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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 zati on  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 lati ng  to  the  art  and  science  of l i gh ti n g .   I ts  membersh ip  cons ists  
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 l ati 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 cati on  of princip l es  and  procedures  i n  the  development of  i n ternational  and  national  

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  science,  

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 ternational  organ i zati ons  concerned  wi th  matters  re lated  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 ting .  

The  work of the  CI E  i s  carried  ou t  by Techn ical  Commi ttees,  organ i zed  i n  seven  D iv i s i ons.   Th i s  work covers  subj ects  
rang ing  from  fundamental  matters  to  a l l  types  of l i gh ti ng  appl i cations.   The  s tandards  and  techn ica l  reports  developed  by 
these  i n ternational  D i vi s ions  of the  CI E  are  accepted  th roughou t  the  world .  
A p l enary session  i s  held  every fou r years  at  wh ich  the  work of the  Div is i ons  and  Techn ical  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  as  the  au thori ty on  a l l  aspects  of l i gh t  and  l i gh ting .   A s  
such  i t  occupies  an  importan t  posi tion  among  i n ternational  organ izati ons.  
 
LA COMMISSION  INTERNATIONALE  DE  L'ECLAIRAGE  

La  Commiss ion  I n ternationale  de  l 'Ecla i rage  (CIE)  est  une  organ i sation  qu i  se  donne  pour bu t  l a  coopérati on  i n ternational e  
et  l 'échange  d ' i n formati ons  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 'écla 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  de  l a  CI E  son t :  
1 .  De  consti tuer un  cen tre  d 'étude  i n ternational  pour to u te  matière  re l evan t  de  l a  science,  de  l a  technolog ie  et  de  l 'a rt 

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 i e  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  te xtes,  concernan t  tou tes  matières  re l atives  à  l a  science,  la  

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 ique  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  sept D i v is ions.   Les  su j ets  d 'études  s 'étendent 
des  questi ons  fondamentales ,  à  tous  l es  types  d 'appl i cations  de  l 'écl a i rage.   Les  normes  et  l es  rapports  techn iques  é l aborés  
par ces  Divi s i ons  I n ternationales  de  l a  CI E  son t  reconnus  dans  l e  monde  en tier.  
Tous  l es  quatre  ans ,  une  Sess ion  p l én ière  passe  en  revue  l e  trava i l  des  Div is i ons  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 'écla i rage.   E l l e  occupe  comme  te l l e  une  posi tion  importan te  parm i  l es  organ i sations  
i n ternationales.  
 
DIE  INTERNATIONALE  BELEUCHTUNGSKOMMISSION  

Die  I n ternationale  Be leuch tungskommiss ion  (CI E)  i s t e i ne  Organ i sation ,  d ie  s i ch  der i n ternationalen  Zusammenarbei t u nd  
dem  Austausch  von  I nformationen  zwischen  i h ren  M i tg l i eds ländern  bezüg l i ch  der Kunst und  Wissenschaft der L ichttechn ik 
wi dmet.   D i e  M i tg l i edschaft  besteh t  aus  den  Nationalen  Kom i tees  i n  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 i ch ttechn ik zu  en twickeln .  
3 .  Ri ch tl i n i en  fü r d ie  Anwendung  von  Pri nzip ien  und  Vorgängen  i n  der En twickl ung  i n ternationaler und  nati onaler Normen  

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

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

D ie  Arbei t  der CI E  wi rd  du rch  Techn ische  Kom i tees  gele istet,  d i e  i n  s i eben  Div is i onen  organ i s iert  s i nd .   D iese  Arbei t  betri ff t  
Gebiete  m i t g rund legendem  I nhal t  b i s  zu  a l l en  Arten  der L i ch tanwendung .   D i e  Normen  und  Techn i schen  Beri ch te,  d i e  von  
d iesen  i n ternational  zusammengesetzten  Div is i onen  ausgearbei tet  werden ,  s i nd  au f der ganzen  Wel t  anerkannt.  
Al l e  v ier J ahre  fi ndet  e i ne  Sess ion  s tatt,  i n  der d ie  Arbei ten  der D iv i s i onen  beri ch tet  und  überprü ft  werden ,  sowie  neue 
P läne  fü r d i e  Zukunft  ausgearbei tet  werden .   D ie  CI E  wi rd  a l s  höchste  Au tori tät fü r a l l e  Aspekte  des  L i ch tes  und  der 
Beleuch tung  angesehen .   Au f d i ese  Weise  un terhäl t  s ie  e ine  bedeu tende  Stel l ung  un ter den  i n ternationalen  Organ isationen .  
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Th is  Techn ica l  Report has  been  prepared  by CIE  Techn ical  Committee  1 -90  of D ivis ion  1  "Vis ion  
and  Colour”  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  curren t knowledge and  
experience  wi th in  the  speci fic fie ld  of l i ght  and  l i gh ting  described ,  and  i s  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 and  not mandatory.   

Ce  rapport techn ique  a  été  é laboré  par l e  Com i té  Techn ique  CIE  1 -90  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 les  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  Berich t i st  vom  Techn ischen  Kom itee  CIE  1 -90  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 i eder und  durch  andere  I n teressierte  bestimmt.  Es  sol l te  j edoch  beachtet 
werden ,  dass  das  Dokument e i ne  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  oder 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 i chkei t,  dass  d iese  n ich t vol ls tänd ig  s ind .   
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CIE 201 7  COLOUR FIDELITY INDEX FOR ACCURATE SCIENTIFIC  USE  

Summary  

The CIE  Colour Rendering  I ndex (CRI ) ,  defined  i n  CIE  1 3.3-1 995,  i n  particu lar the  general  
colour rendering  i ndex,  Ra ,  i s  wide l y adopted  and  used  by the  l i gh ting  i ndustry,  i n  regu latory 

documents  and  i n  i n ternational  and  reg ional  standards  and  speci fications.  However,  l im i tations  
of the  CRI  have  been  recen tl y addressed ,  especia l l y for sol i d -state  l i ght sources,  whereby the  
Ra  va lues  do  not a lways  correlate  wel l  wi th  visual  evaluation  by general  users.  Th is  m ismatch  

arises,  fi rst,  from  inaccuracies  of the  CRI  i n  i ts  i n tended  role  as  a  colour  fi del i ty i ndex;  and  
second ,  from  perception -related  colour qual i ty effects  beyond  colour fi del i ty.  I t  was  determ ined  
by the  CIE  that,  for both  aspects,  better colour qual i ty characterization  methods  are  needed  to  
measure  and  speci fy wh i te - l igh t sources,  and  the  work was  d ivi ded  in to  two  correspond ing  
tasks:  (1 )  to  develop  a  scien ti fical l y accurate  colour fidel i ty i ndex,  ass igned  to  TC 1 -90,  and  (2)  
to  develop  one  or more  perception -related  colour qual i ty measures  beyond  fidel i ty,  ass igned  to  
TC 1 -91  for i n i tia l  work.   

Th is  Techn ica l  Report,  developed  by TC  1 -90,  i s  a  research  report  describ ing  a  general  colour 
fidel i ty i ndex,  R f,  as  a  scien ti fical l y accurate  measure  of colour fi del i ty wi th  respect to  a  

reference i l l um inan t,  a l though  there  sti l l  remain  some techn ical  i ssues  for fu rther research .  Th is  
colour fidel i ty i ndex,  based  on  the  fi de l i ty i ndex of the  I l l um inating  Eng ineering  Society of North  
America,  defined  i n  TM-30-1 5,  addresses  aspects  for on l y the  fi rst part  of the  l im i tations  of the  
CRI  – i t  does  not address  the  need  for perception -related  colour qual i ty measure(s)  beyond  
fidel i ty.  However,  i t  does  correct  several  previous l y reported  i naccuracies  of the  CRI  as  a  colour 
fidel i ty measure.  The  importan t improvements  of th is  measure,  re lative  to  the  CR I ,  are  the  
update  of the  colour d i fference  calcu lation ,  in  particu lar the  object colour space,  and  the  
i ncorporation  of 99  test-colour samples  wh ich  provide  a  more  un i form  d istribu tion  of s lope  and  
curvature  values  as  a  function  of wavelength  and  wh ich  have  colour appearance va lues  that 
are  more  widel y and  un i form ly d is tribu ted  i n  the  th ree  d imensions  of a  un i form  colour space.   

The  general  colour fi del i ty i ndex ,  R f,  represents  how closel y the  colour appearances  of the  enti re  

sample  set are  reproduced  (rend ered)  on  average  by a  test  l i ght  as  compared  to  those  under a  
reference  i l l um inant.  Thus,  s im i l ar to  the  general  colour rendering  i ndex ,  Ra ,  the  general  colour 

fidel i ty i ndex,  R f,  combines  the  computed  colour d i fferences  for a l l  test -colour samples  in  one  

s ing le  average  i ndex value,  and  i s  on l y one  aspect of colour qual i ty not cons idering  
perception/preference effects .  Therefore,  i t  i s  considered  that such  un in tended  uses  of CRI  as  
an  overal l  colour qual i ty measure  for end  users  i s  not better fu l fi l l ed  by t he  more  scienti fical l y 
accurate  general  co lour fi del i ty i ndex,  R f.  Th is  i s  because  the  users ’  evaluation  i s  i n fluenced  by 

factors  beyond  colour fi del i ty such  as  chroma  effects,  and  the  detai led  nature  of speci fic  
i l l um ination  tasks.  The  general  co lour fi de l i ty i ndex,  R f,  i s  therefore  not a  replacement  of the  

general  co lour rendering  i ndex ,  Ra ,  ne i ther for the  purpose  of rati ng  and  speci fication  of 
products  nor for regu latory or other m in imum  performance requ irements .  Replacement of the  
CRI  wi l l  be  a  matter of fu ture  study and  d iscuss ion  that wi l l  i nclude  the  evaluation  of the  general  
co lour fi del i ty i ndex,  R f,  a long  wi th  development of a  harmon ized  set of new colou r qual i ty 

measures  for assessing  perception -related  effects  beyond  colour fi del i ty and  practica l  aspects  
for manufacturers  and  end -users.   

 

INDICE DE FIDELITE DES COULEURS CIE  201 7  POUR UN  USAGE SCIENTIFIQUE 
PRECIS  

Résumé 

L’ ind ice  de  rendu  des  cou leurs  de  la  CI E  ( IRC ),  défin i  dans  l a  publ ication  CIE  1 3.3-1 995,  et en  
particu l ier l ’ i nd ice  général  de  rendu  des  cou leurs  (Ra) ,  est l argement adopté  et  u ti l i sé  par 

l ’ industrie  de  l ’écla i rage,  dans  l es  rég lementations  et  dans  l es  normes  nationales  et  
i n ternationales.  Cependant,  certa ines  l im i tes  de  l ’ IRC ont été  récemment sou l ignées.  En  
particu l ier,  l es  va leu rs  de  Ra  ne  correspondent pas  tou jours  à  l ’évaluation  visuel l e  des  

observateurs  pour l es  sources  à  base  de  sem i -conducteurs.  Ce  décalage  provien t,  
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prem ièrement des  imperfections  de  l ’ IRC dans  son  rôle  attendu  d ’ i nd ice  de  fi dé l i té  des  cou leurs  
et  deuxièmement,  d ’effets  l i és  à  l a  perception  de  l a  qual i té  des  cou leurs  qu i  ne  son t pas  pris  
en  compte  et qu i  son t p l us  vastes  que  l a  seu le  notion  de  fi dél i té  des  cou leurs.  

Sur ces  deux aspects,  l a  CIE  a  suggéré  de  développer,  de  mei l leures  méthodes  de  
caractérisation  de  l a  qual i té  des  cou leurs  pour mesurer et spéci fier les  sources  de  lum ière  
b lanche.  Pour ce  fai re,  l e  travai l  a  été  d i visé  en  deux tâches  :  (1 )  développer un  i nd ice  de  fi dé l i té  
des  cou leurs  scienti fi quement précis  (attribué  au  com i té  techn ique  TC 1 -90) ,  et  (2)  développer 
une  ou  plus ieurs  mesures  de  la  perception  de  l a  qual i té  de s  cou leurs  au -delà  de  la  fi dél i té  
(attribué  au  com ité  techn ique  TC 1 -91 ).  

Ce  Rapport Techn ique,  développé par l e  com i té  techn ique  TC 1 -90,  est un  rapport de  recherche  
décrivant  un  ind ice  général  de  fidél i té  des  cou leurs  (R f)  par rapport à  un  i l l um inant de  référence.  

B ien  que  certains  problèmes  techn iques  requ ièrent  encore  de  p lus  amples  recherches,  cette  
mesure  de  l a  fidél i té  des  cou leurs  est  scien ti fiquement précise .  Cet ind ice,  basé  sur l ’ i nd ice  de  
fidél i té  TM -30-1 5  développé  par I l l um inating  Eng ineering  Society of North  America,  répond  à  l a  
prem ière  partie  des  l im i tes  de  l ’ I RC  ( i l  ne  couvre  pas  l e  besoin  de  mesure  de  l a  qual i té  des  
cou leurs  au tre  que  l a  fi dél i té)  et corrige  p lusi eurs  imprécis ions  de  l ’ IRC (Ra)  en  tan t que  mesure  

de  la  fi dél i té  des  cou leurs.  Les  amél iorations  l es  p lus  importantes  par rapport à  l ' IRC sont  l a  
m ise  à  j our de  l a  méthode de  ca lcu l  des  d i fférences  de  cou leur,  en  u ti l i sant en  particu l i er un  
espace de  cou l eur un i forme,  et l ’ i n troduction  de  99  échanti l l ons  colorés  ayan t une  réparti tion  
p lus  un i forme des  pen tes  et  des  courbures  en  fonction  de  l a  longueur d 'onde  et  étan t p lus  
l argement et un i formément répartis  dans  l es  trois  d imensions  de  cet espace de  cou leur  
un i forme.  

L ’ i nd ice  général  (R f)  représen te  à  quel  poin t l es  apparences  de s  cou leurs  de  l 'ensemble  de  l a  

col lection  sont en  moyenne  reprodu i tes  (rendues)  sous  une  source  test par rapport à  leurs  
apparences  sous  un  i l l um inant de  référence.  Ainsi  R f,  comme Ra ,  combine  les  d i fférences  de  

cou leurs  calcu lées  pour chaque  échanti l lon  de  cou leur en  une  valeur moyenne un ique.  I l  tra i te  
seu lement d ’un  aspect de  l a  qual i té  des  cou leurs  et  ne  prend  pas  en  compte  l es  effets  l i és  à  l a  
perception /préférence.  Par conséquen t,  des  u ti l i sations  fortu i tes  de  l ’ IRC comme une  mesure  
g lobale  de  la  qual i té  des  cou leurs  ne  seron t pas  m ieux rempl ies  par l ' i nd ice  de  fi dél i té  des  
cou leurs  scien ti fi quement précis ,  R f.  En  effet,  l ' évaluation  des  u ti l i sateurs  est  i n fl uencée par des  

facteurs  p lus  vaste  que  l a  fi dél i té  des  cou leurs  te ls  que  l es  effets  de  saturation  des  cou leurs  ou  
l ’ i n fluence  de  l a  nature  des  tâches  à  effectuer.  L' i nd ice  général  de  fi dél i té  des  cou leurs  R f  ne  

se  substi tue  pas  à  l ’ IRC pour classer ou  spéci fier l es  produ i ts  n i  pour répondre  aux exigences  
m in imales  de  performances  rég lementaires.  Le  remplacement de  l ’ I RC sera  matière  à  des  
études  et des  d iscussions  fu tures  qu i  devron t évaluer R f  a i ns i  que  l ’ensemble  de  nouvel les  

mesures  de  l a  qual i té  des  cou leurs  et proposer des  recommandations  pratiques  pour l es  
produ i ts  manufacturés  et  l es  u ti l i sateurs  finaux.  

 

CIE  201 7  FARBTREUEINDEX FÜR GENAUE WISSENSCHAFTLICHE ANWENDUNG  

Zusammenfassung  

Der Farbwiedergabeindex CRI  (Colour Rendering  I ndex)  der CIE,  defi n iert i n  CIE  1 3.3-1 995  
(CIE  1 995),  spezie l l  der a l l gemeine  Farbwiedergabeindex,  Ra ,  i s t wei testgehend  angenommen  

und  wird  von  der Beleuchtungsindustrie,  i n  Vorschri ften  sowie  in  in ternationalen  und  reg ionalen  
Standards  und  Spezi fikationen  verwendet.  J edoch  wurden  kürzl ich  Grenzen  des  CRI  
dah ingehend  aufgezeigt,  dass  spezie l l  fü r Halb le i ter-Lich tquel len  d ie  Ra-Werte  n ich t immer gu t 

m i t visuel l en  Beurtei l ungen  durch  Benutzer im  Al lgemeinen  korre l ieren .  D iese  D iskrepanz 
en tsteht erstens  aus  den  Ungenau igkei ten  des  CRI  in  se iner defin i ti onsgemäßen  Rol l e  a ls  
Farbtreueindex und  zwei tens  aus  wahrnehmungsbezogenen  Farbqual i tätseffekten  j ensei ts  der 
Farbtreue.  D ie  CI E  hat  s ich  entsch ieden ,  dass  für beide  Aspekte  bessere  
Charakteris ierungsmethoden  für d ie  Farbqual i tät nöti g  s i nd ,  um  weiße  Li chtquel len  messen  und  
spezi fi zieren  zu  können .  D ie  Arbei t wurde  i n  zwei  zusammenhängende Aufgaben  getei l t:  1 )  i n  
TC 1 -90  e inen  wissenschaftl ich  genauen  Farbtreueindex zu  entwickeln  und  2)  e inen  oder 
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mehrere  wahrnehmungsbezogene Farbqual i tätsmaßzah len  j ense i ts  der Farbtreue  zu  
en twickeln .  M i t d ieser i n i tial is ierenden  Arbei t  wurde  TC  1 -91  beauftrag t.  

Der vorl i egende,  von  TC  1 -90  erarbei tete  Techn ische  Report beschreibt im  S inne  e ines  
Forschungsreports  e inen  a l l gemeinen  Farbtreueindex,  R f,  a ls  wissenschaftl ich  genaues  Maß  

der Farbtreue  bezogen  auf e ine  Referenzl i chtart,  auch  wenn  noch  e in ige  techn ische  Aspekte  
verbl i eben  s ind ,  d ie  wei tere  Untersuchungen  benötigen .  D ieser Farbtreueindex,  der au f dem  
Dokument TM-30-1 5  der I l l um inating  Eng ineering  Society of North  America  bas iert,  befasst s ich  
nur m i t dem  ersten  Tei l  der E inschränkungen  des  CRI  – er befasst s ich  n icht m i t dem  Bedarf 
an  wahrnehmungsbezogenen  Farbqual i tätsmaßzah len  j ensei ts  der Farbtreue.  Er korrig iert  
j edoch  mehrere  der kürzl i ch  festgestel l ten  Ungen au igkei ten  des  CRI  a ls  e in  Maß für d ie  
Farbtreue.  D ie  wichti gen  Verbesserungen  bezogen  auf den  CRI  s i nd :  D ie  Aktual is ierung  der 
Farbd i fferenzberechnung ,  spezie l l  der Objektfarbraum ,  und  d ie  E inführung  von  99  Test-
Farbmustern ,  d ie  e ine  g le ichmäßigere  Vertei l ung  von  Steigung  und  Krümmung  a ls  Funktion  der 
Wel len länge  zu r Verfügung  s tel len ,  wobei  deren  Farberscheinungen  wei tgehend  und  
g le ichmäßiger im  dre id imensionalen  g le ichförm igen  Farbraum  vertei l t  s i nd .  

Der a l lgemeine  Farbtreueindex,  R f,  g ibt  an ,  wie  genau  d ie  Farbeindrücke  a l l er Farbmuster im  

M i tte l  un ter e iner Testl ich tquel l e  im  Verg le ich  m i t  den  Farbeindrücken  unter der Referenzl ich tart  
wiedergegeben  (gerendert)  werden .  Som i t verein ig t  der a l l gemeine  Farbtreueindex,  R f,  ähn l ich  

dem  a l l gemeinen  Farbwiedergabeindex,  Ra ,  d ie  berechneten  Farbd i fferenzen  für a l l e  Test -

Farbmuster zu  einem  einzigen  gem itte l ten  I ndexwert.  Er adressiert dam i t nur e inen  Aspekt der 
Farbqual i tät  und  berücksichtig t  keine  Wahrnehmungs -  und  Präferenz-Effekte.  Daher i st davon  
auszugehen ,  dass  d ie  Problematik der i rrtüm l ichen  Verwendung  des  CRI  a ls  a l l gemeine  
Farbqual i tätsmaßzah l  für den  Endverbraucher auch  von  e inem  wissenschaftl ich  genaueren  
a l l gemeinen  Farbtreueindex,  R f,  n ich t besser gelöst wi rd .  D ie  U rsache dafür i st,  dass  d ie  

Bewertung  durch  den  Benutzer von  Faktoren  j ensei ts  der Farbtreue,  wie  etwa 
Farbsättigungseffekte  oder d ie  detai l l i erte  Anforderung  der spezie l l en  Beleuchtungsaufgabe,  
beeinflusst wi rd .  Der a l l gemeine  Farbtreueindex,  R f,  i st  daher kein  Ersatz des  a l lgemeinen  

Farbwiedergabeindex,  Ra ,  weder zum  Zweck der Bewertung  und  Spezi fikation  von  Produkten  

noch  für d ie  Regu l ierung  oder andere  Anforderungen  an  d ie  m in imale  Leistungsfäh igkei t.  E i n  
Ersatz des  CRI  wird  Gegenstand  zukünftiger Stud ien  und  D iskussionen  se in .  D iese  werd en  d ie  
Beurtei l ung  des  a l l gemeine  Farbtreueindex,  R f,  i n  Kombination  m i t  der Entwicklung  e ines  

harmon is ierten  Satzes  neuer Farbqual i tätsmaßzah len  zur Bewertung  wahrnehmungsbezogener 
Effekte  j ensei ts  der Farbtreue  sowie  Anwendungs -Aspekte  für Herstel ler und  Endverbraucher 
umfassen.  
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1  Introduction  

The CIE  Colour Rendering  I ndex (CRI ) ,  defined  in  CI E  1 3. 3-1 995  (CIE  1 995),  i n  particu lar the  
general  co lour rendering  i ndex ,  Ra ,  i s  widel y adopted  and  used  by the  l i gh ting  i ndustry,  i n  

regu latory documents  and  in  i n ternational  and  reg ional  standards  and  speci fications.  However,  
l im i tations  of the  CRI  have  been  recentl y addressed ,  especia l l y for sol i d -state  l i ght  sources,  
whereby the  Ra  va lues  do  not a lways  correlate  wel l  wi th  visual  evaluation  by general  users.  Th is  

m ismatch  arises,  fi rst,  from  i naccuracies  of CRI  i n  i ts  i n tended  role  as  a  colour fi del i ty i ndex 
and  second ,  from  perception -related  colour qual i ty effects  beyond  colour fide l i ty.  

I t  was  determ ined  by the  CIE  that,  for both  aspects ,  better colour qual i t y characterization  
methods  are  needed  to  measure  and  speci fy wh i te - l igh t sources,  and  the  work was  d ivided  in to  
two correspond ing  tasks;  (1 )  to  develop  a  scienti fi cal l y accurate  colour fi del i ty i ndex,  ass igned  
to  TC 1 -90,  and  (2)  to  develop  one  or more  perception -related  colour qual i ty measure(s)  beyond  
fidel i ty,  assigned  to  TC  1 -91  for in i ti a l  work.   

Th is  Techn ical  Report,  developed  by TC  1 -90,  i s  a  research  report  describ ing  a  general  colour 
fidel i ty i ndex,  R f,  as  a  scien ti fical l y accurate  measure  of colour fi de l i ty wi th  respect to  a  

reference i l l um inan t,  a l though  there  sti l l  remain  some techn ical  i ssues  for fu rther research .  Th is  

colour fidel i ty i ndex,  based  on  the  fi del i ty i ndex of I l l um inating  Eng ineering  Society of North  
America,  defined  i n  TM-30-1 5  ( I ES,  201 5) ,  addresses  aspects  for on l y the  fi rst part  of the  
l im i tations  of the  CRI  – i t  does  not address  the  need  for perception -related  colour qual i ty 
measure(s)  beyond  fi del i ty.  However,  i t  does  correct several  previous l y reported  i naccuracies  
of the  CRI  as  a  colour fi del i ty measure.   

The  importan t improvements  of th is  measure,  re lati ve  to  the  CRI ,  are  the  update  of the  colour 
d i fference  calcu lation ,  i n  particu lar the  object colour space,  and  the  i ncorporation  of 99  test -
colour samples  wh ich  provide  a  more  un i form  d istribution  of s l ope  and  curvature  values  as  a  
function  of wavelength  and  wh ich  have  colour appearance  values  that are  more  widel y and  
un i form ly d istribu ted  i n  the  three  d imensions  of a  un i form  colour space.  The  general  co lour 
fidel i ty i ndex,  R f,  represents  how closel y the  colour appearances  of the  enti re  sample  set are  

reproduced  (rendered)  on  average  by a  test  l i gh t  compared  to  those  under a  reference  
i l l um inant.  Importan tl y the  general  colour fi del i ty i ndex,  R f  h as,  by des ign ,  a  key l im i tation  i n  

common  wi th  the  general  colour rendering  i ndex,  Ra  –  i t  ca lcu lates  the  average  perceptual  

closeness  of colour sample  appearances  under a  test l i ght to  those  under a  reference i l l um inan t,  
a  procedure  that does  not take  i n to  account  add i ti onal  perception  effects  beyond  fi del i ty,  such  
as  chroma preferences  and  their hue  dependence.   

I t  i s  considered  that such  un in tended  uses  of CRI  as  an  overal l  colour qual i ty measure  for end  
users  is  not better fu l fi l led  by the  more  scienti fical l y accurate  colour fi del i ty  index.  The  general  
colour fidel i ty i ndex,  R f,  i s  therefore  not a  replacement,  for the  purpose  of rating  and  

speci fication  of products  nor for regu latory or other m in imum  performance requ irements ,  of the  
CRI .  Replacement of the  CRI  wi l l  be  a  matter of fu tu re  study and  d iscussion  that wi l l  i ncl ude  
the  evaluation  of R f  a l ong  wi th  the  development of a  harmon ized  set of new colour qual i ty 

measures  for assessing  perception -related  effects  beyond  colour fi del i ty and  practica l  aspects  
for manufacturers  and  end -users.  

To  help  fu rther i n troduce  th is  report,  i t  may be  helpfu l  to  briefl y review the  h istory of the  CI E  
Colour Rendering  I ndex (CRI ).  I n  1 948,  the  CIE  made a  fi rst  recommendation  for a  colour 
rendering  i ndex based  on  an  e i gh t-band  method  proposed  i n  1 937.  Th e  method  d ivi des  the  
spectrum  in to  ei ght bands  and  compares  the  spectral  con ten t of each  band  wi th  that of a  fu l l  
spectrum  rad iator.  Later,  i n  1 965,  the  Test Sample  Method  was  developed  and  adopted  by the  
CIE.  I n  th is  method  the  CIE  general  co lour renderin g  i ndex,  Ra ,  i s  ca lcu lated  from  the  average  

magn i tude  of the  colour appearance sh i ft of a  set of standard  coloured  samples,  comparing  
between  a  test source  and  a  reference i l l um inant.  The  reference i l l um inant,  set at  the  same  
Correlated  Colour Temperature  (CCT)  as  the  test source,  i s  a  Planckian  rad iator below 5  000  K 
and  a  defined  phase  of dayl i ght at  or above 5  000  K.  Any deviation  from  the  colour appearance 
of the  colour sample  under th is  reference i l l um inant reduces  the  Ra  va lue  below i ts  maximum  

value  of 1 00.  
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At fi rst,  on l y e igh t Munsel l  samples  of moderate  chroma were  used .  Bu t i n  1 974,  the  method  
was  revised  to  i ncl ude  s i x add i tional  samples:  a  sample  wi th  Caucasian  skin  colour,  a  sample  
wi th  a  green  l eaf colour,  and  four h i gh  Munsel l  chroma samples.  The  method  was  further 
ad j usted  by i nclud ing  a  revised  von  Kries  type  chromatic adaptation  transform  and  by a  s l igh t  
change  in  the  calcu lation  procedure.  I t  shou ld  be  noted  that the  s ix add i tional  samples  are  not  
used  to  calcu late  the  general  colour rendering  i ndex,  Ra ,  bu t they provided  s ix new specia l  

colour rendering  i nd ices,  R i,  va lues  wh ich  have  proven  usefu l .  

I n  the  curren t CIE  CRI  method  accord ing  to  CI E1 3.3-1 995  (CIE  1 995),  a  reference i l l um inan t at  
the  same CCT as  the  test source  is  fi rst  se lected  (a  dayl igh t i l l um inant i f the  CCT is  at or above 
5  000  K or P lanckian  rad iation  i f be low).  Then  the  tristimu lus  va lues  for each  test samples  (8+6)  
are  calcu lated  using  the  spectral  power d istribu tion  of the  test source  and  the  reference 
i l l um inant.  A von  Kries  chromatic  adaptation  transformation  is  used  to  bri dge  the  d i fference  
between  the  chromatici ty values  wi th  both  sources.  The  next s tep  i s  the  calcu lation  of colour 
sh i fts  between  the  values  obtained  for each  sample.  Then  the  magn i tudes  of d i fferences  a re  
transformed  in to  specia l  colour rendering  i nd ices,  R i,  and  averaged  i n to  the  general  co lour 

rendering  i ndex,  Ra ,  from  the  values  for the  fi rst  e igh t test samples.  

Despi te  i ts  known  imperfections,  the  CIE  general  co lour rendering  index ,  Ra ,  has  gained  

i n ternational  acceptance  and  has  been  i ncluded  i n  many regu lations  and  commercia l  l amp 
speci fications.  S ince  the  l ast revis ion  of the  CRI  in  1 974,  improved  colorimetric  formu lae  (such  
as  object  colour space  and  chromatic  adaptation  transform)  (Fai rch i l d  2005,  CI E  2004a,  CI E  
2004b)  became avai l able  and  the  CRI  therefore  became ou tdated .  I n  the  1 990s,  CIE  TC  1 -33  
attempted  to  update  the  formu la  and  the  test-colour samples,  bu t  i t  d i d  not  reach  a  consensus  
and  was  closed  wi thou t any recommendation .  I n  1 995,  the  CIE  corrected  some smal l  descriptive  
errors  by publ ish ing  CIE  1 3. 3  (CIE  1 995),  bu t no  changes  were  made  to  the  techn ical  conten ts.  
As  sol i d -state  l i ghti ng  emerged  s i nce  the  earl y 2000s,  i t  became clear that fu rther improvements  
wou ld  be  desirable.  The  prob lems were  i nvestigated  by CI E  TC  1 -62,  wh ich  publ ished  a  report 
presenting  the  anal yses  of the  problems and  the  need  for improvement of the  CRI ,  as  a lso  
summarized  in  Clause  3 .  Fol lowing  th is,  CI E  TC  1 -69  d iscussed  proposed  metrics  such  as  
Colour Qual i ty Scale  (Davis  & Ohno 201 0)  addressing  the  perception  effect of chroma 
saturation ,  CRI 201 2  (Smet et  a l .  201 3)  i n troducing  a  wavelength  un i form  mathematical  sample  
set,  and  MCRI  (Smet et  a l .  201 0)  wh ich  is  a  reference-i l l um inan t-free  i ndex us ing  the  memory 
colours  of a  set of fam i l i ar obj ects  as  reference .  The  TC was  closed  wi thou t consensus.  As  
previous l y mentioned ,  the  CIE  subsequentl y decided  to  separate  the  efforts  to  develop  new 
metrics  for 1 )  colour fidel i ty and  2)  aspects  other than  colour fidel i ty.  Th is  Techn ical  Report i s  
a  resu l t of the  fi rst  task.   

Excel  ca lcu lation  tools  for the  CI E  201 7  Colour F idel i ty I ndex (1  nm  and  5  nm  step  vers ions) ,  
i ncl ud ing  a  table  of the  spectral  data  of the  99  Test Colour Samples,  are  down loadable  at  
h ttp: //fi l es. cie. co. at/933_TC1 -90. zip .  

2  Point of Clari fication  

2.1  The purpose of a  colour fidel i ty index  

The CIE  defin i ti on  of the  term  “colour rendering ”  i s :  “effect of an  i l l um inan t on  the  colour 
appearance of obj ects  by conscious  or subconscious  comparison  wi th  thei r colour appe arance  
under a  reference  i l l um inan t”  (CIE  201 1 ) .  I n  recent  scien ti fic  l i terature,  the  term  “colour fidel i ty”  
has  come i n to  use  wi th  a  very s im i lar mean ing ;  i t  has  been  chosen  to  he lp  avoid  a  common  
error whereby some m is in terpret the  term  “colour rendering ”  to  have  a  broader mean ing .  Thus,  
the  term  “colou r fi del i ty”  i s  used  in  th is  Techn ical  Report i n  a  manner that i s  consisten t wi th  the  
defin i tion  of “colour rendering ”  as  above,  especia l l y to  d isti ngu ish  from  other aspects  of colour 
qual i ty beyond  colour fi de l i ty.   

For example,  some have  i ncorrectl y i n terpreted  colour rendering  as  being  i n tended  to  measure  
the  value,  or overal l  colour qual i ty,  of a  l i ght source.  However,  colour qual i ty includes  more  
aspects  than  on l y colour fi del i ty and  there  can  be  s i tuati ons  i n  wh ich  a  subj ect may report  a  
preference for a  l amp i l l um inating  a  scene,  even  though  i t  has  l ower colour fi del i ty value,  e . g .  
when  the  chroma  of obj ects  is  i ncreased .  Th is  i s  due  to  some  add i tional  factors  re lated  to  
perception  that may be  des irable  i n  that ci rcumstance.  Such  add i ti onal  factors  are  curren tl y 
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be ing  considered  by TC  1 -91  and  may include  the  deta i l ed  nature  of the  colour sh i fts  that 
various  speci fic  objects  undergo  i n  a  scene  i l l um inated  by a  lamp.  Importantl y,  the  impact of a l l  
of these  factors  on  a  l amp’s  overal l  qua l i ty wi l l  depend  upon  the  type  of task and  i ts  duration ,  
and  a lso  i nd ividual  preference,  wh ich  may vary cons iderabl y from  reg ion  to  reg ion  and /or from  
one  i nd ividual  to  another.  

I n  con trast to  the  d i fficu l ty i n  defi n ing  such  perception  effects  beyond  colour fi del i ty,  the  concept 
of colour fi de l i ty i s  s imple,  cl ear and  objective:  experiments  have  establ ished  that people  wi th  
normal  colour vis ion  report  the ir perception  of the  s ize  of colou r d i fferences  of various  obj ect  
colours  i n  s im i lar ways  (Fairch i l d  2005),  and  therefore  i t  i s  mean ingfu l  to  develop quanti tative  
summaries  of perceived  colour sh i fts  of obj ects  as  a  means  for assess ing  colour fi de l i ty.  These  
measures  are  objective  i n  the  sense  that  they are  not dependent on  t he  opin ions  and  tastes  of 
certa in  observers  and  groups.  For th is  reason ,  the  CIE  considers  the  assessment of colour 
fidel i ty to  be  amenable  to  i n ternational  standard ization ,  and  th is  Techn ical  Report i s  a  fi rst  step  
i n  that d i rection .  

2.2 Terminology used  in  th is  Technical  Report  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g i ven  in  CIE  S  01 7/E: 201 1  (partl y 
repeated  i n  th is  document)  and  the  fol lowing  appl y.  

2.2. 1  
colour rend ition  
effect of an  i l l um inant (spectrum)  on  the  colour appearance  of ob jects  

2.2.2  
colour rendering  
effect of an  i l l um inan t on  the  colour appearance of objects  by conscious  or subconscious  
comparison  wi th  their colour appearance  under a  reference i l l um inan t  

[SOURCE:  CIE  S  01 7/E: 201 1 ,  Term  1 7 -221 ]  

Note 1  to entry:  This definition  does not specifically say that estimations of the magnitude of colour shifts 
would  be used  to assess the effect.  

2.2.3  
colour fidel i ty  
degree  to  wh ich  a  l ight  source  causes  a  sh i ft i n  the  colour appearance  of a  surface  i t  i l l um inates,  
re lati ve  to  that surface’s  colour appearance when  i l l um inated  by a  defined  reference i l l um inant,  
and  whereby the  magn i tude  of the  colour sh i ft  i s  assessed  by considering  the  sh i fts  a long  a l l  
three  card inal  axes  of the  colour appearance space  

Note 1  to entry:  Although this defin ition is quite similar to the one of “colour rendering”,  it provides a 
more complete operational  definition  in  order to reduce possible confusion.  

3  Limitations  and  inaccuracies  in  the calculation  of the CIE  general  colour 
rendering  index in  view of the  current  status  of science and  technology  

3.1  Outdated  colour science  

Likel y,  at the  developing  stage  of the  CIE  CRI ,  i t  was  p lanned  that i t  wou ld  be  possib le  to  
i n tegrate  fu ture  improvements  in  colour science  wi thou t chang ing  the  overal l  test  sample  
concept,  bu t  that has  seldom  been  done.  For years,  i t  has  been  known  that  the  colour space  
adopted  i n  the  calcu lation  of the  curren t CIE  general  colour rendering  index,  Ra ,  i . e.  the  CIE  

1 964  un i form  colour space  wi th  coord inates  U*,  V*,  W*,  l acks  sufficient un i form i ty.  I n  other 
words,  i n  d i fferent  reg ions  of the  U*V*W* space  equal l y-spaced  colours  do  not appear equal l y 
d i fferent.  Th is  means  that colour sh i fts  for some samples  wi l l  be  over -  or under-represented  i n  
computing  the  Ra  va lue ,  wh ich  i s  based  on  an  average  of the  i nd ividual  co lour sh i fts .  

Add i tional l y,  the  nature  of the  calcu lation  creates  a  CCT dependence  that adds  further 
d istortion :  i n  U*V*W*  the  reg ion  con tain ing  the  set of a l l  possib le  test-colour samples  undergoes  
s i gn i ficant shape  changes  as  a  functio n  of CCT.  Th is  means  that the  colour non -un i form i ty i s  
CCT-dependent,  and  therefore  the  i naccuracies  i n  CRI  pred ictions ,  too  (Smet et a l .  201 5b) .  
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F inal l y,  i t  i s  recogn ized  that the  von  Kries  chromatic adaptation  transform  used  in  the  calcu lation  
of the  CIE  general  co lour rendering  i ndex ,  Ra ,  i s  on l y accurate  for l i ght  sources  wi th  thei r 

chromatici ty coord inates  close  enough  to  the  reference  i l l um inant,  i . e .  wi th  a  chromatici ty 
d i fference  i n  the  CIE  1 960  UCS (u ,  v)  d iagram  of l ess  than  0 , 01 .  (Teunissen 201 6).  An  
improvement is  desirable  for evaluating  sources  fu rther off the  P lanckian  locus.  

3.2 Spectral ly non-uniform  sensi tivi ty of the CIE  general  colour rendering  index  

Recent stud ies  (Smet et a l .  201 3,  David  et a l .  201 5,  Smet et a l .  201 5a,  Smet et a l .  201 5b)  show 
that the  sens i ti vi ty of the  Ra  va lue  to  spectral  perturbation ,  as  a  function  of the  central  

wavelength  of the  perturbation ,  i s  qu i te  non -un i form :  some wavelengths  are  pri vi leged  i n  the  
sense  that they con tribu te  d isproportionatel y to  the  general  colour rendering  i ndex value.  On  a  
broad  scale  th is  i s  to  be  expected ,  due  to  the  non -un i form i ty of d i fferences  between  the  
sens i ti vi ty functions  of the  human  visual  perception  system .  However s ign i fican t short-range  
sens i ti vi ty variations  are  a lso  found ,  wh ich  a rise  from  the  arbi trary detai ls  of the  spectral  
rad iance  factors  of the  e igh t CIE  test-colour samples  (TCS)  used  for the  calcu lation  of Ra .  (The  

spectral  rad iance  factor,  for each  tabu lated  waveleng th ,  i s  the  quotient of the  spectral  rad iance  
of the  test sample  i n  a  speci fied  d i rection  and  the  spectral  rad iance  of a  perfect reflecting  
d i ffuser when  identical l y i rrad iated  and  viewed . )  Evidence that the  detai l s  of the  spectral  
rad iance  factor are  important can  be  seen  i n  the  fact  that,  i f the  e ight  colour samples  used  are  
replaced  wi th  other common  samples  that match  in  colour bu t d i ffer i n  the ir spectral  rad iance  
factors ,  those  short-range  sensi ti vi ty variations  change very s ign i ficantl y.  These  arbi trary short-
range  sensi ti vi ty variations  are  problematic,  because  they cause  s ign i ficant changes  i n  the  Ra  

va lue  for some l amps,  yet these  changes  provide  l im i ted  in formation  about the  l amp’s  actual  
colour fi del i ty – they merel y i ncrease  overal l  uncertain ty.  I f,  as  may reasonabl y be  expected  in  
some cases,  an  optim i zation  process  i s  used  to  generate  the  most desi rable  set  of performance  
values  for a  l amp,  then  the  wavelength  b ias  of the  curren t CI E  general  colour rendering  i ndex,  
Ra ,  cou ld  cause  that process  to  yie l d  a  spectral  power d istribution  (SPD)  that  scores  h i gher than  

i t  shou ld  accord ing  to  i ts  actual  perceived  level  of colour fidel i ty.  

3.3 Insufficient information  about colour shi fts  

The CIE  CRI  provides  in formation  about the  magn i tude  of the  colour sh i ft of 1 4  samples  wh ich  
are  nei ther un i form ly d istributed  i n  the  three  d imensions  of the  colour space  nor necessari l y 
representative  of actual  materia ls  found  i n  the  real  worl d .  Previousl y,  researchers  have  poin ted  
ou t  the  meri ts  of provid ing  colour sh i ft i n formation  for a  l arger number of samples  (van  der Burg t 
&  van  Kemenade 201 0)  that represent a  greater d iversi ty of real  objects  and  a lso  represent a  
wider range  of the  colou r space.  For those  reasons  as  wel l  as  for overcom ing  the  sens i ti vi ty 
non-un i form i ty problem  mentioned  i n  3 . 2  the  proposed  scien ti fical l y accura te  i ndex uses  a  
l arger sample  set.   

4 Development of recommended  improvements  for the CRI  calculation  

As described  in  several  publ ications  (Smet et a l .  201 3,  David  et a l .  201 5,  Smet et  a l .  201 5a,  
Smet et  a l .  201 5b,  van  der Burgt  &  van  Kemenade 201 0 ),  i t  i s  now possib le  to  address  al l  of 
these  problems i n  a  consistent  manner,  as  briefl y ou tl i ned  below,  wi th  the  precise  mathematical  
detai l s  concisel y set ou t  i n  C lause  6.  Here  the  key changes  are  h igh l i gh ted .  

4.1  Implementation  of CAM02UCS colour space  

For computing  the  colour sh i fts  the  CAM02-UCS  colour-appearance  space  (Luo  et  a l .  2006)  i s  
used .  CAM02-UCS is  based  on  CI ECAM02,  bu t has  i ts  colour-appearance axes  rescaled  to  
better pred ict  colour d i fferences.  The  space  has  been  shown  to  have  good  perceptual  
un i form i ty,  i n  add i ti on  to  impl ici tl y i nclud ing  the  most recent chromatic  adaptation  transform ,  
CAT02.  The  CAM02-UCS  adopted  wh i te  poin t i s  the  equ i -energy wh i te  (EEW).   

Th is  bu i l t- in  chromatic adaptation  transform  and  the  impl ici tl y-adopted  wh i te  poin t i n  CAM02-
UCS have  the  advantage  that fi de l i ty calcu lations  are  l argel y i ndependen t of the  CCT of the  
test l igh t source  (Smet et  a l .  201 5b) .  Prior to  calcu lati ng  the  colour d i fferences,  both  the  colour 
coord inates  of the  reflectance  samples  under the  test  source  and  u nder the  reference  source  
are  fi rst transformed  to  thei r correspond ing  colours  under the  EEW.  I n  contrast,  i n  the  CIE  CRI  
the  colour coord inates  of the  samples  under the  test source  are  transformed  to  the  reference 
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i l l um inant,  thereby making  the  colour d i fference  calcu lation  dependent on  the  shape of the  
colour space at  that CCT.  

I n  determ in ing  the  colour coord inates  for each  of the  test-colour samples,  the  1 964  1 0 °  colour-
match ing  functions  (CMFs)  are  used .  Th is  i s  i n  contrast  to  the  calcu lation  procedure  of the  CIE  
general  co lour rendering  i ndex,  Ra ,  where  2 °  CMFs  are  used .  The  main  motivation  for th is  

change  is  that i t  i s  bel i eved  that the  2 °  CMFs  are  somewhat l ess  accurate  than  the  1 0 °  CMFs 
(Csu ti  &  Schanda  2008,  Csu ti  & Schanda  201 0) .  

The  calcu lation  requ ires  determ in ing  the  CCT of the  source.  Th is  i s  done  us ing  the  2 °  CMFs,  
s i nce  th is  i s  the  common  practice .  Regard ing  the  CCT range  where  the  present method  is  val i d ,  
CAM02-UCS and  CAT02  were  developed  by respectivel y cons idering  a  variety of co lour -
d i fference  and  correspond ing  colour data,  col lected  under (near)  neu tral  i l l um inan ts  rang ing  
from  D65 to  A.  Therefore,  i t  i s  expected  that the  resu l ts  are  at least accurate  wi th in  the  range  
from  2  700  K to  6  500  K,  wh ich  covers  many practical  l ighting  s i tuation s.  I n  add i ti on ,  CIECAM02  
has  been  adopted  i n  computer d isplay appl ications  requ i ring  even  h i gher CCTs.  

I t  shou ld  be  noted  that CI ECAM02,  wh i le  l argel y accepted ,  i s  sti l l  be ing  researched  and  
improved .  I n  particu lar,  improvements  have  been  proposed  in  past years  to  fix  numerical  
i naccuracies  wh ich  cou ld  arise  i n  some cases  (e. g .  ye l l ow-blue  problem ,  purple  problem).  These  
mod i fications  were  found  to  have  neg l ig ib le  impact on  R f  ca lcu lations  (much  l ess  than  1  poin t  

for most SPDs).  (L i  et a l .  201 2)  Thus  i t  i s  recommended  to  use  the  “standard ”  form  of CIECAM02  
(CIE  2004b)  i n  the  calcu lation  of CAM02-UCS,  both  for s impl ici ty and  because  i t  i s  most 
widespread .  Another possible  improvement area  for CAM02 -UCS  has  been  ra ised  and  
suggested  for fu ture  evaluation .  I t  has  been  noted  that the  l ocation  of the  peak waveleng th  i n  a  
wh i te  phosphor-based  LED  has  a  greater impact on  the  R f  value  than  i t  has  on  the  Ra  va lue.  A 

recent publ i cation  questions  whether CAM02UCS  may over-estimate  colour d i fferences  in  the  
b lue  reg ion  (Tsuki tan i  et a l .  201 5) ,  suggesting  further study.   

4.2 Development of an  improved  sample set  

The  99  test-colour samples  (TCS)  employed  i n  I ES  TM-30-1 5  (David  et  a l .  201 5,  I ES  201 5) ,  
recen tl y publ ished  by the  I l l um inating  Eng ineering  Society ( I ES) ,  were  adopted .  These  samples  
were  obta ined  from  a  carefu l  se lection  process,  s tarti ng  from  a  set  of over 1 00  000  measured  
real  spectra  compi led  from  numerous  on l i ne  databases  (Chou  et  a l .  201 2 ,  David  et  a l .  201 5) .  
Al l  samples  correspond  to  measurements,  rather than  computer-generated  data.  They 
represent a  broad  sampl i ng  from  a l l  major types  of samples  (natural  and  human -made),  a  broad  
un i form  sampl ing  of colours  ( i nclud ing  fa i rl y saturated  reg ions  of the  colour space),  and  
importantl y,  they have  been  selected  so  as  no t to  impart short-range  non-un i form i ty i n  the  
spectral  sensi ti vi ty of the  colour fi del i ty calcu lation ,  wh ich  wou ld  i ncrease  i ts  uncerta in ty.  As  
mentioned  before,  m in im izing  any wavelength  bias  presen t i n  the  sample  set i s  essen tia l  to  
avoid  selecti ve  spectral  optim ization  of l ight  sources.  More  i n formation  on  th is  important topic  
can  be  found  i n  (David  et a l .  201 5,  Smet et a l .  201 5a,  Smet et a l .  201 5b) .  I t  shou ld  be  noted  
that not a l l  of the  sample  reference  data  was  avai lable  for the  range  speci fied  here  f rom  380  nm  
to  780  nm .  For one  th i rd  of the  samples  the  data  was  on l y avai lable  in  the  range  from  400  nm  
to  700  nm .  Because  the  extrapolation  method  curren tl y used  in  I ES  TM -30-1 5  is  not a  CIE  
recommended  procedure  for extrapolating  m issing  data ,  another extrapolation  method ,  the  
constan t-value  extrapolation  described  in  7. 2. 2. 1  of CI E1 5: 2004  (CIE  2004c) ,  was  used  in  th is  
Techn ical  Report.   

The  resu l ting  spectral  rad iance  factors  for a l l  99  test-colour samples  are  set ou t i n  Annex A,  i n  
5  nm  waveleng th  in tervals .  For those  wish ing  to  carry ou t the  calcu lation  using  1  nm  i n tervals ,  
Annex C  shou ld  be  fol lowed  to  create  1  nm  tables  for the  TCS.  

F igure  1  depicts  the  approximate  colour of these  99  samples  p lus  wh i te  when  i l l um inated  by a  
D50  i l l um inant,  wh ich  was  a lso  used  for the  sample  selection  process.  I t  shou ld  be  noted  that  
a  d i fferent  set of test-colour samples  may have  resu l ted  i f an  i l l um inan t wi th  another CCT  had  
been  used  for the  sample  selection  process.   
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Figure 1  – The 99 test-colour samples plus white with  the samples’  indexing numbers indicated  

The  number of samples  employed  in  I ES  TM-30-1 5  was  decided  upon  by carefu l l y balancing  
the  desire  for a  smal l  sample  set and  the  need  for enough  samples  to  main tain  a  h igh  accuracy.  
Speci fical l y,  the  choice  of the  test  samples  was  determ ined  as  fol lows.  At fi rst,  a  large  sample  
set ( ‘Reference  Set’  of about  5  000  samples)  was  establ ished ;  th is  set  met  a l l  requ ired  
properties  d iscussed  above and  in  (David  et  a l .  201 5)  – among  wh ich :   

  an  even  d istribution  across  a  gamut of “common  colours”  i n  CAM02 -UCS;   

  spectral  u n i form i ty (typical l y an  order o f magn i tude  better than  “standard”  sample  sets  such  
as  the  Test-Colour Samples  (TCS)  used  for the  calcu lation  of the  CIE  general  colour 
rendering  i ndex,  Ra) ;   

  samples  chosen  from  a  variety of manufactured  and  natural  objects.   

Subsequentl y,  a  smal l er set was  sought wi th  the  objective  of reproducing  the  pred ictions  of the  
Reference Set  as  wel l  as  poss ib le.  Namely,  the  objecti ve  was  that the  two  sets  yie l d  colour 
fidel i ty scores  that d i ffer by l ess  than  1  poin t for most SPDs.  Th is  d i fference  l im i t  was  chosen  
because  i t  i s  smal l  enough  compared  to  visual l y perceptib le  d i fferences  (~5)  (CIE  1 995),  and  
therefore  does  not add  much  to  the  tota l  error bar i n  comparing  experiments  a nd  calcu lations.  

A larger sample  set s i ze  a lso  provides  the  add i ti onal  benefi t of statistical  averag ing  – i nd ividual  
i ndependent samples  d i ffer from  one  another i n  ways  that  i n troduce  random  variation  i n  the  
average  value  R f,  and  accord ing  to  the  laws  of s tatis tics,  the  resu l tan t standard  deviation  of the  

mean  i s  reduced  as  the  number of samples  i ncreases  (Smet et a l .  201 5b) .  

As  a  resu l t,  a  set of 99  test-colour samples  was  devised  wh ich  met a l l  these  constra in ts .   

I t  may be  helpfu l  to  briefl y summarize  the  important  advantages  of the  new set of 99  real  test -
colour samples,  i n  comparison  to  the  e igh t rea l  test-colour samples  used  to  calcu late  Ra .  I n  both  

cases,  the  samples  were  selected  to  have  a  reasonabl y un i form  d istribu tion  of hue  values.  
However,  the  se lection  a lgori thm  for the  new set of 99  samples  has  the  fol l owing  important  
advantages:  

1 )  The  samples  are  reasonabl y un i form ly d i stribu ted  in  chroma  ( i nclud ing  strong ,  bu t not  
extreme chroma levels),  and  a lso  in  l i ghtness  (a l though  variation  in  l i ghtness  val ues  are 
l ess  important);  
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2)  The  sample  features  are  un i form ly d istributed  i n  wavelength  space (Smet et a l .  201 5b) ;  

3)  There  is  reduced  s tatistical  uncerta in ty,  th rough  the  use  of a  larger number of samples   

4)  When  the  sample  selection  a lgori thm  is  repeated ,  yield i ng  a  d i fferent subset of samples  that 
fu l fi l l  the  prescribed  cri teria,  the  R f  val ues  are  essentia l l y unchanged  (Smet et  a l .  201 5b) .  

4.3 Avoiding  negative values  for the general  colour fidel i ty index  and  the 
special  colour fidel i ty index  

The fol lowing  method ,  p resented  in  (Davis  & Ohno 201 0),  i s  used  for avoid ing  negative  values  
for the  general  co lour fidel i ty i ndex,  R f,  and  the  specia l  colour fi del i ty i nd ices,  R f, i,  using  the  

fol lowing  form  of convers ion  formu la:  

out in1 0 ln(exp( ) 1)R R   (1 ) 

where  R i n  i s  the  uncorrected  value  that cou ld  poten tia l l y go  below zero  in  some cases,  and  Rou t  

i s  the  corrected  value,  wh ich  is  essentia l l y unchanged  except in  the  case  of extremely l ow 
values,  for wh ich  Rou t  asymptotical l y approaches  zero  i nstead  of becom ing  negative.  Th is  

approach  i s  used  i n  the  ca lcu lation  of R f, i  and  R f  va l ues  in  Equations  (1 5a)  and  ( 1 5b) .  

4.4 M inor change to  reference i l luminant between  CCT of 4 000  K and  5  000  K 

Although  of l i ttl e  practical  consequence,  the  calcu lation  of the  CIE  general  colour rendering  
i ndex,  Ra ,  has  a  m inor bu t i nelegant d iscon tinu i ty at  5  000  K:  for l ower CCT values  a  P lanckian  

reference is  recommended ,  whereas  above 5  000  K a  phase  of dayl ight i s  used .  To  avoid  th is,  
the  procedure  recommended  here  is  to  make a  smooth ,  l inear transi ti on  from  a  Planckian  
reference  to  a  dayl i ght reference  such  that at  4  000  K and  below i t  i s  purel y P lanckian ,  at  
4  500  K i t  i s  a  50: 50  m ix  of the  two,  and  at  5  000  K and  above  i t  i s  pure l y a  dayl i ght reference.  
The  in troduction  of the  trans i ti on  reg ion  for the  reference  i l l um inan t between  4  000  K and  
5  000  K main l y affects  b lackbody rad iator- l ike  sources  for wh ich  some wi l l  no t obtain  a  general  
fidel i ty i ndex value  of 1 00.  The  maximum  obtainable  general  fi del i ty i ndex  value  for these  
reference  sources  is  red uced  by 1  or 2  and  up  to  5  for some of the  specia l  fidel i ty i nd ices,  R f, i.  

I t  i s  noted  that th is  proposal  i s  s l i ghtl y d i fferen t from  that made  in  I ES  TM -30-1 5  ( I ES  201 5) ,  
where  the  reg ion  of trans i tion  is  i n  the  range  from  4  500  K to  5  500  K.  Th is  mod i fica tion  is  made 
i n  order to  d i rectl y employ D50,  s ince  i t  i s  a  reference i l l um inant that i s  used  i n  many other 
standards.  The  precise  choice  of the  transi tion  reg ion  i s  somewhat arb i trary,  and  chang ing  the  
transi ti on  reg ion  on l y i nduces  very smal l  R f  va lue  d i fferences  (typica l l y 1  or l ess,  a lways  less  

than  2 , 5  and  up  to  6 , 5  for some of the  specia l  fide l i ty i nd ices,  R f, i) .   

4.5 Rescal ing  of average colour shi fts  

The  ca lcu lation  of the  R f  va lue  is  done  as  wi th  the  CIE  general  colour rendering  index,  Ra  –  by 

averag ing  the  magn i tude  of the  colour sh i fts  ( includ ing  d i fferences  in  l i ghtness)  for a l l  of the  
samples,  mu l tip l ying  by a  se lected  mu l tip l ication  factor and  subtracti ng  that product from  1 00.  
There  are  two  open  questions  i n  th is  process:   

( i )  What averag ing  method  shou ld  be  used?   

( i i )  How is  the  mu l tip l ication  factor determ ined?  

Regard ing  the  fi rst poin t,  root mean  square  averag ing  has  been  proposed  (Davis  & Ohno 201 0),  
i n  part to  m i tigate  the  l im i tation  of us ing  on l y a  few samples.  I t  i s  expected  that th is  i ssue  is  
a l l eviated  by the  use  of 99  samples.  Therefore,  i t  i s  recommended  to  use  the  s impler ari thmetic 
mean,  as  is  currentl y analogously used  for the  calcu lation  of Ra .  An  advantage  of th is  approach  

is  that the  average  fi del i ty value  i s  the  average  of the  specia l  values  for each  sample  (except 
for very l ow-fide l i ty sources,  due  to  the  rescal ing  procedure  described  in  4 . 3) .  

For the  second  poin t,  the  fol lowing  approach  was  fi rst  considered ,  presented  by Davis  and  
Ohno,  wh ich  ensures  that the  mean  Ra  val ue  for a  set  of CI E  s tandard  fl uorescent l amps  (F1 –

F1 2)  remains  unchanged  (Davis  & Ohno 201 0) .  Wh i le  th is  i s  a  data  set from  the  wel l -known  
CIE  publ ication  CIE  1 5  (2004) ,  i t  i s  a  set of fl uorescent l amps  that were  avai lable  30  years  ago,  
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