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Adopt Cone Fundamentals to the Kcd definition 

Yoshi Ohno
National Institute of Standards and Technology



1924 V(λ) for photopic vision, 2° FOV (≥ 5 cd/m2)  
   (adopted by CIPM in 1933)
1951 VM(λ)  Judd correction (CIE 86-1990)   
1951 V’(λ)   for scotopic vision (≤ 0.005 cm/m2)  
1964 V10(λ)  for 10° FOV
1983 V(λ) and V’(λ) adopted by CIPM in Principles Governing 

Photometry, BIPM Monographie
1988 Vb(λ)  for brightness matching (2°,10°) (CIE 75)
2010 Vmes,m(λ) for mesopic vision (CIE 191, ISO/CIE 23539:2023)
2015 VF(λ), VF,10 (λ) based on cone-fundamentals (CIE 170-2)
2019 V(λ), V’(λ), V10(λ), Vmes,m(λ) adopted by CIPM in Principles 

Governing Photometry, 2nd ed. (Rapport BIPM 2019/05)
 

Published by CIE, CIPM

Brief history of V(λ) since 1924

Mesopic luminous efficacy function

V’(λ)

1924 V(λ) is the default, used for specifications of 
all lighting products, displays, …
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CIE 170-1:2006 and CIE 170-2:2015

• Cone fundamentals for the 2° Observers
• Cone fundamentals for the 10° Observers
• Field size and Age dependent observer

• Cone-fundamental based color matching functions 
xF(λ), yF(λ), zF(λ), xF10(λ), yF10(λ), zF10(λ)

• Cone fundamental-based spectral luminous efficiency 
functions VF(λ) for 2° observers and VF10(λ) for 10° 
observers

s(λ) m(λ)
l (λ)

CIE 170-1
CIE 170-2
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CIE 2015 2° CMFs (solid lines)  

CIE 2015 10° CMFs (solid lines)

CIE 1931 CMFs:

1924 V(λ)

2015 VF(λ)

2015 VF,10(λ)

1924 V(λ)

• The difference between VF(λ) (2°) and current 
V(λ) seems small.  The difference between 
VF,10(λ) and current V(λ) seems significant.

• 10° CMFs (1964) are widely used in colorimetry 
(of objects), but not for light sources. Research 
direction is to use 10° CMFs for color 
specifications in lighting. Should photometry go 
for 10°?

• Will the cone-fundamental functions (2° or 10°) 
really better represent visual perception in our 
daily life?

• Will there be large enough difference and 
benefits for the change?   

Cone fundamental-based CMFs (CIE 170-2)

1931

2015

Points for discussion
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https://cie.co.at/technicalcommittees/roadmap-toward-basing-cie-colorimetry-cone-fundamentals

Cone-Fundamental-Based COLORIMETRY

https://cie.co.at/technicalcommittees/roadmap-toward-basing-cie-colorimetry-cone-fundamentals
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Cone-Fundamental-Based PHOTOMETRY 
– CIE Research Forum RF05 

Establishment:
Tuesday, April 25, 2023
Convener Name: Tony Bergen https://cie.co.at/researchforum/rf-05

mailto:ciecb@cie.co.at
https://cie.co.at/researchforum/rf-05
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Chair  Y. Ohno (NIST)

Terms of Reference  

To investigate the needs and benefits of introducing the cone-fundamental-based 
spectral luminous efficiency functions (and the color-matching functions) defined 
in CIE 170-2:2015 into the SI photometric quantities, and if appropriate, to propose 
approaches and strategies for introducing the cone-fundamental-based functions 
and resulting photometric quantities (and basic colorimetric quantities) in the SI.

Organized CCPR/CIE Expert Workshop on 100 years of V(λ) and Future of Photometry.

CCPR WG-SP TG 16 Cone-fundamental-based photometry
 

Established: January 25, 2023 (Call for participants)
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In the current SI, the candela is defined with a fixed defining constant, Kcd (683 lm/W), 
without reference to any spectral luminous efficiency functions. Thus, only changing 
the V(λ) would not require revision of the candela definition in the SI. 

However, changing the V(λ) would result in change of photometric values of real 
lighting sources.

Such changes of photometric values (like lumen rating of lamps) could be a serious 
problem for the industry and market 

Approach
(1) Revise the value of Kcd
(2) Re-scaling the VF(λ), VF10(λ) functions
(3) Correction factor

Considering implementation of cone-fundamental-
based spectral luminous efficiency functions

 

(2) will not be a viable option because there is a 
convention in CIE/CIPM that all action spectra 
(including spectral luminous efficiency functions) 
must be normalized to 1 at peak. 
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2 pairs
• Matched with CIE 1931 CMFs (1976 u’,v’)
• Matched with CIE 2015 10° CMFs (u’F,10,v’F,10)

Results: comparing CIE 1931 2° CMFs and 
CIE 2015 Cone-fundamental 10° CMFs NIST 2019 CIE paper: Vision experiment on 2015 10 ° CMFs

https://files.cie.co.at/x046_2019/x046-OP69.pdf

https://files.cie.co.at/x046_2019/x046-OP69.pdf
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Presentation by Jiaye Li at CCPR-CIE Expert Workshop June 3

Subjects match color and brightness of two sheets
Measure spectral radiance of the sheets
• Luminance calculated with V(λ) for Test and Ref
• Luminance calculated with VF,10(λ) for Test and Ref
14 subjects so far.

NIST Experiment on Evaluation of Cone 
Fundamental VF10(λ) (2024-)

Reference light.                     Test light
   (broad band)                    (RGB primaries) Results (very positive!)
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https://www.tandfonline.com/doi/epdf/10.1080/15502724.2022.2029710?needAccess=true&role=button

A research paper - Proposal for implementation of Color Quantities 
based on Cone-Fundamental 10° CMFs

https://www.tandfonline.com/doi/epdf/10.1080/15502724.2022.2029710?needAccess=true&role=button
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Discussion points

Conclusions

June 3, 2024, BIPM

• Further research is needed for the needs, benefits, and 
impact in wide range of applications

• Discussion should continue in CIE RF05 and CCPR WG-SP 
TG16.

(For colorimetry, new TC proposals will be discussed in CIE 
after TC-98 report published.)

Outcome (tentative)

• What are the problems to be solved?
• Needs from display applications (2° not working well)
• Consideration for daylight applications (windows measurement, 

etc.)
• Associated costs for changing instruments (photometers and 

spectroradiometers)
• Current 2° V(λ) is needed for essential tasks (reading, ..)
• V10(λ) (from colorimetry) does not have good experimental basis
• Discussion needed in each Division of CIE
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