ig  s ind .   
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COLORIMETRY 

Summary 

This  publ ication  provides  the  recommendations  of the  CIE  concern ing  colorimetry.  Speci fical l y,  
i t  i ncl udes  the  use  of the  standard  colorimetric  observers  and  standard  i l l um inan ts ,  the  
reference  standard  for reflectance ,  the  i l l um inati ng  and  viewing  cond i tions ,  the  calcu lation  of 
tristimu lus  values,  chromatici ty coord inates,  colour space  coord inates  and  colour d i fferences  
and  various  other colorimetric practices  and  formu lae.  As  a  new feature,  the  publ ication  a lso  
i ncludes  further detai l s  of advanced  colorimetry,  i nclud ing  colour appearance models,  and  new 
find ings  on  cone-fundamental -based  tris timu lus  functions ,  wi th  appropriate  references  to  other 
CIE  publ ications .  Also  new i l l um inants  for d i fferen t LED  types  are  i n troduced .  

Th is  publ ication  i s  consistent wi th  the  fundamental  data  and  procedures  described  i n  the  CIE  
I n ternational  Standards  on  colorimetry.   

For further detai l s  of some of the  phenomena d iscussed  here  the  reader i s  d i rected  to  the  
appropriate  CI E  Techn ica l  Reports.  

This  report replaces  CIE  1 5: 2004  “Colorimetry,  3rd  Ed i ti on” .  

 

COLORIMÉTRIE  

Résumé 

Cette  publ ication  donne  l es  recommandations  CIE  concernant la  colorimétrie.  P l us  précisément 
e l l e  tra i te  de  l 'emploi  des  observateurs  de  référence  pour l a  colorimétrie  et  des  i l l um inants  
normal isés,  de  l a  référence normal isée  pour le  facteur de  réflexion ,  des  cond i tions  d 'écla i rage  
et  d 'observation ,  du  calcu l  des  composantes  trichromatiques,  des  coordonnées  
trichromatiques,  des  espaces  chromatiques  et  des  écarts  de  cou leur,  a ins i  que  d i verses  au tres  
formu les  et prati ques  en  colorimétrie.  A ti tre  de  nouveauté,  la  publ ication  comprend  également 
des  déta i l s  complémentai res  su r l a  colorimétrie  avancée,  comprenant  l es  modèles  d ’apparence  
chromatique,  y compris  l es  nouveaux résu l tats  su r l es  fonctions  trichromatiques  basées  sur l es  
fondamentales  de  cônes  et l es  références  appropriées  aux au tres  publ ications  CIE.  De  
nouveaux i l l um inan ts  pour d i fféren ts  types  de  LED  sont également présentés.  

Cette  publ ication  est en  accord  avec l es  données  fondamentales  et  l es  procédures  décri tes  
dans  l es  normes  in ternationales  CIE  e n  colorimétrie.  

Pour des  détai ls  complémentaires  re lati fs  aux questions  tra i tées  ici ,  l e  l ecteur est i nvi té  à  
consu l ter l es  rapports  techn iques  appropriés.  

Ce document remplace  l a  publ ication  CIE  1 5: 2004  “Colorimetry,  3 ème  éd i ti on” .  

 

FARBMESSUNG  

Zusammenfassung  

Diese  Publ ikation  be inhal tet d ie  Empfeh lungen  der CIE  für d ie  Farbmessung .  I nsbesondere  
beinhal tet  s ie  d ie  Anwendung  der Normalbeobachter und  der Norm l ich tarten ,  des  Weißstan-
dards,  der Beleuchtungs-  und  Beobachtungsbed ingungen ,  d ie  Berechnung  von  Normfarbwer-
ten ,  Normfarbwertan tei l en ,  Farbraumkoord inaten  und  Farbabständen ,  und  versch iedene  
andere  farbmetrische  Praktiken  und  Formeln .  Als  neues  Feature  beinhal tet d iese  Publ ikation  
auch  wei tere  Detai l s ,  i nklusive  Farberscheinungsmodel le n  und  neue  Erkenn tn issen  zu  auf 
Sehzapfen-Grundfunktionen  basierenden  Farbwertfunktionen ,  m i t  entsprechenden  Referenzen  
zu  anderen  CIE-Publ ikationen .  Ebenfal l s  werden  neue  Lichtarten  für LEDs  e ingeführt.  
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D iese  Publ ikation  stimmt m i t den  grund legenden  Daten  und  Verfahren  überein ,  d i e  in  den  CIE-
Normen  zur Farbmessung  beschrieben  werden .  

Wei tere  E inzelhei ten  e i n iger h ier d iskutierter Phänomene  fi ndet  der Leser i n  geeigneten  tech -
n ischen  Berich ten  der CIE.  

Dieser Bericht ersetzt CIE  1 5: 2004  “Colorimetry,  3rd  Ed i tion” .  
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1  Scope  

This  report,  wh ich  replaces  CIE  1 5: 2004  “Colorimetry,  3 rd  ed i ti on ”  (CIE,  2004b),  i s  i n tended  to  
provide  a  consisten t and  comprehensive  account of the  recommendations  of the  CIE  for basic 
and  advanced  colorimetry.  I t  summari zes  bas ic colorimetric  data  and  practices,  and  in troduces  
colour appearance  speci fications.  

2  Preface  

By general  consent in  a l l  coun tries ,  the  speci fication  of bas ic s tandards  for use  i n  colorimetry 
i s  the  province  of the  Commission  I n ternationale  de  l 'Ecla i rage  (CIE).  The  fi rst  major 
recommendations  regard ing  colorimetric  standards  were  made  by the  CIE  i n  1 931 ,  and  the se  
formed  the  basis  of modern  colorimetry.  The  orig inal  recommendations  of 1 931  were  reviewed  
from  time to  time by the  CIE  Colorimetry Committee  and  later by CI E  D ivis ion  1 ,  Vision and 
Colour.  When  necessary,  changes  were  made.  New recommendations  were  add ed  to  
supplement those  in  existence  or to  broaden  the  scope of colorimetry i n  accordance wi th  
developments  i n  practice  and  science.  

The  del iberations  and  recommendations  made  by the  CIE  Colorimetry Committee  and  
D ivis ion  1  are  recorded  i n  the  Proceed ings  o f the  various  Sessions  of the  CI E.  However,  the  
access  to  these  Proceed ings  has  a lways  been  rather l im i ted  and  much  of the  materia l  publ ished  
i n  the  Proceed ings  i s  obsolete  or i nconsisten t wi th  curren t colorimetric practice.  The  
recommendations,  wh i le  few i n  number,  a lso  presen t an  i ncoheren t p icture.   

For these  reasons ,  the  CIE  publ ished  in  1 971  a  specia l  document on  colorimetry to  provide  a  
consisten t and  comprehensive  account of basic  colorimetric  recommendations.  Th is  document 
was  not i n tended  to  be  a  textbook on  colorimetry bu t rather a  reference to  the  basic standards  
that govern  modern  colorimetry.  The  document was  issued  as  CIE  Publ ication  No.  1 5  (CIE,  
1 971 ).  New ed i tions,  Publ ications  CIE  1 5. 2  (publ ished  i n  1 986)  and  CIE  1 5: 2004  (the  th i rd  
ed i tion)  were  publ ished  wi th  add i ti onal  and  updated  materia l .  

S ince  the  publ ication  of the  th i rd  ed i ti on  a  number of colorimetry-related  publ ications  have  been  
publ ished  by CIE ,  some  of wh ich  are  referred  to  l ater in  the  text.  The  techn ical  reports  include:  

-  CIE  1 66-2005  Cogn i tive  Colour  

-  CIE  1 67-2005  Recommended  Practice  for Tabu lati ng  Spectra l  Data  for Use  in  Colour 
Computations  

-  CIE  1 68: 2005 Cri teria  for the  Evaluation  of Extended -Gamut Colour Encod ings  

-  CIE  1 70-1 : 2006  Fundamental  Chromatici ty  D iagram  wi th  Physiolog i cal  Axes  –  Part 1  

-  CIE  1 76-2006   Geometric  Tolerances  for Colour Measurements  

-  CIE  1 77: 2007  Colour Rendering  of Whi te  LED  Light Sources  

-  CIE  1 82: 2007  Cal ibration  methods  and  photolum inescent standards  for tota l  rad iance  factor 
measurements  

-  CIE  1 84: 2009  I ndoor Dayl igh t I l l um inants  

-  CIE  1 85: 2009  Reappraisal  of Colour Match ing  and  Grassmann ’s  Laws  

-  CIE  1 92: 201 0  Practical  Dayl i ght Sources  for Colorimetry  

-  CIE  1 95: 201 1  Speci fication  of Colour Appearance  for Reflecti ve  Med ia  and  Sel f -Lum inous  
D isplays  

-  CIE  1 99: 201 1  Methods  for Evaluating  Colour D i fferences  i n  Images  

-  CIE  204: 201 3  Methods  for Re-defin ing  CIE  D  I l l um inants  

-  CIE  208:  201 4  Effect of Stimu lus  Size  on  Colour Appearance  

-  CIE  21 1 :  201 4  Colour Appearance  in  Peripheral  Vi sion  
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-  CIE  21 4: 201 4  Effect of instrumental  bandpass  function  and  measurement i n terval  on  
spectral  quanti ties  

-  CIE  1 70-2 :201 5  Fundamental  Chromatici ty D iagram  wi th  Phys iolog ical  Axes  –  Part  2 :  
Spectral  Lum inous  Efficiency Functions  and  Chromatici ty D iagrams  

-  CIE  21 7: 201 6  Recommended  Method  for Evaluating  the  Performance of Colour-Difference  
Formu lae  

-  CIE  224: 201 7  Colour F ide l i ty I ndex for Accurate  Scien ti fic Use  

The  most fundamenta l  tables  and  formu lae  were  summarized  i n  a  series  of standards,  publ ished  
as  j o in t I SO/CIE  I n ternational  Standards,  known  as  the  Colorimetry Series:  

?  I SO  1 1 664-1 : 2007/CIE  S  01 4-1 : 2006  Colorimetry —  Part 1 :  CIE  Standard  Colorimetric 
Observers  ( I SO/CIE ,  2007a)  

?  I SO  1 1 664-2 : 2007/CIE  S  01 4-2: 2006  Colorimetry —  Part  2 :  CI E  Standard  I l l um inan ts  for 
Colorimetry ( I SO/CIE ,  2007b)  

?  I SO  1 1 664-3: 201 2/CIE  S  01 4-3:201 1  Colorimetry —  Part  3 :  CI E  Tristimu lus  Values  
( ISO/CIE ,  201 2)  

?  I SO  1 1 664-4: 2008/CIE  S  01 4-4:2007  Colorimetry —  Part 4 :  C IE  1 976  L*a*b*  Colour Space  
( ISO/CIE ,  2008)  

?  I SO/CIE  1 1 664-5: 201 6  Colorimetry —  Part 5 :  C IE  1 976  L*u*v*  Colou r Space and  u ' ,  v'  
Un i form  Chromatici ty Scale  D iagram  ( I SO/CIE ,  201 6)  

?  I SO/CIE  1 1 664-6: 201 4  Colorimetry —  Part  6:  CIEDE2000  Colour-Difference  Formu la  
( ISO/CIE ,  201 4)  

NOTE  The  numbering  of the  j o in t  I SO/CIE  standards  wi l l  be  harmon ized  step  by step  after sub sequent 
systematic reviews,  such  that a l l  I SO/CIE  standards  wi l l  have  a  common  number (as  cu rren tl y 
i s  a l ready the  case  wi th  Parts  5  and  6).  

To he lp  i n terested  parties  fi nd  thei r way around  these  publ ications ,  CIE  decided  to  update  from  
time  to  time the  fundamenta l  publ ication  CIE  1 5,  and  CIE  Divis ion  1  decided  at  i ts  meeting  in  
Sun  Ci ty,  ZA,  in  201 1  to  start the  process  to  update  CIE  1 5: 2004.  

Th is  techn ical  report  i s  nevertheless  not  a  textbook,  bu t  a  summary of re levant  CI E  
recommendations  on  colorimetry.  For a  number of recommendations  that need  detai l ed  
explanation  th is  publ ication  provides  on l y a  short summary,  and  i n terested  readers  are  d i rected  
to  the  appropriate  CI E  documents .  

I t  i s  an ticipated  that further amendments  of colorimetric practice  and  fur ther standards  wi l l  be  
publ ished  i n  the  fu ture,  thus  one  shou ld  consu l t the  l atest CIE  l i s t  of publ i cations  on  the  CIE  
websi te  (h ttp: //www.cie. co. at/) .  

The  word ing  of the  ori g inal  recommendations  has  been  a l tered  to  be  consistent wi th  modern  
nomenclature  and  i n  some cases  the  orig inal  recommendations  have  also  been  mod i fied  i n  
con ten t to  bri ng  them  in  l i ne  wi th  present day th i nking  and  practice.  The  versions  g iven  i n  th is  
document shou ld  be  cons idered  current and  they supersede a l l  previous  recommendations  un ti l  
such  time  as  any amendments  are  publ ished  by the  CIE.  

The  recommendations  are  d ivided  i n to  the  fol lowing  e igh t groups:  

?  recommendations  concern ing  standard  observer data  and  data  of cone-fundamental -based  
colorimetric observers ;  

?  recommendations  concern ing  standard  phys ica l  data  of i l l um inants  and  sources ;  

?  recommendations  concern ing  the  standard  of reflectance ;  

?  recommendations  concern ing  geometric  cond i tions  for colorimetry ;  

?  recommendations  concern ing  the  calcu lation  of tris timu lus  values  and  chromatici ty 
coord inates;  

?  recommendations  concern ing  un i form  colour spacing  and  colour  d i fferences ;  
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?  recommendations  concern ing  m iscel l aneous  colorimetric practices  and  formu lae ;  

?  recommendations  concern ing  colour appearance  description .  

The  defin i ti ve  data  re lati ng  to  standard  colorimetric observers  and  i l l um inants  are  those  g iven  
at 1  nm  in tervals  i n  the  appropriate  CI E  I n ternational  Standards  ( I SO/CIE,  2007a ;  I SO/CIE,  
2007b).  Abridged  data,  a t  5  nm  i n tervals,  are  g iven  in  the  tables  of C lause  1 1  i n  th is  document,  
and  these  may be  used  i n  those  cases  where  calcu lation  at  the  wider i n tervals  i s  un l ikel y to  
l ead  to  any s ign i ficant error.  

For al l  colorimetric  calcu lations ,  wavelength  i n  s tandard  a i r (dry a i r at  1 5  °C  and  1 01  325  Pa,  
con tain ing  0 , 03  %  by volume of carbon  d ioxide)  shou ld  be  used .  

I tems  of main l y h is toric  importance  have  been  p laced  i n to  Annex A and  further explanatory 
materia l  can  be  found  i n  subsequent annexes.  

3  Recommendations  concerning  standard  observer data  

The fol l owing  recommendations  are  based  on  a  number of orig i nal  documents  (CIE,  1 931 ;  CI E,  
1 959;  CIE,  1 963;  CIE ,  2006a;  CIE,  201 5).  

3.1  CIE  1 931  standard  colorimetric observer  

For correlation  wi th  visual  colour match ing  of fiel ds  subtend ing  between  abou t 1 °  and  abou t 4°  
at the  eye  of the  observer,  i t  i s  recommended  that colorimetri c speci fications  of colour s timu l i  
shou ld  be  based  on  the  colour-match ing  functions  ( )x ? ,  ( )y ? ,  ( )z ?  d efined  i n  the  j o in t  I SO/CI E  

I n ternational  Standard  ( I SO/CIE,  2007a)  –  by va lues  g iven  at  1  nm  waveleng th  i n tervals  from  
360  nm  to  830  nm .  

These  functions  define  the  CIE  1 931  s tandard  colorimetric  observer  ( in  techn ical  appl ications  
often  wri tten  as  the  2º s tandard  colorimetric observer 1 ) .   

I n  the  case  where  more  coarsel y sampled  data  wi l l  produce no  s i gn i ficant calcu lation  error,  the  
data  of Table  1  i n  th is  report  may be  used  i nstead  of the  1  nm  in terval  data.  The  values  g i ven  
i n  Table  1  are  values  selected  from  the  s tandard  at  5  nm  i n tervals  from  380  nm  to  780  nm ,  
rounded  to  s ix  decimal  p l aces.   

NOTE  1  ( ), ( ) , ( )x y z? ? ?  are  the  normal i zed  tri stimu lus  values  of monochromatic  rad iation  of equal  

rad ian t power relati ve  to  a  set  of reference  stimu l i  [X] ,  [Y] ,  [Z] .  The  normal i zation  i s  such  that  
the  maximum  of ( )y ?  i s  un i ty and  ? ( )x ?  =  ? ( )y ?  =  ? ( )z ? .  The  functions  are  common ly used  

to  obtain  the  tri stimu lus  val ues  X,  Y,  Z of colour stimu l i  (see  7 . 1  for detai l s).  

NOTE  2  The  reference  stimu l i  [X] ,  [Y] ,  [Z] ,  wh ich  are  derived  from  the  real  reference  stimu l i  [R] ,  [G] ,  [B]  
of the  ori g inal  tri chromatic  system,  were  chosen  for reasons  of conve n ience  i n  colorimetric  
computations.  I n  parti cu lar,  they were  chosen  such  that ( )y ?  i s  i den ti cal  wi th  V(?) ,  the  spectral  
l um inous  effi ciency function  for photopic vi s ion ,  wh ich  defines  the  CIE  standard  photometric 
observer for photopi c vi s ion  ( I SO/CIE,  2004)  (see  Annex B  for detai l s).  

NOTE  3  The  values  of ( )x ? ,  ( )y ? ,  ( )z ?  g i ven  i n  Table  1  agree  closely wi th  those  defined  ori g inal l y i n  

1 931 .  Th ree  m inor changes  have  been  i n troduced :  at  ?  =  775  nm  the  new values  of ( )x ?  i s  

0 , 000  059  i nstead  of 0 , 0000;  at  ?  =  555  nm  ( )y ?  i s  1 , 0000  i nstead  of 1 , 0002;  and  at  

?  =  740  nm  ( )y ?  i s  0 , 000  249  i nstead  of 0 , 0003.  These  changes  are  considered  i ns ign i fi can t  

i n  most colorimetric  calcu lations.  The  I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007a)  
con tains  these  corrected  va lues.   

NOTE  4  I f the  colour-match ing  functi ons  of Table  1  are  requ i red  at  cl oser i n tervals,  the  values  at  1  nm  
i n tervals  g i ven  i n  the  I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007a)  shou ld  be  used .  When  
wavelength  i n tervals  smal l er than  1  nm  are  requ i red ,  l i near i n terpol ation  of the  values  g i ven  i n  
the  I SO/CIE  I n ternational  Standard  shou ld  be  used .  

—————————  
1  A 2°  vi sual  fi e l d  represents  a  d i ameter of abou t 1 7  mm  at  a  vi ewing  d i stance  of 0 , 5  m .  
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NOTE  5  The  chromatici ty coord inates  (see  7 . 3)  x(?) ,  y(?) ,  z(?)  of the  spectral  stimu l i  are  cal cu lated  as   
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? ? ?
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 (3 . 1 )  

Chromatici ty coord inates  x(?)  and  y(?)  se lected  at  5  nm  i n tervals  (from  380  nm  to  780  nm)  are  
g i ven  to  the  precis ion  of fi ve  decimal  pl aces  i n  Table  1 .  

NOTE  6  The  chromatici ty coord inates  xE ,  yE ,  zE  of the  equ i -energy i l l um inan t  as  derived  from  the  sums  

( ), ( ), ( )x y z? ? ?? ? ?  of Table  1  i n  the  I SO/CIE  I n ternational  Standard  (wi th  function  val ues  

g i ven  at  1  nm  i n tervals  from  360  nm  to  830  nm)  ( I SO/CIE,  2007a)  are  

xE  =  0,333 31 4 

yE  =  0,333 288 

zE  =  0,333 398 

When  derived  from  the  sums  ( ), ( ), ( )x y z? ? ?? ? ?  of Table  1  i n  the  present report  (wi th  

function  values  selected  a t  5  nm  i n tervals  from  380  nm  to  780  nm ,  rounded  to  s i x decimal  
p l aces)  the  chromatici ty coord inates  of the  equ i -energy i l l um inan t are  

xE  =  0,333 334  

yE  =  0,333 331   (3.2) 

zE  =  0,333 335  

As  the  ori g inal  1 931  tables  were  defined  at  5  nm  i n tervals,  and  these  values  were  retained  
except for the  m inor corrections  mentioned  i n  NOTE  3  above,  the  present Table  1  agrees  wi th  
the  ori g inal  i n ten t that the  tri stimu lus  values  of th e  equ i -energy i l l um inan t shou ld  be  closely 
equal .  (The  equ i -energy i l l um inan t ‒ I l l um inant E  (see  4 . 1 . 5 )  ‒  i s  rad iation  for wh ich  the  spectral  
power d i stri bu tion  i s  constant. )  

3.2  CIE  1 964 standard  colorimetric observer  

For corre lation  wi th  visual  colour match ing  of fie lds  of angu lar subtense  l arger than  4°  at the  
eye  of the  observer,  i t  i s  recommended  that colorimetric speci fications  of colour stimu l i  shou ld  
be  based  on  the  colour-match ing  functions  1 0 1 0 1 0( ),  ( ),  ( )x y z? ? ?  d efi ned  in  the  j o in t I SO/CIE  

I n ternational  Standard  ( I SO/CIE,  2007a)  by values  g iven  at 1  nm  waveleng th  i n tervals  from  360  
nm  to  830  nm .   

These  functions  define  the  CIE  1 964  s tandard  colorimetric  observer ( in  techn ical  appl ications  
often  wri tten  as  the  1 0°  standard  colorimetric  observer2) .   

I n  the  case  where  more  coarsely sampled  data  wi l l  produce no  s ign i ficant ca lcu lation  error,  
Table  2  i n  th is  report  may be  used  i nstead  of the  1  nm  in terval  data.  The  values  g iven  i n  Table  
2  are  values  selected  from  the  standard  at  5  nm  i n tervals  from  380  nm  to  780  nm ,  rounded  to  
s ix decimal  p l aces.  

NOTE  1  1 0 1 0 1 0( ), ( ) , ( )x y z? ? ?  are  the  normal i zed  tri stimu lus  values  of monochromatic  rad iation  of 

equal  rad ian t power relative  to  a  set of reference  stimu l i  ?X1 0? ,  ?Y1 0 ? ,  ?Z1 0 ? .  The  normal i zation  

i s  such  that the  maximum  of 1 0 ( )y ?  i s  un i ty and  ? 1 0( )x ?  =  ? 1 0 ( )y ?  =  ? 1 0( )z ? .  The  functions  

—————————  
2  A  1 0°  vi sual  fi e l d  represents  a  d i ameter of abou t 87  mm  at  a  vi ewi ng  d i s tance  of 0 , 5  m .  
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are  common ly used  to  obta in  the  tri stimu lus  values  X1 0 ,  Y1 0 ,  Z1 0  of colou r stimu l i  (see  7. 1  for 
detai l s).  

NOTE  2  The  reference  stimu l i  ?X1 0? ,  ?Y1 0 ? ,  ?Z1 0 ? ,  wh ich  are  deri ved  from  the  real  reference  s timu l i  ?R1 0 ? ,  
?G 1 0? ,  ?B 1 0 ?  of the  ori g inal  tri chromatic system,  were  chosen  for reas ons  of conven ience  i n  
colorimetric computations  (see  Annex B  for detai l s).   

NOTE  3  I f the  colour-match ing  functi ons  of Table  2  are  requ i red  at cl oser i n tervals,  the  values  at 1  nm  
i n tervals  g i ven  i n  the  I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007a)  shou ld  be  used .  When  
wavelength  i n tervals  smal l er than  1  nm  are  req u i red ,  l i near i n terpol ation  of the  values  g i ven  i n  
the  I SO/CIE  I n ternational  Standard  shou ld  be  used .  

NOTE  4  The  chromatici ty coord inates  (see  7 . 3)  x1 0(?) ,  y1 0(?) ,  z1 0 (?)  of the  spectral  s timu l i  are  calcu lated  
as  
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 (3.3) 

Chromatici ty coord inates  x1 0(?)  and  y1 0(?)  se lected  at  5  nm  i n tervals  (from  380  nm  to  780  nm)  
are  g i ven  to  the  precis ion  of fi ve  decimal  p l aces  i n  Tabl e  2 .  

NOTE  5  The  chromatici ty coord inates  x1 0 , E ,  y1 0 , E ,  z1 0 , E  of the  equ i -energy i l l um inan t deri ved  from  the  

sums  ? 1 0 ( )x ? ,  ? 1 0 ( )y ? ,  ? 1 0( )z ?  of Table  2  i n  the  I SO/CIE  I n ternationa l  Standard  (wi th  

function  values  g i ven  at 1  nm  i n tervals  from  360  nm  to  830  nm)  ( I SO/CIE ,  2007a)  are  

x1 0,E  =  0,333 296 

y1 0,E  =  0,333 335 

z1 0,E  =  0,333 369 

When  deri ved  from  the  sums  ? 1 0 ( )x ? ,  ? 1 0 ( )y ? ,  ? 1 0( )z ?  of Table  2  i n  the  present report  (wi th  

function  values  selected  a t  5  nm  i n tervals  from  380  nm  to  780  nm ,  rounded  to  s i x decimal  
p l aces),  the  chromatici ty coord inates  of the  equ i -energy i l l um inan t are   

x1 0,E  =  0,333 298 

y1 0,E  =  0,333 336 (3.4) 

z1 0,E  =  0,333 366 

NOTE  6  The  l arge-fie l d  colou r-match ing  data  as  defined  by the  CIE  1 964  standard  colorimetri c observer 
are  i n tended  to  appl y to  matches  where  the  l um inance  and  the  re lati ve  spectral  power 
d i stribu tions  of the  matched  stimu l i  are  such  that  no  parti cipation  of the  rod  receptors  of the  
vi sual  mechan ism  i s  to  be  expected .  Th is  cond i ti on  of observation  i s  importan t ,  as  " rod  
i n trusion"  may upset the  colour-match  pred ictions  of the  standard  observer.  For dayl i gh t,  
possib le  participation  of rod  vi s ion  i n  colour matches  i s  l i kely to  d im in i sh  progressi vel y above  
1 0  cd ?m −2  and  be  en ti re l y absent above  abou t 200  cd ?m −2 .  For fu rther i n formation ,  see  Agu i l ar 
& Sti l es,  1 954 ;  Adelson ,  1 982;  Sharpe  et a l . ,  1 989.  

The CIE  1 931  and  1 964  standard  colorimetric  observers  were  both  derived  from  trichromatic  
systems based  on  real  red  [R] ,  g reen  [G ]  and  b lue  [B ]  reference  stimu l i ,  see  Annex B.  

3.3  Cone-fundamental -based  colorimetric observers   

The CIE  1 931  colour-match ing  functions  cou ld  on ly be  defined  after cal ibration  wi th  the  1 924  
V(?)  function  (CIE,  1 924) ,  Th is  function  had  i ts  problems because,  i n  the  short  wavelength  
reg ion ,  the  values  were  a  comprom ise  due  to  l arge  d i fferences  between  the  resu l ts  of various  
experiments.  Hence,  i n  the  fo l lowing  decades,  several  s tud ies  were  a imed  at developing  a  
colorimetric system  that accorded  more  closel y wi th  the  known  colorimetric and  physiolo g ical  
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properties  of the  human  eye.  Eventual l y,  i n  1 991 ,  CIE  set up  a  Techn ical  Committee,  TC 1 -36,  
wi th  the  task to  “Establ ish  a  (cone-)  fundamental  ( -based)  chromatici ty d iagram  of wh ich  the  
coord inates  correspond  to  physiolog ical l y s ign i ficant  axes” .   

I n  Part 1  of the  report  by TC 1 -36,  publ ished  as  CIE  1 70-1  (CIE,  2006a),  the  main  concern  i s  
the  concept of “cone  fundamentals” ,  wh ich  are  defined  as  the  re lati ve  spectral  sensi ti vi ty 
functions  of the  cone  receptors  as  measured  i n  the  corneal  p lane.  

F i rst,  the  cone  fundamentals  for the  fie l d  s ize  of 1 0°  are  derived  from  the  1 0°  colour -match ing  
functions  of Sti les  and  Burch  (1 959)  by fol lowing  the  i deas  proposed  by Stockman  and  Sharpe  
(2000),  appl ying  Kön ig ’s  hypothesis 3  and  us ing  novel  data  on  the  spectral  se nsi ti vi ty functions  
of d ichromats  and  normal  trichromats.  By further correcting  these  cone  fundamenta ls  for the  
absorption  of the  ocu lar med ia  and  the  macu lar p i gment,  and  a lso  taking  in to  account  the  optical  
dens i ti es  of the  cone  visual  p i gments,  a l l  for the  fiel d  s i ze  of 1 0° ,  the  l ow-dens i ty absorbance  
functions  of the  l ong -wave sens i ti ve  (L-),  m idd le-wave  sens i ti ve  (M -)  and  short-wave  sens i ti ve  
(S-)  cone  visual  p i gments  are  derived .  U l timatel y,  by i ncorporating  the  age -dependent 
absorptions  of the  ocu lar med ia,  the  fi e l d -s ize-dependent absorption  of the  macu la,  and  the  
fie ld -size-dependent opti cal  densi ties  of the  three  cone  visual  p i gments,  a  procedure  for 
calcu lati ng  the  cone  fundamentals  as  a  function  of age  and  fie ld  s ize  i s  obtained .  For a  detai l ed  
ou tl ine  of the  concept,  see  CIE  1 70-1  (CIE,  2006a) .  

I n  CIE  1 70-1  the  cone  fundamentals  for the  average  colorimetric  observer at  the  particu lar age  
of 32  years  ( the  average  age  of the  Sti l es–Burch  1 959  observer group)  and  fie ld  s izes  of 2°  and  
1 0°  are  derived  both  i n  terms  of quan ta  ( l og  un i ts)  and  i n  terms  of energy ( l i near un i ts) .  
Tabu lations  at  5  nm ,  1  nm  and  0 , 1  nm  i n tervals  from  390  nm  to  830  nm  –  wi th  the  quanta-  and  
energy-based  values  g i ven  to  the  precis ion  of s i x,  optional l y n ine  s i gn i fi can t fi gures  –  are  
avai l able  on l ine  at h ttp: //fi les . cie. co. at/CFs. zip  4.  

Part 2  of the  report by TC 1 -36,  publ ished  as  CIE  1 70-2  (CIE,  201 5) ,  describes  i n  detai l  two  
colorimetric constructs  that both  refer to  the  concept of cone  fundamentals :  

?  Cone-fundamental -based  tristimu lus  functions ;  

?  MacLeod–Boynton  chromatici ty d iagrams.  

NOTE  The  pri ncipal  colorimetric database  of the  cone  fundamental s  for  the  1 0°  fi e l d  s i ze  are  the  1 0°  
colour-match ing  functions  of Sti l es  and  Burch  (1 959).  

3.3.1  Cone-fundamental -based  tristimulus  functions  

I n  order to  bri dge  the  gap  between  the  cone -fundamenta l  framework and  curren t CI E  practice,  
and  a l l ow for comparison  wi th  the  trad i tional  CIE  procedures,  transformations  from  cone  
fundamentals  i n to  cone-fundamental -based  tri stimu lus  values  and  associated  cone-
fundamental -based  chromatici ty coord inates  are  defined  i n  l i ne  wi th  the  princip les  of the  CIE  
XYZ concept (Wold  and  Valberg ,  1 999;  Schanda,  2007).  

I n  particu lar,  for an  observer aged  32  years  and  a  fie ld  s i ze  of 2° ,  i t  i s  recommended  that  XYZ 
cone-fundamental -based  colorimetric  speci fications  of colour stimu l i  shou ld  be  referred  to  the  
cone-fundamental -based  tristimu lus  functions  for 2°  fi e l d  s i ze  F ( )x ? ,  F ( )y ? ,  F ( )z ?  d efi ned  as  

—————————  
3 Kön ig 's  h ypothesis  postu lates  that  d i ch romatic  vi s ion  i s  a  reduced  form  of tri chromatic  vi s ion  where  one  cone  

system  i s  m iss ing  and  the  two  others  are  l eft  unchanged  i n  spectral  sensi ti vi ty.  

4  Note  that  the  energy va l ue  of the  1 0°  cone  fundamental  for 390  nm  and  the  energy val ues  of the  2°  cone  
fundamental s  publ i shed  i n  CI E  1 70 -1  ( i n  tabl es  wi th  5  nm  i n terval s)  are  s l i gh tl y d i fferen t from  thos e  publ i shed  on  
the  CIE  server at  the  g i ven  l i nk.  Th i s  i s  due  to  round i ng  errors  i n  the  calcu lation  of the  CIE  1 70 -1  val ues.  For any 
fu rther reference  the  val ues  on  the  CIE  server shou l d  be  taken .  CI E  1 70 -1  wi l l  be  corrected  i n  due  course  
accord i ng l y.  
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F ( ) 1 , 947 354 69 ( ) 1 , 41 4 451 23 ( ) 0, 364 763 27 ( )x l m s? ? ? ?? ? ?  

F ( ) 0, 689 902 72 ( ) 0, 348 321 89 ( )y l m? ? ?? ?   (3.5) 

F ( ) 1 , 934 853 43 ( )z s? ??  

where  ( ),  ( ),  ( )l m s? ? ?  are  the  cone  fundamentals  for age  32  years  and  the  fie l d  s i ze  of 2° ,  as  
g i ven  i n  terms  of energy (to  the  precis ion  of n i ne  s ign i ficant fi gures )  at 1  nm  in tervals  (see  
h ttp: //fi l es. cie. co. at/CFs. zip  5) .  

S im i l arl y,  for an  observer aged  32  years  and  a  fi e ld  s i ze  of 1 0° ,  i t  i s  recommended  that  XYZ 
cone-fundamental -based  colorimetric  speci fications  of co lour stimu l i  shou ld  be  referred  to  the  
cone-fundamental -based  tristimu lus  functions  for 1 0°  fi e ld  s i ze  F, 1 0 F, 1 0 F, 1 0( ),  ( ),  ( )x y z? ? ?  d efi ned  

as   

F, 1 0 1 0 1 0 1 0( ) 1 , 939 864 43 ( ) 1 , 346 643 59 ( ) 0, 430 449 35 ( )x l m s? ? ? ?? ? ?  

F,1 0 1 0 1 0( ) 0, 692 839 32 ( ) 0, 349 675 67 ( )y l m? ? ?? ?   (3.6) 

F, 1 0 1 0( ) 2,1 46 879 45 ( )z s? ??  

where  1 0 ( )l ? ,  1 0 ( )m ? ,  1 0 ( )s ?  are  the  cone  fundamentals  for age  32  years  and  the  fie l d  s i ze  of 1 0° ,  

as  g i ven  in  terms  of energy ( to  the  precis ion  of n ine  s ign i ficant  fi gures)  at  1  nm  i n tervals  (see  
h ttp: //fi l es. cie. co. at/CFs. zip  5) .  

The  values  of F ( ) ,x ?  F ( ) ,y ?  F ( )z ?  and  F, 1 0 ( ) ,x ?  F, 1 0 ( ) ,y ?  F, 1 0 ( )z ?  –  formal l y termed  cone-

fundamental -based  spectral  tristimu lus  values  –  are  tabu lated  to  the  precision  of seven  
s ign i ficant fi gures  (at  1  nm  in tervals  from  390  nm  to  830  nm)  i n  Table  1 0 . 7  and  Table  1 0 .8  i n  
CIE  1 70-2  (CIE,  201 5) .  These  tables  consti tu te  the  numeric  bases  of correspond ing  CIE  201 5  
XYZ cone-fundamental -based  colorimetric systems.  The  particu lar values  se lected  at 5  nm  
i n tervals  from  390  nm  to  780  nm  and  rounded  to  s ix  decimal  p laces  are  g iven  i n  Table  3  and  
Table  4  of the  present report.  

NOTE  1  F ( )x ? ,  F ( )y ? ,  F ( )z ?  and  F,  1 0( )x ? ,  F, 1 0( )y ? ,  F, 1 0 ( )z ?  are  the  normal i zed  cone-fundamental -

based  tri stimu lus  values  of monochromatic rad iation  of equal  rad ian t  power re lati ve  to  the  sets  
of reference  stimu l i  [XF ] ,  [YF ] ,  [ZF ]  and  [XF , 1 0 ] ,  [YF , 1 0 ] ,  [ZF, 1 0 ] ,  respecti vel y.  The  normal i zations  

are  such  that the  maximum  of F ( ) ,y ?  as  wel l  as  of F, 1 0 ( ) ,y ?  i s  un i ty,  and  F ( )x ??  =  F ( )y ??  =  

F ( )z ??  and  F,  1 0( )x ??  =  F, 1 0( )y ??  =  F,  1 0( )z ?? .   

NOTE  2  F ( )y ?  and  F, 1 0( )y ?  are  i den tical  wi th  F ( )V ?  and  F, 1 0 ( )V ? ,  the  cone-fundamental -based  spectral  

l um inous  effi ciency functions  for 2°  and  1 0°  fi e l d  s i ze ,  respectivel y,  recommended  i n  CIE  1 70-
2  (CI E,  201 5) .  

NOTE  3  Table  3  and  Table  4  are  not renormal i zed  tables  for 5  nm  wavelength  i n tervals,  bu t tables  
obtained  by selecting  every 5 th  va l ue  of the  1  nm -in terval  tables.  Th is  produces  a  s l i gh t 
deviation  from  the  i deal  cri teria,  F ( )x ??  =  F ( )y ??  =  F ( )z ??  

and  F,1 0( )x ??  =  F,1 0( )y ??  

=  F,1 0 ( )z ?? ,  bu t for most practical  pu rposes  these  deviations  are  neg l i g ib le  compared  to  other 

colorimetric uncertain ties  and  are  of the  same  magn i tude  as  observed  for the  CI E  standard  
colorimetric observers.  

NOTE  4  The  reason  why F( )x ? ,  F( )y ? ,  F( )z ?  and  F,  1 0( )x ? ,  F,  1 0( )y ? ,  F,  1 0( )z ?  are  tabu lated  from  

390  nm  i nstead  of 380  nm  (as  i n  the  cases  of the  CIE  1 931  standard  colorimetric observer and  

—————————  
5 Note  that  the  energy va l ues  of the  2°  cone  fundamental s  and  the  energy va l ue  of the  1 0°  cone  fundamental  for 

390  nm  publ i shed  i n  CIE  1 70 -1  ( i n  tab les  wi th  5  nm  i n terval s )  are  s l i gh tl y d i fferen t from  those  publ i shed  on  the  
CIE  server at  the  g i ven  l i nk.  Th i s  i s  d ue  to  round i ng  errors  i n  the  calcu l ation  of the  CI E  1 70 -1  val ues.  For any 
fu rther reference  the  val ues  on  the  CIE  server shou l d  be  taken .  CI E  1 70 -1  wi l l  be  corrected  i n  due  course  
accord i ng l y.  
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the  CI E  1 964  standard  col orimetric  observer)  i s  that  390  nm  i s  the  shortest wavelength  for 
wh ich  the  underlying  cone  fundamental s  are  defined  (see  CIE  1 70 -1  and  CIE  1 70-2).  At  the  
time  of publ i cation  of th is  ed i ti on  of the  Colorimetry report,  CI E  has  set up  a  Techn i cal  
Commi ttee  wi th  the  partia l  task to  extrapolate  the  cone  fundamentals  i n  order to  defi ne  them  
(at  1  nm  wavelength  i n terva ls)  from  380  nm  (or 360  nm)  to  830  nm.  

NOTE  5  Theoretical l y the  coefficien ts  of the  l i near combinations  that determine  the  cone-fundamental -
based  tri stimu lus  functions  are  appl icable  at  1  nm  i n tervals.  Due  to  normal i zation  i ssues,  the  
coeffi cien ts  determined  at  wavelength  i n tervals  other than  1  nm  wi l l  be  d i fferen t from  the  
coeffi cien ts  of Equations  (3 . 5)  and  (3 . 6 ).  I n  case  the  h i ghest precis ion  i s  requ i red ,  the  
coeffi cien ts  shou ld  be  calcu lated  by means  o f a  specia l l y designed  computer program  provided  
by CIE  D ivi s ion  1  (under development  by TC 1 -97).  At  the  time  of publ i cation  of th i s  ed i ti on  of 
the  Colorimetry document,  the  beta  version  of the  prog ram  (for Windows ,  macOS and  Linux)  i s  
being  tested .  

NOTE  6  For an  observer aged  32  years  and  a  fi e l d  s i ze  of 2 ° ,  the  cone-fundamental -based  chromatici ty 
coord inates  (see  7 . 3)  F ( )x ? ,  F ( )y ? ,  F ( )z ?  of the  spectral  stimu l i  are  calcu lated  as  

F
F

F F F

F
F

F F F

F
F

F F F

( )
( ) =

( ) + ( ) + ( )

( )
( ) =

( ) + ( ) + ( )

( )
( ) =  

( ) + ( ) + ( )

x
x

x y z

y
y

x y z

z
z

x y z

?
?

? ? ?
?

?
? ? ?

?
?

? ? ?

 (3 . 7)  

Simi larl y,  for observers  aged  32  years  and  a  fi e l d  s i ze  of 1 0° ,  the  cone-fundamental -based  
chromatici ty coord inates  F,1 0 ( )x ? ,  F,1 0( )y ? ,  F,1 0( )z ?  of the  spectral  stimu l i  are  g i ven  by 

F, 1 0
F, 1 0

F, 1 0 F, 1 0 F, 1 0

F, 1 0
F, 1 0

F, 1 0 F, 1 0 F, 1 0
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?
?

? ? ?

?
?
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 (3 . 8)  

Chromatici ty coord inates  xF (?),  yF(?) ,  and  xF, 1 0 (?) ,  yF , 1 0(?)  se lected  at  5  nm  i n terval s  from  390  
nm  to  780  nm  are  g i ven  to  the  precis ion  of fi ve  decimal  p laces  i n  Table  3  and  Table  4 .   

NOTE  7  The  cone-fundamental -based  chromatici ty coord inates  xF , E ,  yF , E ,  zF , E  of the  equ i -energy 

i l l um inan t deri ved  from  the  sums  F F FΣ ( ), Σ ( ), Σ ( )x y z? ? ?  of Table  1 0 . 7  i n  CI E  1 70 -2  (wi th  

function  values  g i ven  at  1  nm  i n tervals  from  390  nm  to  830  nm ,  to  the  precis ion  of seven  
s ign i fi can t fi gu res)  (CI E,  201 5)  are  

xF, E  =  0 , 333  33  

yF, E  =  0 , 333  33  

zF ,E  =  0 , 333  33  

When  derived  from  the  sums  F F FΣ ( ), Σ ( ), Σ ( )x y z? ? ?  of Table  3  i n  the  present report (wi th  

function  values  selected  a t  5  nm  i n tervals  from  390  nm  to  780  nm ,  rounded  to  s i x decimal  
p l aces),  the  cone-fundamen tal -based  chromatici ty coord inates  of the  equ i -energy i l l um inant are   

xF, E  =  0 , 333  31  

yF, E  =  0 , 333  30  (3. 9)  

zF ,E  =  0 , 333  39  

The  cone-fundamen tal -based  chromatici ty coord inates  F, 1 0, Ex ,  F, 1 0 ,  Ey ,  F, 1 0 ,  Ez  of the  equ i -

energy i l l um inan t derived  from  the  sums  F, 1 0 F, 1 0 F, 1 0Σ ( ), Σ ( ), Σ ( )x y z? ? ?  of Table  1 0. 8  i n  CIE  1 70-

2  (wi th  functi on  values  g i ven  at 1  nm  i n tervals  from  390  nm  to  830  nm,  to  the  precis ion  of seven  
s ign i fi can t fi gu res)  (CI E,  201 5)  are   
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xF, 1 0 , E  =  0 , 333  33  

yF, 1 0 , E  =  0 , 333  33  

zF , 1 0 , E  =  0 , 333  33  

When  derived  from  the  sums  F, 1 0 F, 1 0 F, 1 0Σ ( ), Σ ( ), Σ ( )x y z? ? ?  of Table  4  i n  the  present  report (wi th  

function  values  selected  a t  5  nm  i n tervals  from  390  nm  to  780  nm ,  rounded  to  s i x decimal  
p l aces),  the  cone-fundamen tal -based  chromatici ty coord inates  of the  equ i -energy i l l um inant are  

xF, 1 0 , E  =  0 , 333  32   

yF, 1 0 , E  =  0 , 333  31   (3. 1 0)  

zF , 1 0 , E  =  0 , 333  37  

NOTE  8  For observer ages  d i fferen t from  32  years  or fie ld  s i zes d i fferen t from  2 °  or 1 0° ,  the  coefficients  

of the  l inear combinations  transforming  the  cone  fundamentals   field size, age ( ),l ?   field size, age ( ),m ?  

 field size, age ( )s ?  i n to  correspond ing  cone-fundamental -based  tristimu lus  functions  
  F, field size, age ( )x ? ,  

 F , fi eld s ize, age ( )y ? ,   F , fiel d s i ze, age ( )z ?  wi l l  be  d i fferen t
 
from  the  coefficients  of

 
Equations  (3 .5)  and  

(3.6).  I n  such  cases,  the  cone-fundamental -based  tristimu lus  functions  and  the  associated  cone-
fundamental -based  spectral  chromatici ty coord inates  shou ld  be  calcu lated  by means of a  
special l y designed  computer program  provided  by CIE  Division  1  (under development by TC 
1 -97).  At the  time of publ ication  of th is  ed i tion  of the  Colorimetry documen t,  the  beta  version  of 
the  program  (for Windows,  macOS and  Linux)  i s  being  tested .  

3.3.2  MacLeod–Boynton  chromatici ty d iagrams  

An  LMS tristimu lus  space  (a lso  ca l l ed  LMS  cone-exci tation  space)  i s  a  three-d imensional  vector 
space  i n  wh ich  the  coord inate  axes  represent the  normal i zed  exci tations  of the  long -wave-
sensi ti ve  (L),  the  m idd le-wave-sensi ti ve  (M),  and  the  short-wave-sens i ti ve  (S)  cones.  I n  
particu lar,  under the  hypothesis  that on l y the  responses  of the  L  and  M  cones  contribu te  to  
l um inous  i n tensi ty as  determ ined  by fl icker photometry,  a  Cartesian  LMS tristimu lus  space  can  
be  constructed  in  wh ich  colour stimu l i  of equal  fl icker-photometric  l um inous  in tens i ties  are  
represented  i n  a  plane  that (1 )  i s  paral l el  to  the  S-axis  and  (2)  i n tersects  the  L-  and  the  M -axes  
at numerical l y equal  va lues.  The  projective  coun terpart of th is  p l ane  defines  a  two -d imensional  
colorimetric representation  known  as  a  MacLeod–Boynton  chromatici ty d iagram .   

The  correspond ing  MacLeod–Boynton  chromatici ty coord inates,  lMB ,  mMB ,  sMB ,  are  defined  as  
the  ratios  
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where  LMB ,  MMB ,  SMB  are  the  appropriatel y normal i zed  cone  exci tations,  formal l y named  
MacLeod‒Boynton  tristimu lus  values.  I n  the  MacLeod–Boyn ton  ch romatici ty d iagram ,  lMB  i s  the  
abscissa,  and  sMB  i s  the  ord inate  (MacLeod  and  Boynton ,  1 979).   

I n  CIE  1 70-2  (CIE,  201 5) ,  the  normal i zing  constants  of the  MacLeod‒Boynton  tris timu lus  values  
and  the  correspond ing  tables  of the  spectral  MacLeod –Boynton  chromatici ty coord inates  

 MB ( )l ? ,  
 MB ( )m ? ,  

 MB ( )s ?  are  g i ven  for the  parti cu lar cases  of an  observer aged  32  years  and  fi e l d  

s i zes  of 2°  and  1 0° .  I ncluded  in  the  report i s  a lso  a  further ou tl i ne  of the  underl ying  
phys iolog ical l y-based  colorimetric  concept.  
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NOTE  For a  g i ven  colour stimu lus,  the  values  of lMB  ,  mMB  ,  sMB  d i ffer wi th  observer age  and  fi e l d  s i ze.  
Age-  and  fie l d -s ize-parameterized  spectral  MacLeod–Boyn ton  chromatici ty coord inates,  

 MB, field size, age ( )l ? ,  
 MB, field size, age ( )m ? ,  

 MB, field size, age ( )s ? ,  can  be  calcu lated  by means  of a  specia l l y 

designed  computer program  provided  by CI E  Divi sion  1  (under development  by TC 1 -97).  At 
the  time of publ ication  of th is  ed i ti on  of the  Colorimetry document ,  the  beta  version  of the  program  
(for Windows,  macOS and  Linux)  i s  being  tested .  

4 Recommendations  concerning  standard  physical  data of i l luminants  and  
sources  

4. 1  Recommendations  concerning  standard  physical  data of i l luminants  

I t  i s  recommended  that  the  fol l owing  i l l um inan ts,  defi ned  by thei r re lative  spectral  power 
d istribu tions  g i ven  i n  Table  1  of the  I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007b),  be  used  
for general  colorimetry.  

Th is  recommendation  deviates  from  earl i er recommendations  regard ing  CIE  sources  A,  B ,  C  
(CIE,  1 931 ;  CIE ,  1 951 ) .  A d istinction  i s  made  between  illuminant  and  source .  The  term  source  

refers  to  a  physical  em i tter of l i ght,  such  as  a  l amp or the  sun  and  the  sky.  The  term  illuminant  
refers  to  a  speci fic  spectral  power d istribu tion ,  not necessari l y provided  d i rectl y by a  source,  
and  not necessari l y rea l i zable  as  a  source.  The  present  recommendation  fi rst defines  
i l l um inants  by re lati ve  spectral  power d istributions  and  then  d iscusses  some  arti ficial  sources  
representative  of i l l um inants .  The  defin i tion  of these  sources  is  cons idered  secondary,  as  i t  i s  
conceivable  that new developments  i n  materia l s  wi l l  bri ng  abou t improved  sources  that  
represent  the  i l l um inan ts  more  accuratel y and  are  more  su i table  for l aboratory use.  At  present,  
no  recommendation  has  been  made  for a  source  representing  standard  i l l um inan t D65.  The  
orig inal  recommendations  regard ing  standard  i l l um inant D65  (orig inal l y cal l ed  D 65)  and  other 
i l l um inants  D  representing  dayl igh t of d i fferent corre lated  colour temperatures  are  g iven  i n  CIE  
Proceed ings  (CIE,  1 963;  CIE,  1 967).  

I n  1 968,  the  Com i té  I n ternational  des  Poids  et Mesures  m od i fied  the  " I n ternational  Practical  
Temperature  Scale,  1 948  (amended  1 960)"  and  the  value  of the  rad iation  constan t c2  was  set  
equal  to  1 , 4388 ? 1 0−2  m ?K.  Th is  mod i fication  has  affected  the  colou r temperature  or correlated  
colour  temperature  of the  CI E  i l l um inants  and  sources.  I t  was  further revised  to  “ I n ternationa l  
Temperature  Scale  1 990 "  ( I TS-90),  bu t the  c2  va l ue  is  unchanged  (Consu l tati ve  Committee  for 
Thermometry,  1 989) .  

4.1 . 1  CIE  standard  i l luminants   

4. 1 . 1 . 1  CIE  standard  i l luminant A 

CIE  standard  i l l um inan t A is  i n tended  to  represent typical  tungsten -fi lament l i gh ting .  I ts  re lati ve  
spectral  power d istribu tion  is  that of a  Planckian  rad iator at  a  temperature  of approximatel y  
2  855,5  K.  CIE  standard  i l l um inan t A is  used  i n  many cal ibration  procedures,  and  i t  i s  t he  on l y 
i l l um inant for wh ich  the  correspond ing  source  can  a lso  be  real i zed  wi th  reasonable  accuracy.  
Th is  recommendation  i s  reta ined  despi te  the  d im in ish ing  use  of i ncandescent l amps  i n  general  
l igh ting  appl ications.  

The  re lati ve  spectral  power d istribu tion  of CIE  s tandard  i l l um inan t A,  SA(?) ,  i s  defined  by the  
equation  

7
5

A 7

1  ,435 1 0
exp 1

560 2 848 560
( ) 1 00

1 ,435 1 0
exp 1

2 848

S ?
?

?

?
?

?? ?? ?? ? ?? ? ?
 (4.1 ) 

where  ?  i s  the  wavelength  i n  nanometres  and  the  numerica l  va lues  in  the  two  exponentia l  terms  
are  defin i ti ve  constan ts  ori g inating  from  the  fi rst  defi n i tion  of I l l um inan t A in  1 931 .  Th is  spectral  
power d istribu tion  is  normal i zed  to  the  value  1 00  (exactl y)  at the  waveleng th  560  nm  (exactl y).  

Equation  (4. 1 )  i s  equ ivalen t to  and  can  be  derived  from  the  express ion  
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S(?) = 1 00 Me,?(?,T) / Me,?(560,  T)  (4.2) 

where  

Me,?(?,T) = c1  ?−5  [exp(c2  /?T) −  1 ]−1  (4.3) 

and  ?  i s  the  wavelength  ( i n  nanometres) .  

NOTE  CIE  standard  i l l um inan t A was  ori g inal l y defined  i n  1 931  as  the  relati ve  spectral  power d i stribu tion  
of a  Planckian  rad iator of temperature   
 TCIE  1 931  =  2  848  K,  (4 . 4)  
the  value  of the  second  rad i ation  constan t c2  then  being  taken  as   
 c2 ,  C I E  1 931  =  1 , 435  0  ?  1 0−2  m ?K.  (4 . 5)  
To  keep  the  I l l um inant A values  consisten t from  1 931 ,  these  ol d  values  of T and  c2  are  used .  
Then  the  ratio  c2  /T i s  g i ven  by  
 c2  /T =  1 , 435  ?  1 07  /  2  848  nm .  (4 . 6)  

Since  the  numerical  va lue  of the  fi rst rad iation  constant,  c1 ,  cancels  ou t  of Equation  (4. 2),  th is  
defin i tion  of CIE  standard  i l l um inant  A i nvolves  no  assumptions  about the  numerical  va lues  of 
c1 ,  c2 ,  and  T other than  the  ratio  defi ned  in  Equation  (4. 6) .  (See  ISO/CIE  2007b) .  

CIE  standard  i l l um inan t  A is  defined  over the  spectral  reg ion  from  300  nm  to  830  nm  i n  the  
I SO/CIE  I n ternational  S tandard  ( I SO/CIE,  2007b)  to  s ix  s ign i fican t fi gures.  Shou ld  h igher 
precis ion  be  needed ,  va lues  calcu lated  using  Equation  (4 . 1 )  shou ld  be  used .  C lause  1 1 . 2  
con tains  abridged  tab les  that can  be  used  in  most practical  ca lcu lations.  On  th e  use  of these  
tables ,  see  7. 2 .  

NOTE  1  The  defin i ti on  reproduced  here  i s  i n  accordance  wi th  the  values  of I l l um inant  A ori g inal l y 
publ i shed  i n  1 931  ( I SO/CIE,  2007b).  

NOTE  2  Even  though  Equation  (4 . 1 )  i s  based  on  Planck's  equation  considering  wavelengths  i n  vacuum,  
the  wavelengths  are  to  be  taken  as  being  i n  s tandard  a i r (d ry a i r at  1 5  ºC  and  1 01  325  Pa,  
con tain ing  0 , 03  %  by volume  of carbon  d ioxid e).  Th is  makes  CIE  standard  i l l um inan t A 
compatible  wi th  other CIE  colorimetric  and  photometric  data.  

NOTE  3  The  wavelength  range  for standard  i l l um inan ts  i s  300  nm  to  830  nm  because ,  for evaluati ng  
photoluminescent material ,  the  u l traviolet  spectral  range  i s  re levant.  For most colorimetric  
i nvesti gations  the  restri cted  wavelength  range,  380  nm  to  780  nm,  can  be  used .  

NOTE  4  Term inology i n  th i s  publ i cation  fol l ows  the  trad i ti onal  term inology used  i n  col orimetry.  A 
separate  publ i cation  deals  wi th  the  cu rren t  "uncertain ty"  descri ption  of stati ng  measurement 
resu l ts  and  recommends  methods  for calcu lati ng  colorimetric uncertain ties,  see  (CIE,  201 1 a) .  

4.1 . 1 .2  CIE  standard  i l luminant D65  

CIE  standard  i l l um inant D65 has  a  re lative  spectral  power d istribution  representing  a  phase  of 
dayl i gh t wi th  a  corre lated  colour temperature  of approximatel y 6  500  K (a lso  cal led  the  nom ina l  
correlated  colour temperature  of the  dayl i gh t i l l um inant) ,  symbol :  SD65(?).  The  officia l  values  of 
SD65(?)  are  as  g iven  i n  the  CIE  standard  on  i l l um inan ts  for colorimetry ( I SO/CIE,  2007b).  

NOTE 1  The  correlated  colour temperatures  are  affected  by the  numerical  va lue  of the  rad iati on  constan t 
c2 .  I n  accordance  wi th  the  International Practical Temperature Scale,  1948,  amended 1960  
wh ich  was  i n  use  at the  time  when  the  procedu re  for calcu lati ng  dayl i gh t i l l um inan ts  was  
adopted  by the  CIE ,  the  value  of c2  was  equal  to  1 , 438  0  ?  1 0 −2  m· K.  Wi th  th i s  va lue,  the  
correlated  colour temperatu re  of i l l um inan t D65  i s  approximatel y equal  to  6  500  K.  The  change  
of c2  to  the  value  of 1 , 438  8  ?  1 0−2  m· K ( I n ternationa l  Practical  Temperatu re  Scale,  1 968)  
i ncreases  the  correlated  co lour temperatu res  of i l l um inant D65  by the  factor 1 , 4388/1 , 4380.  
Thus  the  correlated  colour temperature  i ncreases  by approximatel y 4  K.  

NOTE  2  Regard ing  the  defin i ti on  of correlated  colour temperatu re  (Tcp)  of an  i l l um inan t:  see  9 . 4 .  

NOTE  3  Clause  1 1 . 2  provides  abridged  tables  that can  be  used  i n  many practical  ca lcu lations.  On  th e  
use  of these  tables  see  7 . 2 .  The  values  of the  re lati ve  spectral  power d i stribu tion  of CIE  
standard  i l l um inant D65  g i ven  i n  Table  5  a t  5  nm  i n tervals  are  consisten t wi th  the  values  from  
300  nm  to  830  nm  at  1  nm  i n tervals  and  wi th  s i x s i gn i fi can t fi gu res  as  can  be  found  i n  the  
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I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007b).  They have  been  taken  from  the  tables  of the  
standard .   

NOTE  4  I f va l ues  at  wavelengths  other than  those  pri n ted  i n  Table  1  of the  I SO/CIE  I n ternational  
Standard  ( I SO/CIE,  2007b)  are  needed ,  l i near i n terpolation  shou ld  be  used  (see  a l so  NOTE  5).  

NOTE  5  CIE  standard  i l l um inan t D65  con tains  power i n  the  UV range,  as  does  natu ral  ou tdoor dayl i gh t.  
CIE  publ i shed  a  document describ ing  i ndoor dayl i gh t for colorimetry  and  i ndoor dayl i gh t  
i l l um inan ts  (CI E,  2009) ;  detai l s  of th i s  new method  of calcu lation  are  g i ve n  i n  4 . 1 . 2 . 1 .  

NOTE  6  I n  201 3,  CIE  publ i shed  a  method  for re -defin ing  CIE  D  i l l um inan ts  having  a  smooth  spectral  
power d istri bu tion  (CIE ,  201 3);  detai l s  of th i s  new method  of ca lcu lation  are  g i ven  i n  4 . 1 . 2 . 2 .  

4.1 .2  Other D  i l luminants   

I t  i s  recommended  that,  i n  the  i n terest  of s tandard ization ,  D65  be  used  whenever poss ib le.  
When  D65 cannot be  used ,  i t  i s  recommended  that one  of the  dayl i gh t i l l um inan ts  D50,  D55,  or 
D75  defined  i n  Table  5  be  used .  When  none  of these  dayl igh t i l l um inan ts  can  be  used ,  a  dayl i ght 
i l l um inant at  a  nom inal  correlated  colour temperature  (Tcp)  can  be  calcu lated  us ing  the  fol lowing  
equations.  These  equations  wi l l  resu l t i n  an  i l l um inan t whose  corre lated  colour temperature  is  
approximatel y equal  to  the  nom inal  value,  bu t not exactl y so .  

(a)   Chromaticity  

The 1 931  (x,  y)  chromatici ty coord inates  of the  dayl igh t (D)  i l l um inan t to  be  defined  must satisfy 
the  fol lowing  re lation :  

yD  =  −3,000 xD2  +  2,870 xD  −  0,275 (4.7) 

wi th  xD  be ing  wi th in  the  range  of 0 , 250  to  0 , 380.  The  correlated  colour temperature ,  Tcp ,  of 
dayl i gh t D  is  re lated  to  xD  by the  fol lowing  formu lae  based  on  normals  to  the  P lanckian  locus  
on  the  CIE  1 960  un i form -chromatici ty-scale  d iagram  (see  A.4) :  

( i )  for correlated  colour temperatu res  from  approximatel y 4  000  K up  to  and  includ ing  7  000  K:  

9 6 3
D 3 2

cp cp cp

4, 6070 1 0 2, 9678 1 0 0, 0991 1 1 0
0, 244063x

T T T

? ? ? ?
? ? ? ?  (4.8) 

 where  Tcp  i s  the  corre lated  colour temperature  i n  kelvin  (K). "  

( i i )  for correlated  colour temperatures  from  greater than  7  000  K to  approximatel y 25  000  K:  

9 6 3
D 3 2

cp cp cp

2, 006 4 1 0 1, 9018 1 0 0, 247 48 1 0
0, 237040x

T T T

? ? ? ?
? ? ? ?  (4.9) 

 where  Tcp  i s  the  corre lated  colour temperature  i n  kelvin  (K). "  

(b)   Relative spectral power distribution  

The re lative  spectral  power d istribut ion  SD(?)  of dayl igh t D  is  to  be  calcu lated  from  

SD(?) = S0(?) + M1  S1 (?) + M2 S2(?) (4.1 0) 

where  S0(?) ,  S1 (?) ,  S2(?)  are  functions  of wavelength ,  ? ,  g i ven  i n  Table  6,  and  M1 ,  M2  are  factors  
whose values  are  re lated  to  the  chromatici ty coord inates  xD ,  yD  as  fo l l ows:  

D D
1

D D

1, 3515 1, 7703 5,91 1 4

0,0241 0, 256 2 0, 7341

x y
M

x y

? ? ?
?

? ?
 

 (4.1 1 )  

D D
2

D D

0, 0300 31, 442 4 30, 0717

0, 0241 0, 256 2 0, 7341

x y
M

x y

? ?
?

? ?
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NOTE  1  Seasonal  and  geograph ica l  variations  i n  the  spectral  power d i stribu ti on  of dayl i gh t occur,  
parti cu larl y i n  the  u l traviolet  spectral  reg ion ,  bu t th i s  recommendation  shou ld  be  used  pend ing  
the  avai l abi l i ty of fu rther i n format ion  on  these  variations.  

NOTE  2  The  spectral  power d i stribu tions  of dayl i gh t i l l um inan ts  D  produced  by th i s  recommendation  are  
based  on  experimental  observations  over the  wavelength  range  330  nm  to  700  nm,  and  on  
extrapolation  i n  the  wavelength  ranges  300  nm  to  330  nm  and  700  nm  to  830  nm  (Judd  et  a l . ,  
1 964).  The  extrapolated  val ues  are  bel i eved  to  be  accu rate  enough  for colorimetric  pu rposes,  
bu t shou ld  not be  used  for other pu rposes.  

NOTE  3  I f va lues  a t  wavelengths  other than  those  g i ven  i n  Table  6  are  needed ,  l i near i n terpolation  
shou ld  be  used  (see  a l so  4 . 1 . 2 . 2).  

NOTE  4  The  relati ve  spectral  power d i stribu tions  of the  D  i l l um inan ts  g i ven  i n  Table  5  (that of s tandard  
i l l um inan t D65  a l so  g iven  i n  the  I SO/CIE  I n ternational  Standard  on  i l l um inan ts  for colorimetry 
( I SO/CIE,  2007b))  were  deri ved  by the  procedu re  g i ven  above  wi th  some  i n termed iate  round ing  
and  wi th  some ad justments  for changes  i n  the  I n ternational  Temperatu re  Scal e.  Thus,  for 
h i storical  reasons,  the  tabu l ated  values  are  s l i gh tl y d i fferen t from  the  calcu lated  val ues.  For the  
time  being ,  the  tabu lated  val ues  are  the  offi cia l  data .  Eventual l y these  data  may be  superseded  
by the  method  described  i n  4 . 1 . 2 . 2 .  

NOTE  5  When  samples  exh ib i ti ng  l um inescence  exci ted  by u l traviolet  rad iati on  and  seen  ou tdoors  are  
i nvol ved ,  one  of the  D  i l l um inants  defined  i n  these  recommendations  shou ld  a lways  be  used  to  
represent dayl i gh t.  For i ndoor viewing ,  one  of the  i ndoor dayl ig h t i l l um inan ts  i s  recommended .  

NOTE  6  The  method  to  calcu late  the  values  for the  re l ati ve  spectral  power d i stribu tions  of i l l um inan ts  
D50,  D55,  D65,  and  D75,  as  g i ven  i n  Table  5 ,  i s  as  fo l l ows:   

1 .  Mu l ti p l y the  nom inal  correlated  colour temperature  (5  000  K,  5  500  K,  6  500  K or 7  500  K)  
by the  ratio  1 , 4388/1 , 4380.  

2 .  Calcu late  xD  and  yD  u s i ng  Equations  (4 . 8)  or (4 . 9)  and  (4 . 7)  

3 .  Calcu late  M1  and  M2  u s ing  Equations  (4 . 1 1 ).  

4 .  Round  M1  and  M2  to  th ree  decimal  p l aces.  

5 .  Calcu late  SD(?)  for every 5  nm  by SD(?)  =  S0(?)  +  M1 ?S1 (?)  +  M2 ?S2(?)  us ing  values  of S0(?) ,  
S1 (?)  and  S2(?)  from  Table  6 .   

6 .  I n terpolate  the  5  nm  values  of S(?)  l i nearl y to  obtain  val ues  at  i n termed iate  wavelengths.   

Th i s  method  shou ld  a l so  be  fol l owed  to  calcu late  the  re lati ve  spectral  power d i stribu tion  o f 
i l l um inan ts  at  other nominal  correlated  colour temperatures.  

4.1 .2.1  Indoor dayl ight i l luminants  

The above  d iscussed  dayl i gh t i l l um inants  that contain  u l traviolet rad iation  i n  proportions  as  
found  in  natural  ou tdoor dayl i gh t are  su i table  for colorimetric ca lcu la tions  where  the  colour 
samples  are  seen  outdoors.  A paper sample  wh i tened  wi th  optical  bri ghtener wi l l  l ook l ess  brigh t 
i ndoors  than  outdoors,  s ince  the  optical  brightener wi l l  n ot be  exci ted  to  the  same exten t by the  
i ndoor dayl i ght.  To  be  able  to  evaluate  samples  (paper,  pl astic,  texti l e,  etc. )  that have  been  
treated  wi th  optica l  bri gh teners ,  CIE  i n troduced  two  indoor dayl ight  i l l um inan ts  ID50  and  ID65  
(see  Table  7) ,  wi th  nom inal  correlated  temperature  of 5  000  K and  6  500  K,  respectivel y (CIE,  
2009).  These  i l l um inan ts  cons ider average  g lazing  u l traviolet absorption .  

Thus  CIE  recommended  the  defin i tion  of i ndoor dayl ight  i l l um inant spectra  as  the  product of a  
CIE  dayl i ght i l l um inant and  the  spectra l  transm ittance  of average  window g lass,  the  
transm i ttance  of wh ich  is  g i ven  i n  Table  8,  at 5  nm  i n tervals  between  300  nm  and  780  nm .   

NOTE  1  When  samples  that exh ib i t  l um inescence  exci ted  by u l traviolet  rad iation  are  seen  i n doors,  one  
of the  i ndoor D  i l l um inan ts  defined  i n  th is  cl ause  shou ld  be  used  to  represent dayl igh t.  For 
ou tdoor viewing ,  one  of the  ou tdoor dayl i gh t i l l um inan ts  i s  recommended .  

NOTE  2  As  a  general  practice,  i f i ndoor dayl i gh t  i s  used  i n  the  calcu lation ,  th i s  shou ld  be  noted ;  i f no  
such  notation  i s  i ncl uded ,  the  use  of a  cl assical  (ou tdoor)  i l l um inan t  i s  presumed .  
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4.1 .2.2  Smoothed  D  i l luminants  

A recurring  problem  wi th  the  CIE  dayl igh t i l l um inan ts  is  that the  orig inal  spectral  measurements  
were  performed  at  1 0  nm  in tervals  and  that a l l  previous  CIE  recommendations  prescribe,  i n  
case  of the  dayl igh t spectra,  l inear in terpolation  between  these  fixed  poin ts  (for any other 
smooth  spectral  functions ,  Sprague in terpolation  i s  recommended  (CIE  2005a)).  I n  Append ix C  
of the  2004  ed i tion  of CIE  1 5  (CIE,  2004b),  i t  i s  s tated  that  the  in terpolation  of dayl i gh t spectra  
be  such  that  the  data  shou ld  be  d i fferen tiable  twice .   

The  task of TC  1 -74  was  to  anal yse  further the  method  described  i n  Append ix C  of the  2004  
vers ion  of CIE  1 5,  and  a lso  to  seek a l ternative  methods  to  obtain  even  smoother curves  for 
dayl i gh t spectra.  I t  was  a  requ irement that any new smooth ing  rou ti ne  shou ld  not prov ide  
tristimu lus  values  that are  mean ingfu l l y d i fferent from  those  obtained  us ing  the  classical  
dayl i gh t spectra.  CIE  TC  1 -74  anal ysed  the  method  of ca lcu lating  dayl ight  spectra  as  described  
i n  4 . 1 . 2 ,  reta in ing  the  1 0  nm  fixed  poin ts ,  bu t  us ing  Lagrange,  Sprague and  spl i ne  i n terpolations  
i nstead  of the  l i near i n terpolation .  Detai ls  of the  method  are  summarized  i n  CI E  204:201 3  
“Methods  for re-defin ing  CIE  D  i l l um inants ”  (CIE ,  201 3) .  Further i n formation  can  be  found  i n  the  
articles  by Krán icz and  Schanda  ( 2000)  and  Sève  and  Duval  (2003).  

As  i n  the  real  dayl igh t em ission  spectra,  the  d ips  i n  the  spectra  are  due  to  the  absorption  by 
d i fferent gaseous  substances  i n  the  atmosphere,  and  these  are  much  narrower absorption  
bands  than  man i fested  i n  the  CIE  dayl igh t i l l um inan t spectra  wi th  1 0  nm  wavelength  i n terval .  
Thus,  for colorimetric pu rposes  a  cons iderable  smooth ing  of the  spectra  wi l l  not  change  the  
tristimu lus  values  appreciabl y.  

Smooth ing  us ing  a  LOWESS (Local l y Weighted  Scatter P lot Smooth ing)  fi l ter techn ique  was  
used ,  and  the  resu l ts  of d i fferent  amounts  of smooth ing  were  tested  on  a  database of refl ection  
spectra  that  i ncluded  1 00  000  samples  (Kosztyán  and  Schanda,  201 3) .  A smooth ing  rou tine  
was  fi nal l y se lected  where,  when  appl ied  to  the  over 1 00  000  samples,  the  maximum  CIELAB  
colour d i fference  (see  8 . 2 . 1 . 3)  between  us ing  the  D65  i l l um inan t and  the  smoothed  D65  
i l l um inant was  smal ler than  0, 3  and  the  average  colour  d i fference was  be low 0, 1 .  

Based  on  these  observations ,  TC  1 -74  recommended  to  test  i n  practice  the  use  of the  smoothed  
S0 , s(?) ,  S1 , s(?)  and  S2 , s(?)  functions ,  publ ished  i n  CI E  1 84  on  I ndoor dayl i gh t i l l um inan ts  (CIE,  
2009).  The  publ ication  a l so  contains  tables  for smoothed  (ou tdoor)  dayl i ght  i l l um inants ,  sD50,  
sD55,  sD60,  sD65,  sD70,  sD75 ,  and  smoothed  indoor dayl ight  i l l um inants ,  s ID50  and  s ID65,  
wi th  1  nm  steps  between  300  nm  and  830  nm  (for the  s ID  i l l um inants  on l y between  31 4  nm  and  
780  nm).   

4.1 .3  I l luminant B  

This  i l l um inant i s  i n tended  to  represent d i rect sun l igh t wi th  a  correlated  colour temperature  of 
approximatel y 4  900  K.   

NOTE  The  use  of th i s  i l l um inan t i s  deprecated .  However,  for a  description  of i l l um inan t B  and  source  
B  see  Annex A. 2 .  

4.1 .4  I l luminant C  

This  i l l um inan t i s  i n tended  to  represent average  dayl i ght wi th  a  correlated  colour temperature  
of approximatel y 6  800  K.   

NOTE  1  I l l um inan t C  does  not  have  the  status  of a  CIE  standard  bu t  i ts  re lati ve  spectral  power 
d i stribu tion ,  tri stimu lus  values  and  chromatici ty coord inates  are  g i ven  i n  Table  5  and  Table  9 . 1  
and  Table  9 . 2 ,  as  many practical  measurement i nstruments  and  calcu lations  sti l l  u se  th i s  
i l l um inan t.   

NOTE  2  The  tri stimu lus  values  and  chromatici ty coord inates  of the  i l l um inan t C  and  of D50 ,  D55,  D75,  
calcu lated  from  the  values  g i ven  i n  Table  6 ,  are  shown  i n  Tabl e  9 . 1  and  Tab le  9 . 2 .  The  
reproduced  tri stimu lus  values  are  those  of the  perfect reflecti ng  d i ffuser i rrad iated  by the  
respective  i l l um inan t  (see  7 . 1 ).   
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4.1 .5  I l luminant E  

I n  many practical  colorimetric calcu lations  the  reference chromatici ty coord inates  are  
x =  0, 3333,  y =  0, 3333,  wh ich  are  obtained  i f the  tris timu lus  i n tegration  is  made  us ing  a  
spectrum  that has  a  wavelength - independent spectra l  power d istribu tion .   

For an  i l l um inant  that i s  defi ned  by the  equ i -energy spectrum ,  i . e.  a  spectrum  where  the  relati ve  
spectral  power d istribu tion  S(?)  =  1  for a l l  ? ,  CI E  endorses  the  term  “CIE  i l l um inan t E. ”  

For many practical  colorimetric calcu lations ,  i t  i s  sufficient to  have  a  constant  spectral  power 
d istribu tion  between  380  nm  and  780  nm .  

4.2  Arti ficial  sources  representative of i l luminants  

I t  i s  recommended  that the  fol lowing  arti ficia l  sources  shou ld  be  used  i f i t  i s  desi red  to  real i ze  
the  i l l um inan ts  defined  i n  4 . 1  for actual  l aboratory i nspection .  

4.2.1  Source A 

CIE  standard  i l l um inant A is  to  be  real i zed  by a  gas-fi l l ed  tungsten  fi l ament l amp operating  at a  
correlated  colour temperature  of 2  855, 5  K ( th is  va lue  produces  the  same spectral  d istribution  
as  the  defined  i l l um inan t A wi th  the  va lue  of the  second  rad iation  constant fixed  to  c2  =  
h · c· k− 1 =  1 , 438  776  877  5  ?  1 0−2  m · K where  h  i s  Planck’s  constan t,  c  i s  the  speed  of l i gh t  i n  
vacuum ,  and  k  i s  the  Bol tzmann  constan t  –  see  a lso  4. 1 . 1 . 1 ) .  I f the  source  is  a lso  to  be  used  i n  
the  u l traviolet  spectral  reg ion ,  a  l amp having  an  envelope  or window made  of fused -quartz or 
s i l i ca  must be  used  because  g lass  absorbs  the  u l traviolet  component of the  rad iation  from  the  
fi l ament.  

4.2.2  Source B  

See  Annex A.2 .  

4.2.3  Source C  

See  Annex A.3 .  

4.2.4  Source D65  

At present no  arti ficia l  source  is  recommended  to  real i ze  CIE  standard  i l l um inan t D65 or an y 
other i l l um inan t D  of d i fferent correlated  colour temperatu re.  I t  i s  expected  that new 
developments  i n  l igh t sources  and  fi l ters  wi l l  even tual l y offer sufficient bas is  for a  CIE  
recommendation .  Meanwh i l e  the  CIE  has  agreed  on  a  formu la  to  describe  the  qual i ty of a  
dayl i gh t s imu lator for colorimetry,  see  9 . 2 .   

4.2.5  Notes  on  arti ficial  sources  representative of i l luminants  

NOTE  1  The  arti fi cia l  sources  defined  above  and  recommended  as  representati ve  sources  for CI E  
i l l um inan ts  are  named  "CIE  sources  for colorimetry" .  

NOTE  2  Whenever the  h i ghest accuracy of the  spectral  power d i stribu tion  of a  standard  i s  requ i red ,  i t  
i s  advisable  to  make  a  spectrorad iometric  characteri zati on  of the  actual  source  used ,  because  
the  re lati ve  spectral  power d i stribu tion  of the  source  may not exactl y  coincide  at a l l  wavelengths  
wi th  that defi n ing  the  correspond ing  i l l um inan t.  

NOTE  3  The  spectrum  of a  D65  s imu l ator fl uorescent l amp  i s  reproduced  i n  Table  1 0 . 3  as  FL3. 1 5  (see  
a l so  9 . 2).   

5 Recommendations  concerning  standard  of reflectance  

The fundamental  property i n  the  measurement of colour i s  the  colour stimu lus  function ,  ??(?)  
(CIE,  201 1 b) .  For lamps  and  d isplays,  the  colour stimu lus  function  is  based  on  the  em i tted  
spectral  rad ian t fl ux.  For materia l  obj ects,  the  re lative  colour stimu lus  function  is  g i ven  by the  
product of the  inciden t spectra l  rad iant flux and  e i ther the  spectra l  transm ittance  of the  optical l y 
transparent materia l  or the  spectral  reflectance  of the  optical l y opaque mate ria l .  There  is  an  
i n termed iate  case  i n  wh ich  the  materia l  i s  partia l l y transm i tting  and  partia l l y reflecti ng  and  
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i ncludes  a  d i ffuse  component.  Such  materials  are  classi fied  as  trans lucent and  the  proper colour 
stimu lus  function  is  determ ined  from  the  observing  i n tent.  

L ight from  a  source  of l i ght,  l i ght  from  a  source  that has  been  transm itted  by a  transparent or 
translucent  materia l ,  and  l igh t that has  been  reflected  from  a  materia l  surface  may be  quanti fied  
by use  of the  methods  of rad iometry or photometry  that take  i n to  consideration  the  phenomena  
where  the  materia l  surface  and  the  in terior s tructure  may change the  geometric d i stribu tion  of 
the  spectra l  rad iant  fl ux.  

The  reference s tandard  for reflectance  is  based  on  the  theoretical  concept known  as  the  perfect  
reflecting  d i ffuser (CIE,  1 986;  CIE ,  201 1 b) .  I t  i s  defined  as  the  i deal  Lambertian  (geometrical l y 
i sotropic)  d i ffuser wi th  a  reflectance  equal  to  un i ty at  a l l  waveleng ths.  

To  measure  actual  refl ectance,  one  must i n tegrate  a l l  the  fl ux i n  the  hem isphe re  above the  
surface  of the  material .  There  are  three  methods  for deriving  the  absolu te  reflectance  of a  
materia l  (CI E,  1 979a);  the  most commonl y used  method  i nvolves  the  use  of an  in tegrating  
sphere  to  capture  a l l  the  fl ux  reflected  from  the  materia l .  The re  are  a  number of materia ls  
i denti fied  that are  su i table  for use  as  physical  refl ectance  standards  (CIE,  1 979b;  ASTM,  201 5)  
as  they are  close  approximations  to  the  perfect reflecti ng  d i ffuser.  For real  measurements ,  the  
various  materia l  standards  such  as  pressed  barium  su lphate  or pol ytetrafluoroethylene  (PTFE)  
must be  characterized  in  terms  of the  perfect reflecting  d i ffuser for the  requ ired  geometry,  us ing  
one  of the  absolu te  methods,  and  then  those  s tandards  are  used  to  “ transfer”  th is  real i zation  of 
the  perfect reflecti ng  d i ffuser on to  a  more  durable  material ,  such  as  a  synthetic opal  g lass,  a  
porcela in  or ceram ic p laque,  or a  quan ti ty of a  wh i te  powder,  such  as  specia l l y refi ned  barium  
su lphate  (BaSO 4) ,  po l ytetrafl uoroethylene  (PTFE)  or pol ytetrach loro ethylene  (PTCE).  

Measurements  based  on  the  comparison  of the  reflected  spectral  fl ux  from  a  materia l  to  the  
reflected  spectral  fl ux from  a  reference  materia l  are  termed  reflectance  factor.  S ince  the  perfect  
reflecti ng  d i ffuser is  both  spectral l y and  geometrical l y i sotropic,  sampl i ng  the  reflected  fl ux i n  
one  d i rection  i n  the  upper hem isphere  shou ld  be  sufficient to  capture  the  tota l  reflectance.  For 
real  materials ,  even  for close  approximations  of the  perfect reflecti ng  d i ffuser,  the  reflectance  
and  reflectance  factor wi l l  not be  equal ,  and  standards  of reflectance  factor wi l l  be  val id  on l y 
for one  speci fic geometry of i n fl ux and  effl ux.  

6 Recommendations  concerning  geometric condi tions  for colorimetry  

Colorimetric speci fications  are  derived  from  spectral  or tristimu lus  measurements.  The  
measured  values  depend  on  the  i l l um ination  and  viewing  geometry,  cal l ed  "geometric 
cond i tions"  or s impl y "geometry" .  The  degree  of correlation  between  measured  values  an d  
visual  appraisals  depends  on  the  degree  to  wh ich  the  geometric cond i ti ons  of measurement 
s imu late  the  geometric cond i ti ons  of viewing .  

6.1  Terms and  defin i tions  used  in  th is  clause  

6. 1 . 1  
reference  plane ,  < in  photometric  or rad iometric measurements>  

p lane  i n  wh ich  the  surface  of a  sample  or s tandard  i s  p laced  during  measurements  

Note  1  to  en try:  For reflection  measuremen ts,  the  geometry i s  defined  wi th  respect to  the  reference  
p lane.  For transmission  measurements,  there  i s  a  reference  plane  for the  i nciden t l i gh t and  a  second  
reference  plane,  d i splaced  by the  sample  th ickness,  for the  transmi tted  l i gh t.  

[SOURCE:  CIE  DIS  01 7: 201 6,  Term  1 7-25-1 1 0]   

6. 1 .2  
sampl ing  aperture  

area  of the  reference p lane  on  wh ich  measurements  are  made  

Note  1  to  en try:  The  sampl i ng  apertu re  i s  de l im i ted  by the  area  i l l um inated  or by the  area  over wh ich  the  
receiver senses  fl u x,  wh ichever i s  smal l er.  I f the  i l l um inated  area  i s  the  l arger,  the  area  measured  i s  sa id  
to  be  “overfi l l ed ” ;  i f i t  i s  the  smal l er,  the  area  measured  i s  sa id  to  be  “underfi l l ed ” .  

[SOURCE:  CIE  DIS  01 7: 201 6,  Term  1 7-25-1 1 4]  
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6.1 .3   
influx geometry   
i rradiation  geometry  
incidence  geometry  

angu lar d istribution  of the  rad iation  i ncident on  the  sample  being  measured  wi th  respect to  the  
cen tre  of the  sampl in g  aperture  

[SOURCE:  CI E  DIS  01 7: 201 6,  Term  1 7-25-092]  

6.1 .4   
efflux geometry  

angu lar d istribu tion  of the  receiver responsivi ty wi th  respect to  the  cen tre  of the  sampl i ng  
aperture  on  the  sample  being  measured  

[SOURCE:  CI E  DIS  01 7: 201 6,  Term  1 7-25-093]  

6.1 .5  
influx area  

portion  of the  sample  area  that i s  i l l um inated  by the  i n fl ux geometry  

6.1 .6  
efflux area  

portion  of the  sample  area  from  wh ich  reflected  l ight  i s  col l ected  by the  efflux geometry  

6.2  Recommendations  concerning  geometric condi tions  for colorimetry  

?  The  use  of the  term  “viewing”  wi th  reference  to  measuring  instruments  is  deprecated  
because  i t  b lurs  the  important d istinction  between  instrumental  measurements  and  visua l  
observation .  

?  The  i n fl ux geometry and  efflux geometry together speci fy the  geometric n ature  of the  
measurement  for reflectance  and  transm ittance  measurements .  

?  I t  i s  recommended  that the  geometry used  when  determ in ing  the  colorimetric  speci fication  
of d i ffusel y reflecting  samples  corresponds  to  one  of the  i rrad iating  ( i n fl ux)  and  
reflection /transm ission  (efflux)  cond i tions  (CIE,  2006b).  

?  Speci fic  recommendations  on  how to  use  the  geometries  described  below together wi th  the  
standards  described  i n  the  previous  clause,  and  how to  perform  the  requ ired  measurements  
of the  optical  properties  of reflectance  and  transm ittance  can  be  found  i n  CIE  1 30  (CIE,  
1 998).  

6.3  Recommended  nomenclature for d i rectional  i rradiation   

6.3. 1  Forty-five degree d irectional  geometry (45°x)  

I rrad iation  of reflecting  materia ls  at 45°  to  the  normal ,  at  one  azimuth  ang le.  Th is  s i ng le  
geometry emphasizes  texture  and  d i rectional i ty of the  specimen .  The  “x”  i n  the  symbol  i nd icates  
that the  azimuthal  d i rection  of the  i nciden t beam  i s  i n  the  x d i rection  on  the  reference p lane.  

6.3.2  Forty-five degree annular geometry (45°a)  

I n  measuring  the  colours  of refl ecting  samples  wi th  45°  i l l um ination ,  the  effects  of texture  and  
d i rectional i ty are  m in im ized  by i rrad iating  at 45°  to  the  normal ,  from  al l  azimuthal  d i rections,  
s imu l taneousl y.  Th is  i rrad iation  ( in flux)  geometry may be  ach i eved  by the  use  of a  smal l  source  
and  an  e l l i ptic  ri ng  reflector or other aspheric optics.  Th is  geometry i s  sometimes  approximated  
by the  use  of a  number of l igh t sources  i n  a  ring  or a  number of fibre  bund les  i l l um inated  by a  
s ing le  source  and  term inated  i n  a  ri ng .  Such  an  approximation  to  annu lar geometry is  ca l l ed  
circumferential geometry,  symbol  45°c.  

6.3.3  Zero degree d irectional  geometry (0°)  

I rrad iation  of reflecting  materia ls  at the  normal  of the  specimen  surface.  
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6.3.4  Eight degree geometry (8°)  

I rrad iation  of reflecting  materia ls  at 8°  to  the  normal ,  at  one  azimuth  ang le.  I t  i s  used  to  
substi tu te  the  zero-degree  d i rectional  geometry in  many practical  appl ications,  as  i t  perm i ts ,  i n  
reflection  measurements ,  to  d i fferentiate  between  specu lar (regu lar)  componen t incl uded  and  
specu lar component excluded  measurements .  

6.4 Recommended  geometries  for reflection  measurements  

6.4.1  Di ffuse :  eight  degree  geometry,  specular component included  (d i : 8°)  

For d i : 8°  geometry,  i t  i s  recommended  that the  sample  be  i rrad iated  by an  i n tegrati ng  sphere,  
that the  i n flux area  be  at  l east 2  mm  greater i n  d iameter than  the  effl ux area,  that the  area  of 
the  sampl ing  aperture  be  un i form ly i rrad iated  wi th  a  variation  from  the  centre  to  the  edge  of 
l ess  than  1 0  %,  that i t  be  i rrad iated  un i form ly from  a l l  d i rections  wi th in  the  hem isphere  bounded  
by i ts  p lane,  that the  responsivi ty of the  receiver be  un i form  over the  area  of the  sampl ing  
aperture,  that the  axis  of the  reflected  (efflux)  beam  be  8°±0 , 5°  off the  normal  to  the  cen tre  of 
the  specimen ,  and  that rad iation  reflected  at  the  sampl ing  aperture  be  evaluated  un i form ly at  
a l l  d i rections  wi th in  a  cone  of ha l f  ang le  of 2°±0, 25°  about  the  axis  of the  col l ection  (effl ux)  
beam.   

6.4.2  Di ffuse :  eight  degree  geometry,  specular component excluded  (de: 8°)  

I t  i s  recommended  that a l l  speci fications  for d i : 8°  be  met,  except that  there  shou ld  be  no  
rad iation  reflected  i n  the  d i rection  of the  receiver by a  p lane  fi rst -surface  m irror at the  sampl ing  
aperture  and  that there  shou ld  be  no  rays  specu larl y reflected  wi th in  1 °  of such  rays,  as  an  
a l l owance for i nstrumental  scattering  of s tray l i gh t or m isa l ignment.  Th is  i s  best accompl ished  
by provid ing  a  port in  the  wal l  of the  i n tegrating  sphere  at −8°  off the  normal  to  the  specimen .  
The  open ing  i n  the  sphere  wal l  shou ld  have  the  s ize  of a  4°±0 , 25°  hal f-ang le  cone,  centred  on  
the  sampl i ng  aperture.  

6.4.3  Eight degree  :  d i ffuse  geometry,  specular component included  (8°: di )  

I t  i s  recommended  that the  cond i tions  for d i : 8°  be  met,  bu t wi th  the  l i ght path  reversed ,  so  the  
sampl ing  aperture  i s  i rrad iated  under 8°  and  flux reflected  at the  sampl i ng  aperture  is  col lected  
at  a l l  ang les  i n  the  hem isphere  bounded  by the  reference p lane.  The  sample  port  shou ld  be  
underfi l l ed  wi th  rad iation  and  the  i rrad ia ted  area  shou ld  be  un i form  i n  i rrad iance  from  the  centre  
to  the  edge  of the  spot wi th  a  variation  of l ess  than  1 0  %.  The  i n fl ux beam  shou ld  be  con ical  
wi th  a  hal f ang le  of 2°±0 , 25°  abou t the  axis  of the  i ncidence  ( in flux)  beam.  

6.4.4  Eight degree :  d i ffuse  geometry,  specular component excluded  (8°: de)  

I t  i s  recommended  that the  geometric  cond i tions  for de : 8°  be  met,  bu t wi th  the  l i gh t path  
reversed .  The  sample  port shou ld  be  underfi l led  wi th  rad iation  and  the  i rrad iated  area  shou ld  
be  un i form  i n  i rrad iance  from  cen tre  to  edge  of the  spot wi th  a  variation  of l ess  than  1 0  % .  The  
specu lar reflection  component shou ld  be  excluded  provid ing  a  port i n  the  sphere  wal l  at −8°  off 
the  normal  wi th  a  ha l f ang le  cone  of 4°±0 , 25° .  

6.4.5  Di ffuse :  d i ffuse geometry (d: d)  

I t  i s  recommended  that for i rrad iation  the  speci fications  for d i : 8°  be  met,  and  fl ux reflected  at  
the  sampl ing  aperture  is  col lected  at a l l  ang les  i n  the  hem isphere  bounded  by the  reference  
p lane.  I n  th is  geometry the  sampl ing  aperture  can  be  nei ther under fi l l ed  nor overfi l l ed .  I n  
practice,  th is  geometry is  d i fficu l t to  produce.  

6.4.6  Al ternative d i ffuse geometry (d: 0°)  

An  a l ternative  d i ffuse  geometry is  the  strict specu lar excluded  geometry defined  when  the  efflux 
d i rection  i s  a l ong  the  specimen  normal .  Because  the  effl ux is  a l ong  the  normal ,  there  i s  the  
poten tia l  for fi rst  surface  reflection  off the  receiving  optical  surface  ( i n ter-reflection  stray l igh t).  
I t  wi l l  be  necessary to  “ ti l t”  the  optics  s l ightl y to  avoid  th is  error.  Add i tional l y ,  the  angu lar s i ze  
of the  efflux port must be  at l east 2°  l arger than  the  hal f  ang le  of the  effl ux beam.  
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6.4.7  Forty-five degree annular :  normal  geometry (45°a: 0°)  

I t  i s  recommended  that the  sampl i ng  aperture  be  i rrad iated  un i form ly from  a l l  d i rections  between  
two ci rcu lar cones  wi th  the ir axes  on  the  normal  to  the  sampl ing  apertu re  and  apices  at the  
cen tre  of the  sampl i ng  aperture,  the  smal l er cone  having  a  hal f ang le  of 43°±0 , 25°  and  the  
l arger of 47°±0, 25° .  I t  i s  recommended  that the  receiver un i form ly col lects  and  evaluates  a l l  
rad iation  reflected  wi th in  a  cone  wi th  i ts  axis  on  the  normal  (0°±0 , 5°)  to  the  sampl i ng  aperture,  
apex at the  centre  of the  sampl ing  aperture,  and  a  hal f ang le  of 2°±0 , 25° .  As  wi th  the  d : 0°  
geometry,  i t  may be  necessary to  “ti l t”  the  receiving  optics  to  pre vent i n ter-reflection  stray l i gh t.  

6.4.8  Normal  :  forty-five degree annular geometry (0°: 45°a)  

I t  i s  recommended  that the  angu lar and  spatia l  cond i ti ons  for 45°a :0°  be  met,  wi th  the  l i ght path  
reversed ,  so  the  sampl i ng  aperture  is  i rrad iated  normal l y and  reflect ed  rad iation  is  col lected  
wi th in  an  annu lus  centred  at  45°±0 , 5°  to  the  normal .  I n  th is  geometry,  the  i n fl ux optics  may 
need  to  be  ti l ted  to  avoid  i n ter-reflection  stray l i ght.  

6.4.9  Forty-five degree d irectional  :  normal  geometry (45°x: 0°)  

I t  i s  recommended  that  the  angu lar and  spatia l  cond i tions  for 45°a: 0°  be  met wi th  the  exception  
that i rrad iation  is  on l y at  one  azimuth  ang le ;  th is  excludes  the  specu lar component,  bu t  
emphasizes  texture  and  d i rectional i ty.  The  "x"  i n  the  symbol  ind icates  that the  azimuthal  
d i rection  of the  i ncident  beam  is  in  the  x  d i rection  on  the  reference  p lane.  

6.4.1 0  Normal  :  forty-five degree d irectional  geometry (0°: 45°x)  

I t  i s  recommended  that  the  angu lar and  spatia l  cond i ti ons  for 45° x:0°  be  met,  wi th  the  l i gh t  path  
reversed ,  so  the  sampl ing  aperture  is  i rrad iated  normal l y and  reflected  rad iation  i s  col lected  at  
one  azimuth  ang le  at  45°  to  the  normal .  

NOTE  1  Cond i ti ons  accord ing  to  6 . 4 . 1 ,  6 . 4 . 2 ,  6 . 4 . 6 ,  6 . 4 . 7 ,  6 . 4 . 8 ,  6 . 4 . 9  and  6 . 4. 1 0  are  used  for the  
measurement of the  reflectance  factor,  R(?).  For d i rectional  measurement  wi th  a  su fficien tl y 
smal l  angu lar spread ,  the  values  of reflectance  factor become i den tical  to  values  of rad iance  
factor.  For cond i ti on  6 . 4 . 3 ,  for measurement wi th  an  i d eal  sphere ,  where  a l l  the  ports  of the  
i n tegrati ng  sphere  have  zero  s i ze  and  the  reflectance  of the  sphere  wal l  i s  un i ty,  refl ectance  i s  
measured .  I n  the  l im i t  of narrow ang les ,  the  45°x: 0°  geometry g i ves  the  rad iance  factor ? 45: 0 ,  
the  0° : 45°x geometry g i ves  the  rad iance  factor ? 0 : 45 .  Under the  i deal  cond i ti on s,  the  d i : 8°  
geometry g i ves  the  rad i ance  factor ? d i : 8 ,  wh ich  approximates  the  rad iance  factor ?d : 0 ,  and  the  
8° : d i  geometry approximates  the  tota l  refl ectance  ? .  

NOTE  2  I t  i s  importan t  that  the  parti cu lar i rrad iati ng  and  measuri ng  cond i ti ons  used  shou ld  be  speci fi ed  
even  i f they are  wi th in  the  range  of one  of these  recommended  cond i ti ons.  Measurements  of 
some types  of samples  (for example  retro -refl ecti ve  materia l s)  may requ i re  a  d i fferen t geometry 
or to lerances.  

NOTE  3  When  i n tegrati ng  spheres  are  used ,  they shou ld  be  fi tted  wi th  wh i te -coated  baffl es  to  prevent 
l i gh t passing  d i rectl y between  the  sample  and  the  sphere  wal l  i rrad iated  or measured .  When  
the  regu lar component of refl ection  i s  to  be  i ncluded ,  the  sphere  effi ciency for that  part of the  
sphere  wal l  that recei ves  the  regu larl y reflected  rad iati on  component shou ld  be  of the  h i ghest 
value  possib le.  The  tota l  area  of the  ports  of the  i n tegrati ng  sphere  shou ld  not exceed  1 0  %  of 
the  i n ternal  refl ecting  sphere  area.  

NOTE  4  I t  shou ld  be  noted  that d i ffusing  samples  may scatter rad iation  i n  d i rections  approximatel y 
paral le l  to  thei r su rfaces .  Such  rad iation  shou ld  be  i ncluded  i n  the  measurement of d i ffuse  
reflectance.  

NOTE  5  When  i n tegrati ng  spheres  are  used  for measuring  photolum inescent material ,  the  spectral  
power d i stribu tion  of the  i rrad iating  system  i s  a l tered  by the  reflected  and  em i tted  power from  
the  sample  (CIE ,  1 988).  The  use  of the  45°a: 0° ,  45° x: 0° ,  0° : 45°a,  or 0° : 45°x geometry i s  
therefore  preferable  (see  CI E,  2007;  Gund lach  and  Mal lwi tz,  1 976;  Alman  and  B i l lmeyer,  1 976).  

NOTE  6  The  notations  used  here  are  shown  wi th  the  d egree  symbol ,  ° ,  i ncl uded .  Many e lectron ic  
d i splays  used  i n  i nstrumentation  do  not  have  th i s  symbol  i n  thei r character set.  I t  i s  accepted  
that 0° :45°a  and  0 :45a  i nd i cate  the  same measuremen t geometry.  

NOTE  7  The  use  of the  former “s lash”  notation  of illumination / viewing  for describ ing  a  measurement 
geometry has  been  deprecated .  The  new notation  i s  the  I SO standard  Influx :  Efflux  notation  
as  recommended  i n  CIE  1 76  (CIE ,  2006a).  The  recommendations  of CIE  1 76  formal i ze  
procedures  for practical  col orimetric calcu lations.  
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6.5 Recommended  geometry for transmission  measurements  

6.5.1  Normal  :  normal  geometry (0°: 0°)  

I t  i s  recommended  that the  i rrad iating  ( i n fl ux)  and  measuring  (effl ux)  geometry be  of i dentical  
ri gh t-ci rcu lar con ic  form ,  wi th  their axes  on  the  normal  (0°±0 , 5° )  to  the  cen tre  of the  sampl i ng  
aperture,  and  a  hal f ang le  of 5°±0 , 25° ,  that the  su rface  and  angu lar i rrad iation  of the  sampl ing  
aperture  be  un i form ,  and  that the  surface  and  angu lar responsivi ty of the  receiver be  un i form .   

6.5.2  Di ffuse  :  normal  geometry,  regular component included  (d i : 0°)  

I t  i s  recommended  that the  sampl i ng  aperture  be  un i form ly i rrad iated  from  a l l  d i rections  i n  the  
hem isphere  bounded  by the  fi rst reference p lane  and  that  the  measuring  (efflux)  beam  be  as  
speci fied  for the  0° : 0°  geometry.  

6.5.3  Di ffuse  :  normal  geometry,  regular component excluded  (de: 0°)  

I t  i s  recommended  that the  geometry be  that speci fied  for d i : 0°  except that,  wi th  the  sampl ing  
aperture  open  ( i . e.  no  sample  i n  p l ace),  there  be  no  rays  d i rected  toward  the  receiver and  no  
rays  wi th in  1 °  of such  rays,  as  measured  at  the  centre  of the  sampl i ng  aperture.  

6.5.4  Normal  :  d i ffuse geometry,  regular component included  (0°: di )  

I t  i s  recommended  that the  geometry be  the  reverse  of that  speci fied  for d i : 0°  geometry.  

6.5.5  Normal  :  d i ffuse geometry,  regular component excluded  (0°: de)  

I t  i s  recommended  that the  geometry be  the  reverse  of that  speci fied  for de:0°  geometry.  

6.5.6  Di ffuse  :  d i ffuse geometry (d: d)  

I t  i s  recommended  that the  sampl ing  apertu re  be  un i form ly i rrad iated  at  a l l  ang les  wi th in  the  
hem isphere  bounded  by the  fi rst  reference p lane  and  that the  transm itted  fl ux be  un i form ly 
evaluated  at  a l l  d i rections  wi th in  the  hem isphere  bounded  by the  second  reference p lane.  

NOTE  1  Wi th  a l l  the  above  geometri es  transmi ttance  i s  measured  except for those  where  the  regu lar 
component i s  excluded ;  i n  that case  the  transmi ttance  factor i s  measured .  

NOTE  2  I t  i s  importan t that the  parti cu lar i rrad iati ng  and  col l ecti ng  cond i ti ons  used  are  speci fi ed ,  even  
i f they are  wi th in  the  range  of one  of the  cond i ti ons  recommended  here.  Measurements  of some  
types  of samples  may requ i re  a  d i fferen t geometry or to lerances.  

NOTE  3  I n tegrati ng  spheres  shou ld  be  fi tted  wi th  wh i te -coated  baffl es  to  prevent rad i ati on  passing  
d i rectl y  from  source  to  sample  or reference  i n  the  case  of d i ffuse  i rrad iati on  or d i rectl y from  
sample  or reference  to  detector i n  the  case  of d i ffuse  col l ection .  The  tota l  area  of the  ports  of 
the  i n tegrati ng  sphere  shou l d  not exceed  1 0  %  of the  i n ternal  refl ecti ng  sphere  area.  

NOTE  4  The  construction  of an  i nstrument for normal  :  normal  measurements  shou ld  be  such  that the  
i rrad iati ng  ( i n fl ux)  and  col l ecti ng  (effl ux)  beams  are  equal  whether there  i s  a  sample  i n  p l ace  or 
not.  

NOTE  5  I t  shou ld  be  noted  that d i ffusing  samples  may scatter rad iation  i n  d i rections  approximatel y 
paral le l  to  thei r su rfaces,  and  such  rad iation  shou ld  be  i nclu ded  i n  the  measu rement of d i ffuse  
transmi ttance.  

NOTE  6  Mu l ti p le  reflections  between  the  sample  and  the  i nciden t beam  optics  may cause  measurement  
errors  i f the  i nciden t beam  i s  normal  to  the  sample  su rface.  These  can  be  e l im inated  by s l i gh tl y 
ti l ti ng  the  sample.  

NOTE  7  The  use  of the  former “s lash”  notation  for illumination / viewing  has  been  deprecated  for 
describ ing  i nstrument measurement geometries.  Th e  preferred  influx :  efflux  notation  i s  the  one  
u ti l i zed  by the  I SO  (2009),  the  ASTM  (201 1 )  and  the  CI E  (2006a) .  
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7  Recommendations  concerning  the calculation  of tristimulus  values  and  
chromatici ty coordinates  

The  fol lowing  recommendations  formal i ze  procedures  for practica l  colorimetric  calcu lations.  

7.1  Calculation  of tristimulus  values  

The j o in t I SO/CIE  I n ternational  Standard  on  CIE  tristimu lus  values  ( I SO/CIE,  201 2)  
recommends  that the  CIE  tristimu lus  values  of a  colour stimu lus  shou ld  be  obtained  by 
mu l tip l ying  at  each  wavelength  the  value  of the  colour stimu lus  function ,  ??(?) ,  by that of each  
of the  CI E  colour-match ing  functions,  and  i n tegrati ng  each  set of products  over the  wavelength  
range  correspond ing  to  the  enti re  vis ib le  spectrum ,  360  nm  to  830  nm .  The  i n tegration  can  be  
carried  ou t by numerical  summation  at  wavelength  i n tervals,  ?? ,  equal  to  1  nm :  
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 (7.1 ) 

S im i l arl y,  i n  the  case  of the  cone-fundamental -based  tristimu lus  values,  i t  i s  recommended  that 
the  i n tegration  be  carried  ou t over the  wavelength  range  390  nm  to  830  nm  by numerica l  
summation  at  wavelength  i n tervals ,  ?? ,  equal  to  1  nm  accord ing  to  the  equations  

F F F

F F F

F F F

( ) ( )

( ) ( )

( ) ( )

X k x

Y k y

Z k z

?
?

?
?

?
?

? ? ? ?

? ? ? ?

? ? ? ?

? ?

? ?

? ?

?

?

?

 

F,1 0 F,1 0 F,1 0

F,1 0 F,1 0 F,1 0

F,1 0 F,1 0 F,1 0

( ) ( )

( ) ( )

( ) ( )

X k x

Y k y

Z k z

?
?

?
?

?
?

? ? ? ?

? ? ? ?

? ? ? ?

? ?

? ?

? ?

?

?

?

 (7.2) 

I n  the  above  equations  ( )x ? ,  ( )y ? ,  ( )z ?  and  X,  Y,  Z,  and  x ?
  1 0 ( ) ,  y ?

  1 0 ( ) ,  z ?
  1 0 ( )  and  X1 0 ,  Y1 0 ,  

Z1 0  are  colour-match ing  functions  and  tris timu lus  values  referring  to  the  CIE  1 931  standard  
colorimetric  observer and  the  CIE  1 964  standard  colorimetric  observer  as  defined  i n  ( I SO/CIE,  
2007a) ,  respectivel y;  x ?

 F ( ) ,  y ?
 

 F ( ) ,  z ?
 F ( )  and  X

  F ,  Y
  F ,  Z

  F ,  and  x ?
   F, 1 0 ( ) ,  

   F, 1 0 ( )y ? ,  
   F, 1 0 ( )z ?  

and  X
   F, 1 0 ,  Y

   F, 1 0 Z
   F, 1 0  are  cone-fundamental -based  tristimulus  functions  and  cone-

fundamental -based  tristimu lus  values  referri ng  to  the  CIE  2006  2°  cone -fundamental -based  
colorimetric  observer and  the  CIE  2006  1 0°  cone -fundamental -based  colorimetric  observer  as  
defined  i n  (CIE,  2006a) ,  respectivel y;  ??(?)  i s  the  colour stimu lus  function  (see  7. 1 . 1 ) ;  and  k,  
k 1 0 ,  k  F ,  k F, 1 0  are  normal i zi ng  constants  defined  below.  

The  colour-match ing  functions  that defi ne  the  CIE  s tandard  colorimetric  observers  are  tabu lated  
at 1  nm  in tervals  from  360  nm  to  830  nm  in  ( I SO/CIE,  2007a).  Al l  ri gorous  calcu lations  shou ld  
use  these  1  nm  tables.  For most  practical  purposes,  the  summation  may be  approximated  by 
us ing  wavelength  i n tervals  equal  to  5  nm  over the  wavelength  range  380  nm  to  780  nm .  Values  
of the  CIE  colour-match ing  functions  at  5  nm  i n tervals  su i table  for use  i n  summation  over th is  
range  of wavelengths  are  g i ven  i n  Table  1  and  Table  2 .  When  measurements  have  been  made  
at  smal l er in tervals  than  5  nm ,  the  appropriate  values  from  the  tables  i n  the  standards  shou ld  
be  used  (see  7. 2 . 1 ) .   

The  cone-fundamental -based  tristimu lus  functions  for 2°  and  1 0°  fie ld  s ize  are  tabu lated  at 1  
nm  i n tervals  in  CIE  1 70-2  (CIE,  201 5) .  Al l  ri gorous  calcu lations  shou ld  use  these  1  nm  tables .  
For many practical  purposes,  the  summation  may be  approximated  by us ing  wavelength  
i n tervals  equal  to  5  nm  over the  waveleng th  range  390  nm  to  780  nm .  The  values  selected  at  
5  nm  in tervals  over th is  range  are  g i ven  rounded  to  s ix decimal  p l aces  i n  Table  3  and  Table  4.  
I n  ca lcu lations  carried  ou t  by numerical  in tegration  at wavelength  in tervals  of 5  nm ,  these  tables  
provide  equal i ty of the  cone-fundamental -based  chromatici ty coord inates  of I l l um inant E  to  the  
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precis ion  of four decimal  p laces  (see  NOTE 6  i n  3 . 3. 1 ).  Properl y normal ized  cone-fundamental -
based  tristimu lus  functions  ( i . e .  normal i zed  such  that the  cone-fundamental -based  chromatici ty 
coord inates  of I l l um inant E  each  equal  1 /3  to  an  accuracy of at  l east  fi ve  decimal  p l aces)  can  
be  ca lcu lated  at  user-defined  wavelength  i n tervals ,  ?? ,  equal  to  0 , 1  nm ,  0 , 2  nm,  … ,  5 , 0  nm  by 
means  of a  specia l l y des igned  computer program  provided  by CIE  D ivis ion  1  ( under 
development by TC 1 -97;  at the  time of publ ication  of th is  ed i ti on  of the  Colorimetry document ,  
the  beta  vers ion  of the  program  (for Windows ,  macOS and  Linux)  i s  being  tested . )  (see  7 . 2 . 1 ).  

Tristimu lus  values  are  usual l y eval uated  on  a  re lative  bas is .  I n  such  cases ,  the  re lati ve  colour 
stimu lus  function ,  ?(?) ,  may be  used  i nstead  of the  colour stimu lus  function ,  ??(?) ,  bu t  i t  i s  
essen tia l  that,  for stimu l i  that wi l l  be  cons idered  together,  a l l  the  spectral  d i stributions  i nvolved  
be  assessed  on  the  same re lative  basis.  The  tristimu lus  values  obtained  are  then  re lati ve  i n  the  
sense  that a l l  the  values  i nvolved  may be  mu l tip l ied  by the  same s ing le  arbi trary constan t.  I n  
certa in  cases,  however,  k,  k1 0 ,  kF ,  and  kF , 1 0  must be  chosen  accord ing  to  agreed  conventions  –  
these  are  expla ined  i n  7. 1 . 1  and  7. 1 . 2 .  

Tristimu lus  values  evaluated  on  a  relati ve  basis  may need  to  be  supplemented  by the  value  of 
a  su i table  absolu te  photometric quan ti ty.  

7.1 . 1  Secondary l ight sources  (reflecting  or transmitting  objects)  

For reflecting  or transm i tti ng  object colours,  the  colour s timu lus  function ,  ??(?) ,  i s  replaced  by 
the  re lative  colour stimu lus  function ,  ?(?) ,  evaluated  as  

?(?) = R(?) ·  S(?)   or ?  (?) = ?(?) ·  S (?)   or   ?  (?) = ?(?) ·  S (?)    or   ?(?) =  ?  (?) ?  S (?) 

where  

R(?)  i s  the  spectral  refl ectance  factor of the  specimen  (preferabl y evaluated  for one  of the  
geometric cond i tions  g i ven  i n  6 . 4).  

? (?)  i s  the  spectral  rad iance  factor of the  specimen  (preferab ly evaluated  for one  of the  geometri c  
cond i ti ons  g i ven  i n  6 . 4).  

?(?)  i s  the  spectral  reflectance  of the  specimen  (preferabl y evaluated  for one  of the  geometric 
cond i ti ons  g i ven  i n  6 . 4).  

?(?)  i s  the  spectral  transmi ttance  of the  specimen  (preferabl y evaluated  for one  of the  geometri c  
cond i ti ons  g i ven  i n  6 . 5).  

S(?)  i s  the  re lati ve  spectral  power d i stribu tion  of the  i l l um inant (wh ich ,  i n  formal  con text,  shou ld  
be  one  of the  CIE  standard  i l l um in an ts;  see  4 . 1 ) .  

I n  these  cases,  the  constants,  k,  k1 0 ,  kF ,  and  kF , 1 0 ,  are  chosen  such  that Y =  Y1 0  =  YF  =  YF , 1 0  =  
1 00  for obj ects  for wh ich  R(?)  (or ? (?)  or ?(?)  or ?(?))  equals  1  for a l l  wavelengths,  impl ying  that  

1 0 1 0

1 00 / ( ) ( )

1 00 / ( ) ( )

k S y

k S y

?

?

? ? ?

? ? ?

? ?

? ?

?

?
 (7.3) 

and  

F F

F, 1 0 F, 1 0

1 00

1 00

/ ( ) ( )

/ ( ) ( )  .

S y

S y

k

k

?

?

? ? ?

? ? ?

? ?

? ?

?

?
 (7.4) 

For other objects,  the  values  of Y,  Y1 0 ,  YF  and  YF , 1 0 ,  are  then  equal  to  the  percen tage  values  of 
l um inous  reflectance  factor ( i n  the  case  of R(?)) ,  or l um inance factor ( i n  the  case  of ? (?)) ,  or 
l um inous  reflectance  ( in  the  case  of ?(?)) ,  or l um inous  transm i ttance  ( i n  the  case  of ?(?)) .  Th is  
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is  because  the  functions  ( )y ? ,  1 0( )y ? ,  F( )y ?  and  F, 1 0 ( )y ?  are  i dentical  to  the  CI E  spectral  

l um inous  efficiency function  for photopic vis ion ,  V(?)  ( I SO/CIE,  2004) ,  the  spectral  l um inous  
efficiency function  of the  CI E  1 0°  photopic photometric observer,  V1 0(?)  (CIE,  2005b),  the  cone-
fundamental -based  spectra l  l um inous  efficiency function  for 2°  fi e ld  s i ze,  VF(?)  (CIE,  201 5) ,  and  
the  cone-fundamenta l -based  spectral  l um inous  efficiency function  for 1 0°  fie ld  s i ze,  VF, 1 0(?)  
(CIE,  201 5),  respectivel y.   

The  l um inous  reflectance  factor i s  the  ratio  of the  l um inous  fl ux reflected  by the  specimen  to  
the  lum inous  fl ux reflected  by the  perfect reflecti ng  d i ffuser or perfect non -d i ffus ing  reflector 
under the  same spectral  and  geometric cond i tions.  The  l um inance  fac tor i s  the  ratio  of the  
l um inance of the  su rface  e lement,  i n  the  g i ven  d i rection ,  to  that  of the  perfect reflecti ng  or 
transm i tti ng  d i ffuser i den tica l l y i l l um inated  and  viewed .  The  l um inous  reflectance  or l um inous  
transm i ttance,  the  values  of wh ich  resemble  those  of (rad iant)  reflectance  or (rad ian t)  
transm i ttance,  i s  the  ratio  of the  reflected  or transm itted  l um inous  fl ux to  the  inciden t l um inous  
flux i n  the  g i ven  spectral  and  geometric  cond i ti ons.  

7.1 .2  I l luminants  and  sel f-luminous  objects  

For sel f- lum inous  ob jects  and  i l l um inan ts,  the  constants  k,  k1 0 ,  kF  and  kF , 1 0  are  usual l y chosen  
on  the  grounds  of conven ience  and  often  set to  one .  I f,  however,  the  value  of Y,  Y1 0 ,  YF  or YF , 1 0  

i s  requ ired  to  be  numerical l y equal  to  the  absolu te  value  of a  photometric  quan ti ty,  the  
correspond ing  constan t must be  set equal  to  the  numerical  va lue  of the  maximum  l um inous  
efficacy as  determ ined  wi th  respect to  the  spectral  l um inous  efficiency function  concerned  ( i . e.  
k =  Km =  683, 002  lm ?W− 1 ;  k1 0  =  Km, 1 0  =  683, 599  lm ?W− 1 ;  kF  =  KF ,m  =  683, 358  lm ?W− 1  and  kF, 1 0  =  
KF ,m , 1 0  =  683, 1 44  lm ?W−1  ) ,  and  the  colour s timu lus  function ,  ??(?) ,  must be  equal  to  the  spectral  
d istribu tion  of the  rad iometric quanti ty correspond ing  to  the  photometric quan ti ty under 
consideration .  

7.2  The use of abridged  or truncated  data  

The use  of the  tab les  publ ished  i n  the  I SO/CIE  I n ternational  Standard  on  CIE  standard  
colorimetric observers  ( I SO/CIE,  2007a)  requ ires  that  the  colour stimu lus  function ,  ??(?) ,  or the  
re lati ve  colour s timu lus  function ,  ?(?) ,  be  known  at 1  nm  wavelength  i n tervals  over the  
wavelength  range  360  nm  to  830  nm .  I n  practical  appl ications,  a l l  the  requ i red  data  may not be  
avai lable  because  the  measurement was  made  at  i n tervals  l arger than  1  nm ,  or unequal  
wavelength  i n tervals  were  used ,  or data  at  the  spectral  extremes  were  om i tted  ( truncation ).  
Often  i t  i s  possib le  to  pred ict  the  unmeasured  data.  I t  i s  recogn ized  that calcu lation  from  
pred icted ,  rather than  from  measured ,  data,  or from  abridged  or truncated  data,  may be  i nexact,  
bu t the  user can  often  be  satisfied  that the  accuracy is  sufficien t for the  i n tended  use  of the  
tris timu lus  values.  I t  i s  importan t to  use  the  same wavelength  i n terval  and  range  throughou t for 
any set of calcu lations  i n  wh ich  data  for d i fferent colours  are  to  be  compared  precisel y.  I n  
particu lar,  i t  shou ld  be  noted  that  the  exact values  obtained  for the  perfect  d i ffuser for a  g i ven  
i l l um inant depend  on  the  wavelength  i n terval  and  range  used .   

7.2.1  Abridged  method  for data avai lable  at  intervals  of  a  maximum 5 nm  

For a  wavelength interval,  ?? ,  equal to 5 nm:  

I f i t  i s  demonstrated  that the  resu l ti ng  errors  are  i ns ign i fican t for the  purpose  of the  user,  
tristimu lus  values  X,  Y,  Z and  X1 0 ,  Y1 0 ,  Z1 0  shou ld  be  calcu lated  by numerical  summation  from  
380  nm  to  780  nm  at wavelength  in tervals ,  ?? ,  equal  to  5  nm  accord ing  to  Equations  (7. 1 )  and  
(7. 3) ,  us ing  colour-match ing  functions  ( ) ,  ( ) ,  ( )x y z? ? ?  and  

   
  1 0 1 0 1 0( ) , ( ) , ( )x y z? ? ? ,  respectively,  

defined  with  seven significant figures  i n  the  I SO/CIE  I n ternational  Standard  ( I SO/CIE,  2007a)  (see  
7. 2. 6  for bandwid th  requ irements) .  Al ternativel y,  i f i t  i s  demonstrated  that the  ach ieved  accuracy 
is  sufficient for the  i n tended  use  of the  tristimu lus  values ,  the  colour-match ing  function  values  
se lected  at  5  nm  wavelength  i n tervals  from  380  nm  to  780  nm  and  rounded  to  s ix decimal  p laces  
can  be  used .  These  abridged  sets  of function  values  for ( ) ,  ( ) ,  ( )x y z? ? ?  and  

   
  1 0 1 0 1 0( ) , ( ) , ( )x y z? ? ?  are  g iven  in  Table  1  and  Table  2 ,  respectivel y.  
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I f i t  i s  demonstrated  that  the  resu l ting  errors  are  i ns ign i fican t for the  purpose  of the  user,  the  
cone-fundamental -based  tristimu lus  values,  

      F F F,  ,  X Y Z  and  
         F, 1 0 F, 1 0 F, 1 0,  ,  X Y Z ,  shou ld  be  

calcu lated  by numerical  summation  from  390  nm  to  780  nm  at  wavelength  i n tervals ,  ??  ,  equal  
to  5  nm  accord ing  to  Equations  (7. 2)  and  (7 . 4) ,  us ing  cone-fundamental -based  tristimu lus  
functions  wi th  properl y normal i zed  values  g iven  to  the  precis ion  of seven  s i gn i ficant figures.  
The  properl y normal i zed  (renormal ized )  values  at  5  nm  i n tervals  can  be  determ ined  by means  
of a  specia l l y designed  computer program  provided  by CIE  D ivis ion  1  ( under development by 
TC 1 -97;  at  the  time of publ ication  of th is  ed i ti on  of the  Colorimetry document,  the  beta  version  
of the  program  (for Windows,  MacOS  and  L inux)  i s  being  tested . ) .  Al ternativel y,  i f i t  i s  
demonstrated  that the  ach ieved  accuracy i s  sufficien t for the  i n tended  use  of the  tristimu lus  
values,  the  functions  

   
  F F F( ) , ( ) , ( )x y z? ? ?  and  

   F, 1 0 ( )x ? ,  
   F, 1 0 ( )y ? ,  

   F, 1 0 ( )z ?  defined  wi th  seven  

s i gn i ficant figures  in  CIE  1 70-2  (CIE,  201 5)  can  be  appl ied ,  us ing  the  function  values  se lected  
at  5  nm  wavelength  in terval  from  390  nm  to  780  nm  and  rounded  to  s ix decimal  p l aces.  These  
abridged  sets  of function  values  for 

   
  F F F( ), ( ), ( )x y z? ? ?  and  

      F, 1 0 F, 1 0( ),  ( ),x y? ?
   F, 1 0 ( )z ?  are  

g iven  i n  Table  3  and  Table  4,  respectivel y.  

For wavelength intervals,  ?? ,  less than 5 nm:  

I f the  values  of the  colour stimu lus  function  or re lative  colour stimu lus  function  are  provided  at  
wavelength  i n tervals  of 2  nm ,  3  nm  or 4  nm ,  the  same method  as  for i n tervals  of 5  nm  shou ld  
be  used ,  subj ect to  the  same cond i tions.   

I f the  wavelength  i n terval  i s  less  than  5  nm  bu t not an  i n teger mu l ti ple  of 1  nm ,  e i ther the  colour-
match ing  functions  and  the  i l l um i nant,  or the  colour s timu lus  data  must be  i n terpolated  so  that  
they match  (see  7 . 2 .3  for gu idance  on  th is ).   

I n  the  particu lar case  of cone-fundamental -based  colour speci fications,  properl y normal ized  
cone-fundamental -based  tristimu lus  functions  wi th  va lues  g i ven  at i n tervals  of any i n teger 
mu l tip le  of 0 , 1  nm  l ess  than  or equal  to  5  nm  ( i . e.  ??  =  n  ?  0 , 1  nm ,  n  =  1 ,  2 ,  … ,  50)  can  be  
determ ined  by means of the above-mentioned computer program under development by TC  1 -97.  

NOTE  1  Some  publ i cations  g i ve  the  colour-match ing  functions  of the  offi cia l  I SO/CIE  I n ternational  
Standard  ( I SO/CIE,  2007a)  wi th  values  rounded  to  four s i gn i fi can t fi gu res.  These  rounded  
values  may be  used  provided  that i t  i s  demonstrated  that the  resu l ti ng  errors  are  i ns ign i fi can t 
for the  pu rpose  of the  user.   

NOTE  2  Some  CCD array spectrometers  record  data  a t unequa l  wavelength  i n tervals.  I n  th i s  case,  ??  
i n  Equations  (7 . 1 )  –  (7 . 4)  wi l l  vary.   

7.2.2  Abridged  method  for data avai lable  at  intervals  larger than  5  nm  

No officia l  C IE  recommendation  covers  methods  for spectra  where  the  data  are  avai lable  at  
i n tervals  l arger than  5  nm ,  as  e . g .  1 0  nm  or 20  nm .  The  resu l ts  of research  re lating  to  
computations  of CIE  tri stimu lus  values  are  presented  by L i  et a l .  ( 201 6a).  The  methods  
described  in  ASTM  E308  m ight be  used  (ASTM,  2008  or ASTM,  201 7).   

7.2.3  Extrapolation  and  interpolation  

Extrapolation  of measured  data  may cause  errors  and  shou ld  be  used  on l y i f i t  can  be  
demonstrated  that the  resu l ti ng  errors  are  i ns ign i fican t  for the  purpose  of the  user.  The  previous  
ed i tion  of th is  document (CIE,  2004b)  recommended  not extrapolating  data,  bu t  stated  that  
m issing  values  beyond  the  truncated  wavelength  range  can  be  obta ined  by the  use  of the  
nearest avai lab le  i n formation  as  a  rough  approximation .  CIE  Publ ication  1 67  (CIE,  2005a)  
recommended  that the  m issing  va lues  cou ld  be  obtained  by l inear extrapolation .   After extensive  
comparison  of extrapolation  methods  reported  i n  (Wang  et  a l . ,  201 7) ,  i t  was  found  that the  
second-order extrapolation  method  g ives  better resu l ts  than  the  use  of nearest  avai lable  data  
poin ts  or l i near extrapolation  methods.  

I f the  wavelengths  of the  measured  data  do  not  match  exactl y those  of the  colour -match ing  
functions,  one  or the  other need  to  be  in terpolated  so  th at they match .  For reflectance  and  
transm i ttance  data,  and  for l igh t sources  having  smooth  spectra l  d istribution  curves,  e i ther the  
measured  data  or the  colour-match ing  functions  may be  i n terpolated .  For in terpolation  of 
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