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THE  INTERNATIONAL COMMISSION  ON  ILLUMINATION  

The  I n ternational  Commiss ion  on  I l l um inati on  (CI E)  i s  an  organ i zati on  devoted  to  i n ternational  co-operati on  and  exchange  
of i n formation  among  i ts  member coun tries  on  a l l  matters  re l ati ng  to  the  art  and  science  of l igh ti ng .   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 scussion  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  bas ic standards  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 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 ti ng .  
4 .  To  prepare  and  publ i sh  s tandard s,  reports  and  other publ i cati ons  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 ica l  i n teracti on  wi th  other i n ternati onal  organ i zati ons  concerned  wi th  matters  re l ated  to  

the  science,  technology,  s tandard i zation  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  carri ed  ou t  by Techn ica l  Commi ttees,  organ i zed  i n  seven  Div is 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 i v i s i ons  of the  CI E  are  accepted  th roughou t  the  worl d .  
A p l enary sess ion  i s  hel d  every fou r years  at  wh ich  the  work of the  D iv i s 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 i zed  as  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  important pos i ti on  among  i n ternational  organ i zati ons.  
 
LA COMMISSION  INTERNATIONALE DE  L'ECLAIRAGE  

La  Commiss ion  I n ternationale  de  l 'Ecla i rage  (CI E)  est u ne  organ i sati on  qu i  se  donne  pou r 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  l a  science 
de  l 'écl a i rage.   E l l e  est  composée  de  Com i tés  Nationaux représentan t  envi ron  40  pays.  

Les  obj ecti fs  de  l a  CI E  son t :  
1 .  De  consti tuer un  cen tre  d 'étude  i n ternational  pou r tou te  matière  re levan t  de  l a  science,  de  l a  technolog ie  et  de  l 'art  

de  l a  l um ière  et  de  l 'écl a 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 pou r 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 recti ves  pou r l 'appl i cati on  des  pri ncipes  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 'écl a i rage.  
4 .  De  préparer et  pub l ier 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 'écla 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 'écl a i rage.  

Les  travaux de  l a  CI E  son t effectués  par Com i tés  Techn iques,  organ i sés  en  sept D iv is i ons.   Les  su j ets  d 'études  
s 'étendent  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  D iv is 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  Session  p l én ière  passe  en  revue  l e  travai l  des  Div i s ions  et  des  Comi tés  Techn iques,  en  fa i t  
rapport  e t  étab l i t  l es  proj ets  de  travaux pou r 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 sati ons  i n ternationales .  
 
DIE  INTERNATIONALE  BELEUCHTUNGSKOMMISSION  

Die  I n ternationale  Beleuch tungskommiss ion  (CIE)  i s t  e i ne  Organ i sati on ,  d i e  s i ch  der i n ternationalen  Zusammenarbei t u nd  
dem  Austausch  von  I n formationen  zwischen  i h ren  M i tg l i eds ländern  bezüg l i ch  der Kunst  und  Wissenschaft  der L i ch ttechn 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 ind :  
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 n ze lnen  Ländern  zu  sei n .  
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 twicklung  i n ternational er und  nati onaler 

Normen  au f dem  Gebiet  der L i chttechn ik  zu  erste l l en .  
4 .  Normen ,  Beri ch te  und  andere  Publ i kati onen  zu  erste l 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 i sche Zusammenarbei t  m i t  anderen  i n ternationalen  Organ i sationen  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 ik  zu  tun  haben .  

D ie  Arbei t  der CI E  wi rd  du rch  Techn i sche  Komi tees  ge le i stet,  d i e  i n  s i eben  Div i s ionen  organ i s iert  s i nd .   D i ese  Arbei t  
betri fft  Gebiete  m i t g rund legendem  I nhal t  b i s  zu  a l l en  Arten  der L ich tanwendung .   D i e  Normen  und  Techn i schen  Beri ch te,  
d i e  von  d i esen  i n ternational  zusammengesetzten  D iv i s i onen  ausgearbei tet  werden ,  s i nd  au f der ganzen  Wel t  anerkann t.  
Al l e  v i er J ahre  fi ndet  e i ne  Sess ion  statt,  i n  der d i e  Arbei ten  der D iv i s ionen  beri ch tet  u nd  überprü ft  werden ,  sowie  neue  
P läne  fü r d i e  Zukunft ausgearbei tet  werden .   D i e  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 
Be leuchtung  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 i sati onen .  
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I I  

Th is  Techn ical  Report has  been  prepared  by CIE  Techn ica l  Committee  1 -36  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 
Divis ion  1  of the  Commission  I n ternationale  de  l 'Ecla i rage.  The  document reports  on  cu rrent 
knowledge  and  experience  wi th in  the  speci fic  fi e ld  of l i gh t 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  s tatus  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 -36  de  l a  D ivision  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  desti né  à  être  u ti l i sé  par l es  membres  
de  la  CIE  et par tous  les  i n téressés.  I l  fau t  cependant noter que  ce  document est i nd icati f et  
non  obl igatoi re.   

D ieser Techn ische  Bericht i st  vom  Techn ischen  Kom i tee  CIE  1 -36  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 berich tet  über den  derzei ti gen  Stand  des  Wissens  
und  Erfahrung  in  dem  behandel ten  Gebiet  von  Licht 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  beach tet  
werden ,  dass  das  Dokument e i ne  Empfeh lung  und  keine  Vorschri ft  i s t.   

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

Tou te  men tion  d 'organ isme ou  de  produ i t  n ' impl ique  pas  une  préférence de  la  CI E.  Malgré  l e  
so in  apporté  à  l a  compi lation  de  tous  l es  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 Erste l 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 l ständ ig  s ind .   
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VI  

FUNDAMENTAL CHROMATICITY DIAGRAM WITH  PHYSIOLOGICAL AXES –  
PART 2:  SPECTRAL LUMINOUS EFFICIENCY FUNCTIONS AND CHROMATICITY 
DIAGRAMS 

Summary 

CIE  establ ished ,  i n  1 991 ,  the  Techn ical  Committee  TC  1 -36  wi th  the  fo l l owing  Terms of 
Reference:  "Establ ish  a  fundamental  chromatici ty d iagram  of wh ich  the  coord inates  
correspond  to  physiolog ical l y s ign i ficant  axes".   

Part  1  of the  report i s  presented  i n  CI E  1 70-1  Fundamental Chromaticity Diagram with  
Physiological Axes – Part 1 :  Definition  of CIE 2006 Cone Fundamentals .  I t  i s  l im i ted  to  the  
choice  of a  set  of colour-match ing  functions  (CMFs)  and  estimates  of cone  fundamenta ls  for 
the  normal  observer,  rang ing  i n  visual  ang le  (fi e l d  s i ze)  from  1 °  to  1 0° .   

Th is  report,  en ti tl ed  Part  2 ,  a ims  at  provid ing  the  user wi th  practical  colorimetric tools,  i n  the  
form  of chromatici ty d iagrams.   

The  report  s tarts  wi th  the  defin i ti on  of cone-fundamental -based  spectral  l um inous  efficiency 
functions  as  a  l i near combination  of the  long-wave  sensi ti ve  and  the  m idd le-wave sens i ti ve  
cone  fundamentals,  fol l owing  the  proposal  of Sharpe  et a l .  (201 1 ) .  Cone-fundamental -based  
spectral  l um inous  efficiency functions  are  proposed  for the  2°  and  for the  1 0°  photometric  
observers.   

The  defin i tion  of the  cone-fundamenta l -based  spectra l  l um inous  efficiency functions  offers  the  

poss ib i l i ty of developing  MacLeod–Boyn ton  chromatici ty d iagrams  based  on  cone  

fundamentals  where  the  chromatici ty i s  represented  i n  an  equ i - l um inan t p l ane.  MacLeod–

Boyn ton  tristimu lus  values  LMB ,  MMB  and  SMB  are  computed  i n  the  trad i ti onal  form ,  wh i l e  

chromatici ty coord inates  lMB  and  sMB  are  computed  so  as  to  preserve  the  equ i - lum inant  

property of the  d iagram .  

I n  add i tion ,  to  a l low for comparisons  wi th  the  trad i tional  CIE  procedures,  transformations  of 

the  cone  fundamenta ls  i n  the  form  of cone-fundamenta l -based  XF ,  YF ,  ZF  tri stimu lus  values  

and  xF ,  y F  chromatici ty coord inates  are  presented .  Cri teria  that  a  colorimetric  system  shou ld  

fu l fi l  are  maintained ,  and  the  properties  of the  spectral  tris timu lus  values,  summarized  by 

Wold  and  Valberg  (1 999),  are  described  i n  detai l .  The  l i near transformations  that shou ld  be  

used  to  compute  the  XF ,  YF ,  ZF  tristimu lus  values  from  the  cone  fundamentals  are  g i ven  wi th  

the  number of decimal  p l aces  necessary to  produce spectral  tristimu lus  values  wi th  7  

s i gn i ficant  fi gu res.   

The  report ends  wi th  tables  and  references.  

Al l  tab les  are  down loadable  i n  an  Excel® fi le  at  h ttp: //fi les . cie . co. at/81 3_Tables_CIE_1 70-
2.xls .  

 

DIAGRAMME FONDAMENTAL DE CHROMATICITE  AVEC DES AXES 
PHYSIOLOGIQUES – PARTIE  2:  FONCTIONS D'EFFICACITÉ LUMINEUSE 
SPECTRALE ET DIAGRAMMES DE CHROMATICITÉ  

Résumé 

La  CIE  a  créé,  en  1 991 ,  le  Com i té  techn ique  TC 1 -36  avec pour mandat :  «Etabl i r un  
d iagramme de  chromatici té  fondamenta l  don t  l es  coordonnées  correspondent à  des  axes  
phys io log iquement s i gn i fi cati fs" .  

La  prem ière  partie  du  rapport  a  été  publ iée  dans  le  document CI E  1 70-1  Fundamental 
Chromaticity Diagram with Physiological Axes – Part 1 :  Definition  of CIE 2006 Cone 
Fundamentals .  E l le  se  l im i te  au  choix d 'un  ensemble  de  fonctions  colorimétriques  et à  
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l ’ estimation  des  fondamentales  de  cônes  pour l 'observateur à  vis ion  des  cou leurs  normale,  
couvrant  un  champ visuel  de  1 °  à  1 0° .  

Ce  rapport-ci ,  i n ti tu lé  Partie  2 ,  vise  à  fourn i r à  l 'u ti l i sateur des  ou ti l s  co lorimétriques  pratiques,  
sous  la  forme de  d iagrammes de  ch romatici té.  

Le  rapport commence  par l a  défi n i ti on  des  fonctions  d 'efficaci té  l um ineuse  spectra le  
fondamentales  comme résu l tan t d ’une  combinaison  l inéai re  de  la  fondamentale  de  cônes  
sens ib les  aux grandes  l ongueurs  d ’onde  et de  l a  fondamentale  de  cônes  sens ibles  aux 
moyennes  l ongueurs  d ’onde,  d ’après  l a  proposi tion  de  Sharpe  et a l .  (201 1 ) .  Des  fonctions  
d 'efficaci té  lum ineuse  spectrale  fondamentales  sont  proposées  pour l es  observateurs  
photométriques  2°  et  1 0° .  

La  défin i tion  des  fonctions  fondamenta les  de  l 'efficaci té  l um ineuse  spectra le  permet de  
développer des  d iagrammes  de  ch romatici té  selon  MacLeod‒Boynton  basés  sur l es  
fondamentales  de  cônes  où  l a  chromatici té  est  représenté  dans  un  p lan  équ i lum inant.  Les  

composan tes  trichromatiques  LMB ,  MMB  e t  SMB  se lon  MacLeod‒Boyn ton  sont ca lcu lées  sous  la  

forme trad i ti onnel le ,  tand is  que  l es  coordonnées  trichromatiques  lMB  e t  sMB  sont ca lcu lées  de  

man ière  à  préserver l a  propriété  equ i - l um inante  du  d iagramme.  

En  outre,  pour permettre  des  comparaisons  avec l es  procédures  trad i tionnel l es  de  l a  CI E,  on  
présente  des  transformations  de  fondamenta les  de  cônes  en  composantes  
trichromatiques  XF ,  YF  e t  ZF  basées  sur l es  fondamentales  de  cônes  et  des  coordonnées  

trichromatiques  x F  et  yF .  Les  cri tères  que  doi t respecter un  système colorimétrique  sont  

main tenus  a ins i  que  l es  propriétés  des  fonctions  colorimétri ques,  te ls  que  résumés  par Wold  
et  Valberg  (1 999),  sont  décri ts  en  détai l .  Les  transformations  l i néai res  devant être  u ti l i sées  
pour calcu ler l es  composan tes  trichromatiques  XF ,  YF  e t  ZF  à  parti r des  fondamentales  de  

cônes  son t données  avec l e  nombre  de  décimales  nécessai res  pour produ i re  des  valeurs  de  
composantes  trichromatiques  spectra les  à  7  ch i ffres  s ign i ficati fs.  

Tous  l es  tab leaux son t  d ispon ib les  dans  un  fich ier Excel® té léchargeable  à  l ’ adresse  
h ttp : //fi l es. cie. co. at/81 3_Tables_CIE_1 70-2 . xls.  

 

GRUNDLEGENDE FARBTAFEL MIT PHYSIOLOGISCHEN  ACHSEN  – TEIL 2:  
FUNKTIONEN  DES SPEKTRALEN  HELLEMPFINDLICHKEITSGRADS UND 
FARBTAFELN  

Zusammenfassung  

Im  Jahre  1 991  rich tete  d ie  I n ternationale  Beleuch tungskommission  (CIE)  das  techn ische  
Kom itee  TC  1 -36  e in  m i t  fol gendem  Auftrag :  "Schaffung  e iner grund legenden  Farbtafe l ,  deren  
Koord inaten  physiolog isch  bedeutsamen  Achsen  entsprechen".  

Tei l  1  des  Berich ts  ist  i n  CIE  1 70-1  Fundamental Chromaticity Diagram with  Physiological 
Axes – Part 1 :  Definition  of CIE 2006 Cone Fundamentals  n iedergelegt.  Er i st  begrenzt auf d ie  
Auswah l  e i nes  geeigneten  Satzes  von  instrumentel l en  Spektralwertfunktionen  und  d ie  
Berei tste l lung  von  spektralen  Sehzapfen-Grundfunktionen  für den  Normalbeobachter,  
Funktionen ,  d ie  fü r e inen  Sehwinkelbereich  von  1 °  b is  1 0°  gel ten  sol len .  

D ieser m i t Te i l  2  bezeichnete  Berich t hat das  Zie l ,  dem  Nutzer praktische  farbmetrische  
Werkzeuge  i n  Form  von  Farbtafe ln  an  d ie  Hand  zu  geben .  

Der Bericht beg inn t m i t  der Defin i tion  von  auf Sehzapfen-Grundfunktionen  bas ierenden  
Spektralwertfunktionen  a ls  e ine  L inearkombination  der l angwel l i gen  und  m i tte lwel l igen  
Sehzapfen-Grundfunktionen ,  e inem  Vorsch lag  von  Sharpe  et  a l .  (201 1 )  fo lgend .  Auf 
Sehzapfen-Grundfunktionen  basierende  Spektralwertfunktionen  werden  für den  2°  und  den  
1 0°  photometrischen  Normalbeobach ter vorgesch lagen .  
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D ie  Defin i tion  der auf Sehzapfen-Grundfunktionen  bas ierenden  Spektralwertfunktionen  b ietet  
d ie  Mög l ichkei t,  MacLeod–Boynton-Farbtafeln  zu  entwickeln ,  d ie  au f Sehzapfen-
Grundfunktionen  bas ieren ,  wobei  d ie  Farbart  i n  e iner Ebene g le icher Leuch td ich te  
repräsentiert  wird .  MacLeod–Boynton-Farbwerte  LMB ,  MMB  und  SMB  werden  i n  übl icher Weise  

berechnet,  während  d ie  Farbkoord inaten  lMB  u nd  sMB  so  berechnet werden ,  dass  d ie  

E igenschaft  g le icher Leuchtd ich te  des  D iagramms erhal ten  b le ibt.  

Des  Wei teren  werden ,  um  Verg le iche  m i t  üb l ichen  CIE-Verfahren  zu  erlauben,  
Transformationen  der Sehzapfen-Grundfunktionen  i n  Form  von  auf Sehzapfen-
Grundfunktionen  basierenden  Farbwerten  XF ,  YF ,  ZF  und  Farbkoord inaten  xF ,  yF  präsen tiert.  

Von  e inem  farbmetrischen  System  zu  erfü l l ende  Kri terien  werden  erhal ten ,  und  d ie  
E igenschaften  der spektra len  Farbwerte,  zusammengefasst von  Wold  und  Valberg  (1 999) ,  
werden  im  Detai l  beschrieben .  D ie  l i nearen  Transformationen ,  d ie  zu r Berechnung  der 
Farbwerte  XF ,  YF ,  ZF  aus  den  Sehzapfen-Grundfunktionen  benu tzt  werden  sol l ten ,  werden  m i t  

der Anzah l  von  Dezimalstel len  angegeben ,  welche  zu r Erm i tl ung  spektraler Farbwerte  m i t  7  
s ign i fikanten  Stel len  erforderl ich  s ind .  

Der Berich t endet m i t Tabel l en  und  Referenzen .  

Al le  Tabel l en  s ind  i n  e iner Excel®-Datei  un ter h ttp: //fi l es . cie . co.at/81 3_Tables_CIE_1 70-2 . xls  
verfügbar.  
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Introduction  to  Part 2  

Since  colorimetry was  establ ished  in  1 931 ,  cons iderable  improvements  i n  the  metrology of the  
colour s timu lus  and  immense  advances  i n  the  knowledge of colour vis ion  have  been  made.  

The  colour sensation  resu l ts  from  physiolog ical  processes,  the  fi rst  of wh ich  i s  the  capture  of 
photons  by the  cones  of the  reti na.  The  fundamental  sensi ti vi ties  of the  cones  need  to  be  
precisel y known  to  accuratel y speci fy a  colour stimu lus  from  a  g i ven  spectra l  power 
d istribu tion .  

Part  1  of th is  report  provides  the  scienti fic  commun i ty wi th  cone  fundamentals,  wh ich  are  the  
re lative  spectral  sens i ti vi ti es  of the  long-wave sens i ti ve  (LWS),  m idd le-wave sensi ti ve  (MWS) 
and  short-wave sensi ti ve  (SWS)  cones  as  measured  at  the  en trance  of the  eye.  The  cone  
fundamentals  have  been  derived  from  the  best set  of colour-match ing  functions  
experimental l y col lected  on  a  1 0°  fie ld .  I n  particu lar,  the  2°  cone  fundamentals ,  wh ich  have  
been  reconstructed  from  the  1 0°  data  by gu idance of psychophysical  data  for 2°  fi e ld  s i ze,  
represent the  best proposal  avai l ab le  today.  

Part 2  of the  report a ims  at  provid ing  the  user wi th  practical  colorimetric tools ,  i n  the  form  of 
chromatici ty d iagrams.  The  chromatici ty d iagram  i s  a  two-d imensional  representation  of co lour,  
i ndependent of the  l um inance of the  colour stimu lus.  The  h ypothes is  that  l um inous  quan ti ty as  
measured  by fl i cker photometry (referred  to  as  LM-lum inance  i n  th is  report)  re l ies  on l y on  the  
sum  of the  acti vi ty of the  LWS and  MWS cones  has  been  recogn ized ,  and  a  cone-
fundamental -based  spectra l  l um inous  efficiency function  is  implemented  i n  C lause  7 .  As  
ou tl ined  in  8 . 1 ,  th is  h ypothesis  offers  the  poss ib i l i ty of proposing  an  equ i - lum inan t 
chromatici ty d iagram  d i rectl y based  on  cone  fundamentals ,  wh ich  i s  a  considerable  advantage  
for understand ing  colour.  I n  add i tion ,  to  a l low for comparison  wi th  the  trad i ti onal  CI E  
procedures,  a  transformation  of the  cone  fundamentals  i n  the  form  of cone-fundamental -
based  XYZ tristimu lus  va lues  and  of an  accompanying  chromatici ty d iagram  is  presented  i n  
8. 2 .  

Part 2  ends  by conclud ing  that a  l i nk has  been  establ ished  between  colorimetry and  
phys io logy.  Such  a  reason ing ,  wh ich  has  been  developed  by several  scientists  i n  the  past,  i s  
a  modern  CIE  approach  that wi l l  improve  the  understand ing  of colour.  I t  wi l l  be  usefu l  for 
education  and  wi l l  offer novel  opportun i ties  of solving  problems  of colour measurement and  
colour perception  i n  everyday l i fe  and  in  i ndustry.  

NOTE  The  clause  numbers  i n  th is  document are  conti nuous  wi th  respect to  Part 1  of the  
report,  i . e.  start  wi th  C lause  7.  

International  Commission  on  I l lumination

 

Full document details: CIE 170-2-2015

http://www.avadocuments.com/doc/cie-170-2-2015
http://www.avadocuments.com/doc/cie-170-2-2015


CIE  1 70-2: 201 5  

2  

7 Photometric Aspects;  the Choice of the Cone-Fundamental -Based  Spectral  
Luminous  Efficiency Functions  

7. 1  Task Defin i tion  

Once the  essentia l  s tep  of proposing  cone  fundamentals  i s  taken ,  i t  i s  possible  to  represent 
colours  i n  a  co lorimetric colour space  wi th  physiolog ical l y s ign i ficant axes.  

The  tristimu lus  va lues  L ,  M and  S  of a  colour s timu lus  g i ven  by the  colour stimu lus  function  

φ λ (λ)  are  obtained  by the  equations  

L ( ) ( ) dL k lλϕ λ λ λ= ⋅ ⋅∫  (7.1 a)  

M ( ) ( ) dM k mλϕ λ λ λ= ⋅ ⋅∫  (7.1 b) 

S ( ) ( ) dS k sλϕ λ λ λ= ⋅ ⋅∫ ,  (7.1 c)  

i n  wh ich  ( )l λ ,  ( )m λ  and  ( )s λ  are  the  cone  fundamentals  normal ized  to  un i ty peak,  orig i nal l y 

from  Stockman  and  Sharpe  (2000) ,  and  k
L
,  k

M
 and  k

S
 are  constan ts  that  scale  the  tris timu lus  

values  for normal i zing  purpose.  

I n  th is  document a  purel y colorimetric observer is  deal t wi th .  An  attracti ve,  bu t arti fi cia l ,  

aspect of the  CIE  1 931  system  is  that ( )y λ  i s  i dentical  to  the  spectra l  l um inous  efficiency 

function  ( )V λ ,  so  that the  CI E  1 931  s tandard  observer i s  both  a  colorimetric and  photometric  

observer.  

However,  as  men tioned  i n  the  general  i n troduction  i n  C lause  1  (see  Part 1  of th is  document) ,  

the  spectra l  l um inous  efficiency function  ( )V λ  i n  the  CI E  1 931  s tandard  colorimetric  system  

was  i n troduced  i n  a  dubious  way,  s i nce  i t  was  used  to  construct the  colour-match ing  

functions.  The  1 924  photometric observer thus  became an  essentia l  i ngred ient i n  the  1 931  

colorimetric  observer.  I n  th is  cl ause  the  opposi te  rou te  i s  taken :  On  the  basis  of the  pure l y 

colorimetric  functions  ( )l λ ,  ( )m λ  and  ( )s λ ,  an  optimal  spectra l  l um inous  efficiency function  

V
F
(λ)  as  a  l i near combination  of ( )l λ ,  ( )m λ  and  ( )s λ  i s  sought,  where  optimal  i s  i n tended  to  

mean  being  close  to  experimental  data  as  wel l  as  be ing  close  to  a  curren tl y used  photopic  

spectral  l um inous  efficiency function .  Thus,  the  task is  to  determ ine  appropriate  values  of the  

coefficien ts  α ,  β  and  γ  i n  the  equation  

V
F
(λ) =  α  l (λ) + β  m (λ) + γ s (λ).  (7.2) 

7.2  The Cone-Fundamental -Based  Spectral  Luminous  Efficiency Functions  
VF, q(λ)  and  VF(λ)  for 2°  Field  Size  

I t  i s  general l y recogn ized  that the  CI E  1 924  photopic spectral  l um inous  efficiency function  for 

the  2°  observer,  ( )V λ ,  was  defined  as  a  poor comprom ise  between  very d ivergent  

experimental  data,  particu larl y at short wavelengths.  J udd  (1 951 )  and  Vos  (1 978)  made  

suggestions  for an  improved  ( )V λ ,  wh ich  resu l ted  i n  the  M ( )V λ  function  as  described  i n  CIE  

86-1 990  (CIE,  1 990).  Therefore,  i n  l i ne  wi th  ou r bas ic assumption  that the  S-cone system  

does  not notabl y contribu te  to  l um inance,  the  question  of determ in ing  a  l i near combin ation  of 

the  ki nd  g i ven  i n  Eq .  7 . 2  reduces  to  the  problem  of find ing  coefficients  α
2
 and  β

2
 that make 

2 2( ) ( )l mα λ β λ+  an  optimal  fi t  to  M ( )V λ .  

Computations  show that an  exact fi t  cannot be  ach ieved ,  as  m ight  be  expected  s i nce  M ( )V λ  i s  

somewhat removed  from  experimen tal  data.   
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But  based  on  experimental  data  Sharpe  et  a l .  (201 1 ) ,  by revising  thei r 2005-paper (Sharpe  et 
a l . ,  2005),  proposed  a  reasonable  practical  solu tion  described  by the  equation  

F,q q q( ) [1, 89 ( ) ( )] /2, 803 605 72V l mλ λ λ= +  (7.3a) 

or 

F,q q q( ) 0, 674 1 31 88 ( ) 0,356 683 54 ( )V l mλ λ λ= + ,  (7.3b) 

i n  wh ich  F,q ( )V λ  i s  the  proposed  cone-fundamental -based  spectra l  l um inous  efficiency function  

for 2 °  fi el d  s ize  i n  terms  of quanta  (subscript  F  denoting  “cone-fundamental -based”),  and  

l λ
  q ( )  and  q ( )m λ  are  the  quantal  2°  cone  fundamentals.  

The  denom inator va lue  2 , 803  605  72  i n  Eq .  7. 3a  i s  needed  for normal i zation  to  un i ty peak 

(wh ich  means  normal ization  at the  nearest 0 , 1  nm  to  the  maximum  va lue  at 546, 1  nm).  Note  

that th is  function  has  a  broad  fl at  peak wi th  l ocal  undu lations.  546, 1  nm  is  a  l ocal  maximum—

the  cen tra l  wavelength  of the  broad  peak is  abou t 550  nm .  These  undu lations  reflect the  

properties  of the  underlying  Sti l es  and  Burch  (1 959)  data.  F,q ( )V λ  i s  representati ve  of an  

average  spectra l  l um inous  efficiency function ,  wh ich ,  as  shown  by Hofer et a l .  (2005),  i s  an  

average  of considerable  variations  between  observers ,  or one  cou ld  say,  wi th in  th is  scheme,  

of cons iderable  variations  of weighting  factors  between  observers  (Stockman  et  a l . ,  2008) .  

I t  shou ld  be  mentioned  that the  choice  as  made  in  Eq .  7 . 3  i s  the  one  for a  background  
adaptation  of Standard  I l l um inan t D65 (Stockman  et  a l . ,  2008) .  Th is  choice  is  made because  
D65  is  one  of the  i l l um inan ts  recommended  by the  CIE  for a l l  speci fications  of surface  colour 
(see  for i nstance  I SO/CIE  (2007)) .  

F,q ( )V λ  i s  very close  to  the  photopic  sensi ti vi ty curve  as  determ ined  by Sharpe  et  a l .  (201 1 ) .  

When  the  photopic lum inous  efficiency and  the  cone  fundamentals  are  defined  on  an  energy 
bas is ,  Eqs.  7 . 3  a‒b  become 

F 1, 980 647 0( ) [ ( ) ( )] /2, 874 0 907 67V l mλ λ λ= +  (7.4a) 

or 

F ( ) 0, 689 902 72 ( ) 0, 348 321 89 ( )V l mλ λ λ= + ,  (7.4b) 

where  F ( )V λ  i s  the  proposed  cone-fundamental -based  spectral  l um inous  efficiency function  for 

2°  fi el d  s ize  in  terms  of energy,  and  ( )l λ  and  ( )m λ  are  the  energy-based  2°  cone  

fundamentals .   

F ( )V λ  i s  normal i zed  to  un i ty peak at  556, 1  nm .  

For the  fi e ld  s ize  of 2° ,  i t  i s  recommended  to  use  Eq .  7 . 3  i n  terms  of quan ta  (see  Table  1 0. 1 )  
and  Eq .  7 . 4  i n  terms  of energy (see  Table  1 0. 2) .  

The  ratio  of the  weighti ng  of ( )l λ  to  the  weigh ting  of ( )m λ  i s ,  a l though  ind ividual  d i fferences  

i n  the  ratio  of L-cones  to  M-cones  are  known ,  close  to  the  value  2  (see  Eq .  7 . 4a) ,  the  mean  

value  in  the  determ ination  by Nerger and  Cicerone  (1 992),  a  va lue  fi rst  proposed  by Vos  and  

Walraven  (1 971 ) ,  and  used  s i nce  i n  many colour models  (Gu th  et  a l . ,  1 980;  Lenn ie  et  a l . ,  

1 993).  

The  new function  F ( )V λ  i n  Eq .  7 . 4  i s  i n troduced  as  a  supplement to  M ( )V λ  wi th in  the  con text  of 

th is  report.   
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As  F igure  7 . 1  shows,  the  d iscrepancies  between  F ( )V λ  and  M ( )V λ  are  rather smal l ,  and  

actual l y i ns ign i fican t  i n  comparison  wi th  i nd ividual  variabi l i ty,  so  that  swi tch ing  from  M ( )V λ  to  

F ( )V λ  d oes  not mean  a  repud iation  of M ( )V λ ,  bu t shou ld  rather be  seen  as  one  step  further i n  

defin ing  an  i n tegrated  photometric and  colorimetric observer.  

 
Figure 7.1  – Relative spectral  luminous efficiency (log-scale)  in  terms of energy,  for the 2° field  

size:  the proposed cone-fundamental-based spectral  luminous efficiency function VF ( )λ  
compared with  the CIE 1 988 VM ( )λ  

7.3  The Cone-Fundamental -Based  Spectral  Luminous  Efficiency Functions  
VF, q , 1 0(λ)  and  VF, 1 0(λ)  for 1 0°  Field  Size  

CIE  (2005)  has  recommended  the  use  of 1 0 ( )y λ  of the  CIE  1 964  standard  colorimetric  

observer as  the  appropriate  photopic  spectral  l um inous  efficiency function  for the  fi e ld  s i ze  of 

1 0° .  As  1 0 ( )y λ  d oes  not suffer the  same weakness  as  the  CIE  ( )V λ  function  for the  2°  fie ld  

s i ze,  i t  seems  therefore  obvious  to  fi nd  the  coefficien ts  1 0α  and  1 0β  that  make 1 0 1 0 ( )lα λ⋅ +  

1 0 1 0 ( )mβ λ⋅  an  optimal  fi t  to  1 0 ( )y λ .  

Compu tations  show,  however,  that a  tru l y close  fi t  cannot be  ach ieved ,  wh ich  is  not too  

surpris i ng ,  s ince  1 0 ( )y λ  i s  a  l i near combination  of the  CIE  1 964  1 0°  CMFs  rather than  the  

Sti l es  and  Bu rch  (1 959)  CMFs  used  here.  The  CIE  1 964  CMFs  incorporate  the  Speranskaya  

(1 959)  data  as  wel l  as  the  Sti l es  and  Burch  data,  and  the  CMFs were  subj ected  to  several  

other ad j ustments  by the  CIE.   

G iven  the  fi nd ing  that  for a  broad  range  of va lues  of 1 0α / 1 0β  the  d i fference  between  

1 0 1 0 1 0 1 0( ) ( )l mα λ β λ⋅ + ⋅  on  the  one  hand  and  1 0 ( )y λ  on  the  other hand  i s  a lmost the  same,  

and  no  clear optimal  va lue  of 1 0α / 1 0β  can  be  establ ished ,  other ways  shou ld  be  found  to  

determ ine  1 0α / 1 0β .  

Accord ing  to  C icerone  and  Nerger (1 989),  Nerger and  Cicerone  (1 992),  and  Knau  et a l .  
(2001 ),  the  L/M-ratio  does  not s ign i ficantl y change  as  a  function  of retinal  eccentrici ty.   

International  Commission  on  I l lumination

 

Full document details: CIE 170-2-2015

http://www.avadocuments.com/doc/cie-170-2-2015
http://www.avadocuments.com/doc/cie-170-2-2015


CIE 1 70-2: 201 5  

5  

Bearing  i n  m ind  that 2α / 2β  i s  g iven  as  1 , 89  i n  Eq .  7 . 3a,  i t  seems,  on  the  basis  of th is  

evidence,  reasonable  to  choose  the  same value  1 , 89  for 1 0α / 1 0β  i n  the  1 0°  case.  

I t  shou ld  be  s tressed  that th is  argument i s  g i ven  as  a  practical  solu tion  to  the  problem  of 

establ ish ing  the  ratio  α
1 0
/β

1 0
.  A s tra ightforward  comparison  wi th  an  experimental l y 

measured  V
1 0

(λ)  function  wou ld  be  preferred .  I t  shou ld  be  further stressed  that th is  

provis ional  so lu tion  is  offered  main l y as  a  means  of defin ing  a  ( F,1 0x
, F,1 0y )  cone-

fundamental -based  chromatici ty d iagram  sim i lar to  the  CIE  1 964  ( 1 0x , 1 0y )  d i agram .  I t  is  

noted  that fu rther s tudy i s  requ i red  and  that th is  i s  by no  means  a  proposal  to  replace  the  

1 0 ( )y λ .   

Adopting  1 , 89  as  the  ratio  of 1 0α  to  1 0β ,  the  cone-fundamental -based  spectral  l um inous  

efficiency function  for 1 0°  fi el d  s i ze  i n  terms  of quanta,  V λ
   F, q ,1 0 ( ) ,  i s  g iven  by the  equation  

V l mλ λ λ= +
         F, q ,1 0 q ,1 0 q ,1 0( ) [1, 89 ( ) ( )] / 2, 804 550 1 7  (7.5a)  

or  

V l mλ λ λ= +
         F, q ,1 0 q ,1 0 q ,1 0( ) 0, 673 904 86 ( ) 0, 356 563 42 ( ) ,  (7.5b) 

i n  wh ich  
   q ,1 0 ( )l λ  and  

   q ,1 0 ( )m λ  are  the  quantal  1 0°  cone  fundamentals.   

The  denom inator value  2 , 804  550  1 7  i n  Eq .  7 . 5a  is  needed  for normal ization  to  un i ty peak,  
wh ich  i s  at  544,8  nm .   

When the photopic luminous efficiency and  the cone fundamentals are defined  on an  energy basis,  
Eqs.  7.5 a‒b become  

F,1 0 1 0 1 0( ) [1, 981 376 97 ( ) ( )] /2, 859 792 94V l mλ λ λ= +  (7.6a) 

or 

F,1 0 1 0 1 0( ) 0, 692 839 32 ( ) 0,349 675 67 ( )V l mλ λ λ= + ,  (7.6b)  

where  F,1 0 ( )V λ  i s  the  cone-fundamental -based  spectra l  l um inous  efficiency function  for 1 0°  

fie l d  s i ze  i n  terms  of energy,  and  
  1 0 ( )l λ  and  

  1 0 ( )m λ  are  the  energy-based  1 0°  cone  

fundamentals .   

F,1 0 ( )V λ  i s  normal i zed  to  un i ty peak at  555, 7  nm .   

For the  fie l d  s ize  of 1 0° ,  i t  i s  recommended  to  use  Eq .  7. 5  i n  terms  of quan ta  (see  Table  1 0. 3)  
and  Eq .  7. 6  i n  terms  of energy (see  Table  1 0. 4).  

F igure  7. 2  shows that the  d iscrepancies  between  F,1 0 ( )V λ  and  1 0 ( )y λ  are  very smal l .  
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Figure 7.2 – Relative spectral  luminous efficiency (log-scale),  in  terms of energy,  for the 1 0°  
field  size:  the proposed cone-fundamental-based spectral  luminous efficiency function VF,1 0 ( )λ  

compared with  the y1 0 ( )λ  of the CIE 1 964 1 0° observer 

8 Chromatici ty Diagrams 

This  cl ause  deals  wi th  chromatici ty,  i . e .  wi th  the  speci fication  of the  chromatic properties  of 
the  colour stimu lus  i n  a  two-d imensional  p lane.   

Several  choices  are  possible  (Valberg ,  2005).  I n  l i ne  wi th  what  i s  known  from  phys iology,  
emphasis  i s  g iven  to  an  equ i - l um inan t ch romatici ty d iagram  that a l lows  the  separation  of the  
l um inous  and  the  chromatic  components  of the  stimu lus.  

F i nal l y,  to  bri dge  the  gap  between  the  cone-fundamenta l  framework and  the  curren t  CIE  
practice,  an  (x,  y)- l ike  cone-fundamental -based  chromatici ty d iagram  is  developed .  

8.1  The MacLeod–Boynton  Chromatici ty Diagram  

An  advan tage  of defi n ing  the  cone-fundamenta l -based  spectra l  l um inous  efficiency function  

( F ( )V λ  function )  as  a  particu lar sum  of the  LWS cone  (L-cone)  and  MWS cone  (M-cone)  

responses  i s  that i t  offers  an  e legant  and  usefu l  way of representing  cone  chromatici ti es  i n  an  
equ i - l um inan t p l ane  or d iagram .  A chromatici ty d iagram  of th is  ki nd ,  based  i n  part on  earl i er 
proposals  by Schröd inger (1 925),  Lu ther (1 927)  and  Le  Grand  (1 949) ,  was  developed  by 
MacLeod  and  Boynton  (1 979) .   

Th is  d iagram  is  now commonly referred  to  as  the  MacLeod–Boynton chromaticity diagram.  

8.1 . 1  MacLeod–Boynton  Tristimulus  Values  

For the  derivation  of the  MacLeod–Boynton  chromatici ty d iagram ,  the  LMS  tris timu lus  space  
needs  to  be  defined .  An  LMS  tristimu lus  space  i s  a  three-d imensional  vector space  where  the  
coord inate  axes  represent the  exci tations  of the  three  cone  types  involved  i n  colour vis ion .  I n  
particu lar,  a  Cartes ian  LMS tristimu lus  space  reflecti ng  the  weighted  con tribu tion  of L-  and  M-
cones  to  the  LM-lum inance  i s  referred  to  below as  a  MacLeod–Boynton tristimulus space .  The  
coord inates  of such  a  space  are  named  MacLeod–Boynton tristimulus values.  
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I n  the  derivation  of the  tristimu lus  values ,  care  i s  taken  of the  weighted  contribu tion  of L-  and  

M-cones  to  the  LM-lum inance.  Thus,  when  weighti ng  factors  for l um inance are  appl i ed ,  the  

MacLeod–Boynton  tris timu lus  values  LMB ,  MMB  and  SMB  of a  colour s timu lus  g i ven  by the  

colour stimu lus  function  φ λ (λ)  are  obtained  by the  equations  

   MB L   ( )  ( )  L l dλ
λ

α ϕ λ λ λ= ∫  (8.1 a) 

MB M   ( )  ( )  M m dλ
λ

α ϕ λ λ λ= ∫  (8.1 b) 

  MB S   ( )  ( )  S s dλ
λ

α ϕ λ λ λ= ∫ ,  (8.1 c) 

i n  wh ich  ( )l λ ,  ( )m λ  and  ( )s λ  are  the  cone  fundamentals  normal i zed  to  un i ty peak,  and   

α
L
,  α

M
 and  α

S
 are  weigh ting  factors  that,  i n  add i tion  to  provid ing  an  appropriate  overal l  

normal i zation ,  ensure  equ i - l um inance  wi th in  the  correspond ing  chromatici ty d iagram .  

The  MacLeod–Boynton  tristimu lus  values  may be  defined  on  e i ther a  quan tum  bas is  or an  

energy bas is .  I n  both  cases,  the  above-mentioned  characteristics  of a  MacLeod–Boyn ton  

tris timu lus  space  are  obtained  by normal i zi ng  the  MacLeod–Boyn ton  tristimu lus  values  
  MBL  

and  
  MBM  ( referri ng  to  the  L-  and  M-cone  fundamenta ls)  so  that the  unweighted  sum  

    MB MBL M+  i s  proportional  to  the  LM-lum inance.  There  is  no  speci fic  cri terion  for the  scal i ng  

of the  S-axis .  For conven ience,  however,  the  MacLeod–Boynton  tris timu lus  value  
  MBS  

( referri ng  to  the  S-cone  fundamental )  i s  normal i zed  so  that,  for rea l  co lour stimu l i ,  the  ratio  

      MB MB MB/ ( )S L M+  h as  a  maximum  va lue  of one.  

I t  i s  recommended  to  use  the  fo l lowing  MacLeod–Boynton  tristimu lus  values:  

8.1 . 1 . 1  The Quantum-Based  MacLeod–Boynton  Tristimulus  Values  for 2°  Field  
Size  

    

441

 MB, q , q q

1

0,674 1 31 88 ( )  ( ) Δi i

i

L lλϕ λ λ λ
=

= ∑  (8.2a)    

   

441

 MB, q , q q

1

0,356 683 54 ( )  ( ) Δi i

i

M mλϕ λ λ λ
=

= ∑  (8.2b) 

     

441

 MB, q , q q

1

0, 046 688 58  (  Δ  ) ( )i i

i

S sλϕ λ λ λ
=

= ∑ ,  (8.2c) 

where  1 2 441( , , . . . , ) (390 nm, 391 nm, . . . , 830 nm)λ λ λ = ,  λ =Δ 1 nm ,  ,q ( )λϕ λ
 

 i s  the  quan tum-based  

colour stimu lus  function  and  q ( )l λ ,  q ( )m λ  and  q ( )s λ  are  the  2°  cone  fundamentals  as  defined  

i n  terms  of quantum  un i ts  i n  C lauses  2  and  4  of Part 1 .  

NOTE  The  scal i ng  factors  0 , 674  1 31  88  and  0 , 356  683  54  equal  the  coeffi cien ts  of the  l i near 

combination     

    

  F, q q q( ) 0,674 1 31 88 ( ) 0,356 683 54 ( )V l mλ λ λ= +  (see  Eq .  7 . 3b).  The  factor 

0 , 046  688  58  i s  needed  for normal i zi ng  
 q F, q( ) ( )s Vλ λ  to  a  maximum  value  of one.  
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8.1 . 1 .2  The Energy-Based  MacLeod–Boynton  Tristimulus  Values  for 2°  Field  
Size  

  

441

 MB

1

0,689 902 72 ( )  ( ) Δi i

i

L lλϕ λ λ λ
=

= ∑  (8.3a) 

441

 MB

1

0,348 321 89 ( )  ( ) Δi i

i

M mλϕ λ λ λ
=

= ∑  (8.3b) 

  

441

 MB

1

0, 037 1 59 71  ( )  ( ) Δ  i i

i

S sλϕ λ λ λ
=

= ∑ ,  (8.3c) 

where  1 2 441( , , . . . , ) (390 nm, 391 nm, . . . , 830 nm)λ λ λ = ,  λ =Δ 1 nm ,  ( )λϕ λ  i s  the  colou r stimu lus  

function  and  ( )l λ ,  ( )m λ  and  ( )s λ  are  the  2°  cone fundamentals  as  defined  i n  terms  of energy 

un i ts  i n  Clauses  2  and  4  of Part 1 .  

NOTE  The  scal i ng  factors  0 , 689  902  72  and  0 , 348  321  89  equal  the  coeffi cien ts  of the  l i near 

combination       F ( ) 0,689 902 72 ( )+0,348 321 89 ( )V l mλ λ λ=  (see  Eq .  7 . 4b) .  The  factor 0 , 037  1 59  71  

i s  needed  for normal i zi ng  F( ) ( )s Vλ λ  to  a  maximum  value  of one.  

8.1 . 1 .3  The Quantum-Based  MacLeod–Boynton  Tristimulus  Values  for 1 0°  
Field  Size  

                    

441

 MB, q , 1 0 , q q , 1 0

1

0, 673 904 86  ( )  ( ) Δi i

i

L lλϕ λ λ λ
=

= ∑  (8.4a) 

                

441

 MB, q , 1 0 , q q , 1 0

1

0, 356 563 42  ( )  ( ) Δi i

i

M mλϕ λ λ λ
=

= ∑  (8.4b) 

                 

441

 MB, q , 1 0 , q q , 1 0

1

0, 068 348 2  8  ( )  ( ) Δi i

i

S sλϕ λ λ λ
=

= ∑ ,  (8.4c) 

where  1 2 441( , , . . . , ) (390 nm, 391 nm, . . . , 830 nm)λ λ λ = ,  λ =Δ 1  nm ,  ,q ( )λϕ λ  i s  the  quantum-based  

colour s timu lus  function  and  l λ
      q , 1 0 ( ) ,  m λ

      q , 1 0 ( )  and  s λ
      q , 1 0 ( )  are  the  1 0°  cone  fundamentals  

as  defined  i n  terms  of quan tum  un i ts  in  Clauses  2  and  4  of Part 1 .  

NOTE  The  scal i ng  factors  0 , 673  904  86  and  0 , 356  563  42  are  the  coeffi cien ts  of the  l i near 

combination  V l mλ λ λ= +
       F, q,1 0 q ,1 0 q ,1 0( ) 0,673 904 86 ( ) 0,356 56  3 42 ( )  (see  Eq .  7 . 5b).  The  factor 

0, 068  348  28  is  needed  for normal izing  s Vλ λ
        q ,1 0 F, q , 1 0( ) ( )  to  a  maximum  value  of one.  

8.1 . 1 .4  The Energy-Based  MacLeod–Boynton  Tristimulus  Values  for 1 0°  Field  
Size  

   

441

 MB, 1 0 1 0

1

0, 692 839 32  ( )  ( ) Δi i

i

L lλϕ λ λ λ
=

= ∑  (8.5a) 

 

441

 MB, 1 0 1 0

1

0, 349 675 67  ( )  ( ) Δi i

i

M mλϕ λ λ λ
=

= ∑  (8.5b) 

   

441

 MB, 1 0 1 0

1

0, 055 478 58  ( Δ  )  ( )i i

i

S sλϕ λ λ λ
=

= ∑ ,  (8.5c) 
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where  1 2 441( , , . . . , ) (390 nm, 391 nm, . . . , 830 nm)λ λ λ = ,  λ =Δ 1 nm ,  ( )λϕ λ  i s  the  colour stimu lus  

function  and  1 0 ( )l λ ,  1 0 ( )m λ
 
and  1 0 ( )s λ  are  the  1 0°  cone fundamentals  as  defined  in  terms  of 

energy un i ts  i n  Clauses  2  and  4  of Part  1 .  

NOTE  The  scal i ng  factors  0 , 692  839  32  and  0 , 349  675  67  equal  the  coeffi cien ts  of the  l i near 

combination     

 

  F, 1 0 1 0 1 0( ) 0,692 839 32 ( ) 0,349 675 67 ( )V l mλ λ λ= +  (see  Eq .  7 . 6b).  The  factor 

0 , 055  478  58  i s  needed  for normal i zi ng  
 1 0 F, 1 0( ) ( )s Vλ λ  to  a  maximum  value  of one.  

8.1 .2  The MacLeod–Boynton  Constant LM-Luminance Plane  

From  the  h ypothes is  that on l y L-  and  M -cone responses  contribute  to  l um inous  quan ti ty as  
measured  by fl i cker photometry (LM- lum inance),  poin ts  i n  the  MacLeod–Boyn ton  LMS  
tris timu lus  space representing  colour stimu l i  of equal  LM- lum inances  wi l l  l i e  in  a  p l ane  paral l e l  
to  the  SMB -axis .  Such  a  p lane  is  a  constant  LM- lum inance  plane.  Any constant  LM- lum inance  

p lane  i n tersects  the  LMB -  and  MMB -axes  at  numerical l y equal  values  (F igure  8. 1 ) .   

  

NOTE 1  The  values  a long  the  spectrum  l ocus  are  i n  nanometre.   
NOTE  2  The  subscript  of the  axes  l abel s,  MB,  i nd icates  that the  axes  are  scaled  such  that the  

coord inates  possess  the  properties  parti cu lar of MacLeod–Boyn ton  tri stimu lus  values  (see  8 . 1 . 1 ) .  

Figure 8.1  – Three axes of the MacLeod–Boynton tristimulus space and the spectrum locus as 
given in  a constant LM-luminance plane 

8.1 .3  The MacLeod–Boynton  Chromatici ty Diagram  

A MacLeod–Boynton  chromatici ty d iagram  is  a  two-d imensional  colorimetric representation  
that can  be  regarded  as  the  proj ecti ve  counterpart  of a  constant LM -lum inance  plane  i n  a  
MacLeod–Boyn ton  tristimu lus  space.  

The  abscissa  of the  d iagram  represents  the  L-  and  the  M-cone exci tations  in  such  a  way that  
the  one  trades  off for the  other,  thereby taking  care  of the  weigh ted  con tribu tion  of L-  and  M-  
cones  to  the  LM-lum inance.  The  S-cone  exci tation  is  represented  a long  the  ord inate  axis,  
orthogonal  to  the  L–M  d imension .  The  scal ing  of the  ord inate  re lati ve  to  the  abscissa  i s  
arbi trary,  bu t,  for convenience,  the ordinate is scaled such  that,  for real  colour stimu l i ,  the  
maximum  ord inate  va lue  is  equal  to unity.  

No  matter where  a  poin t  l i es  i n  th is  chart,  a  g i ven  horizon tal  d is tance  impl ies  the  same 
amoun t of trade-off between  L-  and  M-cone exci tations,  and  a  g i ven  verti cal  d istance  impl ies  
a  fixed  change i n  that of the  S-cones.  As a main  feature,  the representation thus provides a 
diagram in  which the ‘gravity ru le ’  appl ies  wi th  weigh ts  proportional  to  LM -lum inance  (see  
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MacLeod  &  Boynton ,  1 979,  p .  1 1 83).  Moreover,  l i nes  of equal  S-cone  exci tation  and  l i nes  
representing  fixed  ratios  of L-  and  M-cone  exci tation  in tersect at  ri gh t ang les.   

The  coord inates  of the diagram are  referred  to  be low as  MacLeod–Boynton  chromaticity 
coordinates.   

The  general  form  of the  MacLeod–Boyn ton  chromatici ty coord inates  i s :  

  

  

  

MB
MB

MB MB

L
l

L M
=

+
 (8.6a) 

  

  

MB
MB

MB MB

M
m

L M
=

+
 (8.6b) 

  

 

  

MB
MB

MB MB

S
s

L M
=

+
.  (8.6c) 

A d isadvantage  of the  d iagram  is  that the  wh i te  poin t does  not  fa l l  i n to  the  centre  of the  
d iagram .  

8.1 .4  The MacLeod–Boynton  Chromatici ty Diagram  for 2°  Field  Size  

I t  i s  recommended  to  use  as  the  MacLeod–Boynton  chromatici ty d iagram  for 2°  fi e l d  s ize  the  
constan t LM- lum inance  d iagram  determ ined  by the  MacLeod–Boynton  chromatici ty 
coord inates  lMB ,  mMB  and  sMB  d efi ned  by the  equations   

    
  

  

        

MB, q MB
MB

MB, q MB, q MB MB

L L
l

L M L M
= =

+ +
 (8.7a) 

  

  

        

MB, q MB
MB

MB, q MB, q MB MB

M M
m

L M L M
= =

+ +
 (8.7b) 

    
  

  

        

MB, q MB
MB

MB, q MB, q MB MB

S S
s

L M L M
= =

+ +
,  (8.7c) 

i n  wh ich  L
MB,  q ,  MMB,  q  and  SMB,  q  are  the  quantum-based  MacLeod–Boynton  tristimulus  values  

as  defined  in  Eqs.  8 . 2  a–c,  and  LMB ,  MMB  and  SMB  are  the  energy-based  MacLeod–Boyn ton  

tristimu lus  values  as  defined  i n  Eqs.  8. 3  a–c.   

G iven  the  cone-fundamental -based  spectral  l um inous  efficiency function  for 2°  fie l d  s ize  i n  
terms  of energy,  

V l mλ λ λ= +   F ( ) 0, 689 902 72 ( ) 0, 348 321 89 ( )  

 (see  Eq .7 .4b) ,   

the  spectral  MacLeod–Boynton  chromatici ty coord inates  lMB  

(λ) ,  m MB  

(λ)  and  sMB  

(λ)  are  thus  
g i ven  i n  terms  of the  energy-based  2°  cone  fundamentals  by the  equations  

  MB ( ) 0, 689 902 72 ( ) / (0, 689 902 72 ( ) 0, 348 321 89 ( ))l l l mλ λ λ λ= +      

 (8.8a) 

 MB ( ) 0, 348 321 89 ( ) / (0, 689 902 72 ( ) 0, 348 321 89 ( ))m m l mλ λ λ λ= +    

 (8.8b) 

 MB ( ) 0, 037 1 59 71 ( ) / (0, 689 902 72 ( ) 0, 348 321 89 ( ))s s l mλ λ λ λ= + .  (8.8c) 

The  spectra l  MacLeod–Boyn ton  ch romatici ty coord inates  for 2°  fie l d  s i ze  resu l ting  from  Eqs.  
8 . 8  a–c are  g i ven  i n  wavelength  steps  of 5  nm  i n  Table  1 0. 5.   
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The  MacLeod–Boyn ton  chromatici ty d iagram  for 2°  fi e ld  s ize  is  shown  i n  F igure  8 . 2 .  I n  
particu lar,  I l l um inan t E  (the  equ i -energetic spectrum)  i s  represen ted  at (0 , 707  823;  0 , 01 9  205).  

The  purple  l i ne  i s  defi ned  as  the  stra igh t l i ne  tangent to  the  spectrum  locus  at short  
wavelengths  and  end ing  at the  extrem i ty of the  spectrum  locus  at long  wavelengths,  i n  such  a  
way that  a l l  real  colour stimu l i  are  represented  i ns ide  the  domain  enclosed  by the  spectrum  
l ocus  and  the  purple  l i ne.  For the  2°  fi e l d  s i ze,  the  wavelength  parameter of the  purple  l i ne ’s  
term inus  at the  l ong-wavelength  extrem ity of the  spectrum  locus  is 703, 3  nm .  At the  other 
term inus,  i . e .  the  poin t  where  the  purple  l i ne  i s  tangent to  the  spectrum  locus  i n  the  short  
wavelength  reg ion ,  the  wavelength  parameter is  409,7  nm .  The  colour reversal  at l ong  
wavelengths  up  to  830  nm ,  as  shown  i n  F igure  8 . 2 ,  has  been  described  by Brind ley (1 955) ,  
and  the  concavi ty be low 41 0  nm  resu l ts  from  the  experimental  colour matches.  

 
NOTE  The  values  a long  the  spectrum  l ocus  are  i n  nanometre.  

Figure 8.2 – MacLeod–Boynton chromaticity diagram for 2° field  size 

8.1 .5  The MacLeod–Boynton  Chromatici ty Diagram  for 1 0°  Field  Size  

I t  i s  recommended  to  use  as  the  MacLeod–Boynton  chromatici ty d iagram  for 1 0°  fi el d  s i ze  the  
constan t LM- lum inance  d iagram  determ ined  by the  MacLeod–Boynton  chromatici ty 

coord inates  
   MB, 1 0l ,  

   MB, 1 0m  and  
   MB, 1 0s  d efi ned  by the  equations  

        

   

            

MB, q, 1 0 MB, 1 0
MB, 1 0

MB, q, 1 0 MB, q, 1 0 MB, 1 0 MB, 1 0

L L
l

L M L M
= =

+ +
 (8.9a) 

    

   

            

MB, q, 1 0 MB, 1 0
MB, 1 0

MB, q, 1 0 MB, q, 1 0 MB, 1 0 MB, 1 0

M M
m

L M L M
= =

+ +
 (8.9b) 

        

   

            

MB, q, 1 0 MB, 1 0
MB, 1 0

MB, q, 1 0 MB, q, 1 0 MB, 1 0 MB, 1 0

S S
s

L M L M
= =

+ +
,  (8.9c) 
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i n  wh ich  
     MB, q, 1 0L ,  

   MB, q, 1 0M  and  
     MB, q, 1 0S  are  the  quantum-based  MacLeod–Boynton  

tristimu lus  values  as  defined  i n  Eqs.  8 . 4  a–c,  and  
   MB, 1 0L ,  

 MB, 1 0M  and  
   MB, 1 0S  are  the  

energy-based  MacLeod–Boyn ton  tris timu lus  values  as  defined  in  Eqs.  8 . 5  a–c.   

G iven  the  cone-fundamental -based  spectral  l um inous  efficiency function  for 1 0°  fi e ld  s i ze  i n  
terms  of energy,  

V l mλ λ λ= +   

  
  F, 1 0 1 0 1 0( ) 0, 692 839 32 ( ) 0, 349 675 67 ( )  (see  Eq .  7. 6b),  

the  spectral  MacLeod–Boynton  chromatici ty coord inates  
   MB, 1 0 ( )l λ ,  ( )

   MB,1 0m λ  and  
   MB, 1 0 ( )s λ  

are  thus  g iven  in  terms  of the  energy-based  1 0°  cone  fundamentals  by the  equations   

   MB, 1 0 1 0 1 0 1 0( ) 0, 692 839 32 ( ) / (0, 692 839 32 ( ) 0, 349 675 67 ( ))l l l mλ λ λ λ= +       

 (8.1 0a) 

   MB, 1 0 1 0 1 0 1 0( ) 0, 349 675 67 ( ) / (0, 692 839 32 ( ) 0, 349 675 67 ( ))m m l mλ λ λ λ= +         (8.1 0b) 

   MB, 1 0 1 0 1 0 1 0( ) 0, 055 478 58 ( ) / (0, 692 839 32 ( ) 0, 349 675 67 ( ))s s l mλ λ λ λ= +        .  (8.1 0c) 

The  spectra l  MacLeod–Boynton  chromatici ty coord inates  for 1 0°  fie ld  s i ze  resu l ting  from  Eqs.  
8. 1 0  a–c are  g i ven  i n  wavelength  steps  of 5  nm  i n  Table  1 0 . 6.   

The  MacLeod–Boynton  chromatici ty d iagram  for 1 0°  fie ld  s i ze  is  shown  i n  F igure  8 . 3.  I n  
particu lar,  I l l um inan t E  (the  equ i -energetic spectrum)  is  represented  at (0 , 699  237;  0 , 025  841 ) .  

For the  1 0°  fie ld  s i ze,  the  wavelength  parameter of the  purple  l i ne ’s  term inus  at the  l ong-
wavelength  extrem i ty of the  spectrum  locus  is  703, 1  nm .  At the  other term inus,  i . e.  the  poin t  
where  the  purple  l i ne  is  tangen t to  the  spectrum  locus  in  the  short wavelength  reg ion ,  the 
wavelength  parameter is  41 0, 1  nm .  The  colour reversal  at l ong  wavelengths  up  to  830  nm ,  as  
shown  in  F igure  8 . 3 ,  has  been  described  by Brind ley (1 955)  and  the  concavi ty be low 41 0  nm  
resu l ts  from  the  experimen tal  colour matches.  

  
NOTE  The  values  a long  the  spectrum  l ocus  are  i n  nanometre.  

Figure 8.3 – MacLeod–Boynton chromaticity diagram for 1 0° field  size 
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