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5 sens

Jeff W
all, Invisible M

an

Humans feel their environment through their senses
Vision is the most used in daytime situations.

Kyle Bean – Interconnected senses
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Lighting has been an essential component of survival, security and well-being of 
the human species since the dawn of humanity.

-7000 years
Oil lamp

-3000 years
Candle

-7000 ans
Lampe a huile

1880
Incandescent lighting

1940
Fluorescent lighting

1970
metal halide

1812
Gas lighting

7

-40000 years

2000
White LED. 
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Photometry

Photometry is the science of the measurement of light, in terms of its perceived
brightness to the human eye.

Wikipédia (June 28th, 2019)

To do photometry, you need :

A light 
source

eyes One brain
(eventually)
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units
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Quantities and units in photometry

cd

lm

lx

cd∙m2

Photometric quantities are :

Intensity, in candela [cd], Luminance, in [cd·m-2].
Flux, in lumen [lm], Illuminance, in lux [lx],

10
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First measurements
Until the XVIIe century, no need

Jeune fille lisant une lettre à la bougie, J-B Santerre (1658–1717)

11

“Choeurs de lumière”, Cathédrale de Lausanne, 2005
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First measurements

At XVIIIe century, invention of public gas lighting

Flams haven’t the same colour,
notion of street lighting emerges,
it is necessary to set up the
metrology in order to ensure
quality and efficiency of public
lighting

12
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Theory

Pierre Bouguer (1698-1758)

E = 
I 

d2

d
2d

E E/4I
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First measurements
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Extracted from “manipulation de physique”
A. Leduc, 1895

First photometers

E = 
I 

d2

Visual comparisons

14

First measurements

1854
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Measure, it’s compare

Ref

What is the 
reference? 

15

First measurements

G = {G} [G]

Physical 
quantity Numerical

Value

Units
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Standard lamps

©  Cnam - Musée

First standard

© PTB

Carcel Lamp Hefner Lamp

1890

16

First measurements

Vernon Harcourt 
lamp

© NIST
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Ø Towards the candela, 6th SI unit
1881, new proposition from Louis Jules Gabriel Violle (1841-1923)

©  Archives CNAM
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The violle and the « bougie décimale »

L. Violle proposes the use as standard of the amount of light
emitted by 1 cm² of platinium at its freezing temperature (1 768 °C).

Based on physical properties

Independant of the properties
of the light source

Adopted en 1889 by the
International congress of
electrical measurement, that
defines the « bougie décimale »
as 1/20 of a violle.

Towards the candela, 6th SI unit
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1900 : the « black body », the ideal standard

Max Planck
Photo collection particulière D. J. Lovell

Radiance from the black body 
depends only of its temperature

with :
l, wavelenght of the radiation
T, black body temperature
c, speed of light
h, Planck constant
k, Boltzmann constant

Lλ(λ,T) =
2hc2

e hc/(λkT) − 1 λ5

1°

19

Towards the candela, 6th SI unit
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First definition of the candela
Towards the candela, 6th SI unit

The 2 definitions were ratified in 1948 by the 9th CGPM, which gave the name candela to
the « new candle » and lumen to the « new lumen »



Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 21

First mise en pratique of the candela

© Archives CNAMDebure M. et Leroy N. - Revue d’optique théorique et instrumentale 31, 12 (1952)

Black body at Platinium freezing temperature

Towards the candela, 6th SI unit
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If the feezing platinium temperature varies, the radiation emitted 
by the black body varies and the candela varies !! 

22

Freezing temperature of Platinium
«“The candela is the luminous intensity, in the perpendicular direction, of a surface of
1/600 000 square metre of a black body at the temperature of freezing platinum under a pressure of
101 325 newtons per square metre.”» XIIIème CGPM, 1968

years
1765

1770

1775

1940 1960 1980 2000 2020

Temperature  [°C]

Towards the candela, 6th SI unit

!0,23%
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units
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Radiometry to rescue photometry

Radiometry is the science of measurement of radiant energy (including light) in terms
of absolute power. Radiometric techniques characterize the distribution of the
radiation's power according to the wavelenght.
Radiometry is distinct from quantum techniques such as photon counting.

Radiometry, a new way for the candela

wavelenght

Direction of propagation

Magnetic
field

Electric field



Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 25

Electromagnetic waves with a wavelenght between 380 nm and
780 nm are what we call the visible light

380 nm 780 nm

Violet Blue Green Yellow Orange Red

Visible
Radiometry, a new way for the candela
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Spectral power distribution of light sources

Spectral power distribution describes the light spectrum of a light source
It shows which radiations are present, at which wavelenght, in which proportion.

Power
(W)

Wavelenght (nm) Wavelenth (nm)

Power
(W)

He-Ne Laser White light source 

Radiometry, a new way for the candela
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First bolometer

Samuel Langley
S. Langley, “The Bolometer,” Nature, 25, p. 14, 1881.

Optical 
radiation P

absorber

Thermal sinkThermal link

T0

Thermometer
T1

1878

Radiometry, a new way for the candela

Limited by thermodynamic
knowledge

Spectral 
selective device
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Electrical substitution radiometer

©
 PTB

Optical 
radiation

Absorber Themal sink

T0

Thermometer
T1

F. Kurlbaum Angström

U

R I

Poptic

PElectric
1980

Radiometry, a new way for the candela

Correction Coefficient Rel Unc

Reflectance factor
Spatial uniformity

Pulsation
Wire heat

Thermal equivalence

0,9943
1,0018
0,9986
1,0004
0,9970

5 . 10-4

1 . 10-3

5 . 10-4

2 . 10-4

1,5 . 10-3

Total correction 0,9931 2,0 . 10-3
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Cryogenic radiometer

POptic

Cavity
Absorber

Thermal sink

Thermometer

T1

PElectric

1985

Radiometry, a new way for the candela

Eater

T0

Liquid Helium
Tank (5K)

Vacium chamber

Laser 
beam

T. Quinn J. E. Martin

Window
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cryogenic radiometer

1985

Radiometry, a new way for the candela

J. E. Martin

Relative agreement of ± 5⋅10-4 at NMI level
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cryogenic radiometer
Radiometry, a new way for the candela

-0,1
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nm

Absolute measurement on laser is good. 
But transfer to incoherent light needs improvement
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Predictible Quantum Efficient Detectors ( PQED)
Radiometry, a new way for the candela

T. Hansen

1978
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Radiometry, a new way for the candela

2010 -> today

M. L. Rastello

Rel Unc of 5ppm

2008-2011

2013-2016

2019-2022

Predictible Quantum Efficient Detectors ( PQED)
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Progress in radiometry
Radiometry, a new way for the candela

2010 -> today

0,001%

0,010%

0,100%

1,000%

1900 1920 1940 1960 1980 2000 2020 2040Re
la

tiv
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st
an

da
rd

 u
nc

er
ta

in
ty Radiometry allows measurement of 

optical power at each wavelength
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the new way…

I [cd] E [lx]

«The candela is the luminous intensity, in the
perpendicular direction, of a surface of
1/600 000 square meter of a black body at the
temperature of freezing platinum»
1948 : IXème CGPM

T [K]
E = 

I 
d2

d

Radiometry, a new way for the candela
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the new way…

I [cd] E [lx]

Pl [W]
E = 

I 
d2

Radiometry, a new way for the candela

«The candela is the luminous intensity, in the
perpendicular direction, of a light source that
generates an illuminance of 1 lx at 1m distance, that
is accessed by radiometry
xxx : xxxème CGPM

d

diaphragm
S
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the new way…

I [cd] E [lx]

Pl [W]
E = 

I 
d2

Radiometry, a new way for the candela

d

φ
S

=

diaphragm
S

φ [lm] 

I = 
φ

S
d2
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I [cd]

Pl [W]

Radiometry, a new way for the candela

d

diaphragm
S

φ [lm] 

Pl [W] φ [lm] 

I = 
φ

S
d2

If we can establish the link between lumen and watt, 
we have the candela

!
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units
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Rod

Cone

Fovea

Retina

Optical 
nerve

Source : ???

Human eye
Vision and  V(l) curve

Lens
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S(l) lmax @ 440 nm

M(l) lmax @ 540 nm

L(l) lmax @ 570 nm
700 nm400 nm

Se
ns

ib
ili

té
 fo

nd
am

en
ta

le

L(l)

M(l)

S(l)

We have 3 family of cones.
Light that reaches the retina generates 3 signals in 
the cones, that depend upon the wavelength

Cones (L M S)
Vision and  V(l) curve

Fu
nd
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en
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se
ns
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vi

ty



Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 42

We don’t have the
same repartition of
cones, but the visual
system adjusts the
sensitivity by adapting
the gain

Hofer, Carroll, Neitz, Neitz, 
Williams, JNeuroscience 2005

Individual variations
Vision and  V(l) curve



Varenna Summer school on "Metrology: from physics fundamentals to quality of life". July 2019 43

Effet of optical radiation on the visual system

400 500 600 700 l (nm)
0

0,2

0,4

0,6

0,8

Re
la

tiv
e 

br
ig

ht
ne

ss

?

Vision and  V(l) curve

Pl [W] φ [lm] 
!
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Method : Direct comparison

Experience for the measurement of brightness of 
a monochromatic radiation

AB

Vision and  V(l) curve
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ABCDEF

Vision and  V(l) curve

Method : Direct comparison

Experience for the measurement of brightness of 
a monochromatic radiation
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ABC

Vision and  V(l) curve

Method : Direct comparison

Experience for the measurement of brightness of 
a monochromatic radiation
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Result

EB C

Vision and  V(l) curve

Effet of optical radiation on the visual system
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Luminous efficacy of monochromatic light on the 
human visual system

400 500 600 700 l (nm)
0

1

Re
la

tiv
e 

vi
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br

ig
ht

ne
ss

B

E

C

Vision and  V(l) curve
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CIE Photometric strandard observer

6th session of CIE, Geneva, 1924

272 observers (UK, Japan, US)

K. S. Gibson : 
Visibility function

Vision and  V(l) curve
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V(λ) curve
λmax = 555 nm

400 500 600 700 l (nm)
0

0,2

0,4

0,6

0,8

1,0

555

CIE Photometric strandard observer

Vision and  V(l) curve
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V(λ) filter

Vision and  V(l) curve
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Remember ?….
V(λ)

Vision and  V(l) curve
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Irr
ad

ia
nc

e
(W
⋅m

-2
⋅n

m
-1

)

Spectrum of solar radiation

53

V(λ)

Vision and  V(l) curve

wavelength [nm]

V(λ)
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units

54
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1979, new definition and introduction of Km

Pl [W] φ [lm] 

Back on the candela

!

I [cd] Pl [W]
diaphragm

S

φ [lm] 
I = 

φ
S
d2
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380 480 580 680 780

56

I [cd] Pl [W]

d

diaphragm

S

φ [lm] 

Pl [W]

I = 
φ

S
d2

Introduction of Km

Wavelenght (nm)

1979, new definition and introduction of Km

φ = Km

[lm⋅W-1]

"
#$%

&$%
Pl ⋅ V(l) dλ
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Km

Maximum luminous efficacy

λmax = 555 nm

400 500 600 700 l (nm)
0

Luminous efficacy
[lm·W-1]

150

300

450

600
683 lm·W-1

555

nmax = 
λmax

c
= 540 THz

1979, new definition and introduction of Km
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Definition of the candela

I [cd]

«The candela is the luminous intensity, in a given direction, of a source that emits
monochromatic radiation of frequency 540 THz and that has a radiant intensity in that
direction of 1/683 watt per steradian»
1979 : XVIème CGPM

d

1979, new definition and introduction of Km

SPl

λmax

Km
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Definition of the candela

I [cd]

«The candela, symbol cd, is the SI unit of luminous intensity in a given direction. It is
defined by taking the fixed numerical value of the luminous efficacy of
monochromatic radiation of frequency 540 THz, Kcd, to be 683 when expressed in the
unit lm⋅W−1, which is equal to cd⋅sr⋅W−1, or cd⋅sr⋅kg−1⋅m−2⋅s3, where the kilogram, metre
and second are defined in terms of h, c and ΔνCs»
2018 : XXVIème CGPM

d

1979, new definition and introduction of Km

SPl

λmax

Kcd
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New SI
Km Kcd

12 3

The luminous efficacy of monochromatic radiation of 
frequency 540 × 1012 Hz, Kcd, is 683 lm/W. 

Mole
(1971)Candela

(1979) Meter
(1983)
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units
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Luminous efficacy of a light source [lm·W-1]
Luminous efficacy and energy saving

Luminous flux
F [lm]

U

i Electrical power
Pe = U·I [W]

Luminous
efficacy Pe

FV

Luminous efficacy is crucial for energy saving

h =
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0,00E+00

5,00E+11
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1,50E+12

2,00E+12
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0 500 1000 1500 2000 2500 3000 3500

M
  (

W
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l (nm)

Case of incandescent lamp

Luminous efficacy

h =
Φl

Pe

=
480

40
=  12 lm · W -1

63

Luminous efficacy and energy saving

Luminous flux [lm]
Fl= 480 lm

Electrical power [W]
Pe= 40 W
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0,00E+00

5,00E+11

1,00E+12

1,50E+12

2,00E+12

2,50E+12
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0 500 1000 1500 2000 2500 3000 3500

M
  (

W
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²)

l (nm)

Case of LED lamp (type UV-Blue)

Luminous efficacy

h =
Φl

Pe

=
470

6
=  79 lm · W -1

64

Luminous efficacy and energy saving

Luminous flux [lm]
Fl= 470 lm

Electrical power [W]
Pe= 6 W
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h =
Φl

Pe

in lm · W-1

Low pression Sodium

High pressure Sodium

Metal halide

Fluores
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Mercury Vapor
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Luminous efficacy [lm·W-1]
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Luminous efficacy and energy saving
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(LED - Luminous efficacy – Flicker) & metrology

66

Luminous efficacy and energy saving

http
s://

www.sonel.pl

https://www.richtek.com
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Luminous flux [lm]
Fl= 470 lm Electrical power [W]

Pe= 6 W

3 CIE Technical Committees created over the last 5 years
Ø 1-83 Visual Aspects of Time-Modulated Lighting Systems
Ø 2-76 Characterization of AC-driven LED products for SSL applications
Ø 2-89 Measurement of Temporal Light Modulation of Light Sources and Lighting Systems
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Going beyond lighting, the non visual functions of the retina
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Colour of sun

Non visual functions of the retina

Paris - 23/11/2005 - 09:30 Paris - 23/11/2005 – 11:45 Paris - 23/11/2005 – 13:00 Paris - 23/11/2005 – 15:15 Paris - 23/11/2005 – 16.45 Paris - 23/11/2005 – 17:40

Along the daytime, sun colour evolves. It is orange in the
morning, white at noon, yellow in the afternoon and red in
evening.

This is our daily since be start of humanity.

© F. Viénot

68
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A 4th familly of photosensitive function on the retina

700 nm400 nm

L(l)

M(l)

S(l)

Mel(l) lmax @ 470 nm

S(l) lmax @ 440 nm

M(l) lmax @ 540 nm

L(l) lmax @ 570 nm

69

Non visual functions of the retina

1998

Melanopsin, photopigment inhibitor of melatonin
(hormone that regulates sleep–wake cycles)
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A 4th familly of photosensitive function on the retina

700 nm400 nm

L(l)

M(l)

S(l)

70

Non visual functions of the retina

J. Gooley, Proc N
utrition Society, 75(4), 2019

Melanopsin, photopigment inhibitor of melatonin
(hormone that regulates sleep–wake cycles)
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380 480 580 680 780
Longueur d'onde (nm)
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Ciel Horizon
ciel 15degre O
ciel 30degre O
ciel 45degre O
ciel 60degre NO

Paris - 23/11/2005 - 09:30

Paris - 23/11/2005 – 10:45

Paris - 23/11/2005 – 11:45 Paris - 23/11/2005 – 13:00 Paris - 23/11/2005 – 14:15 Paris - 23/11/2005 – 15:15 Paris - 23/11/2005 – 16:15 Paris - 23/11/2005 – 16.45

Paris - 23/11/2005 – 17:15

Paris - 23/11/2005 – 17:40

Spectral radiance of sun light

Mesures F. Viénot

71

Non visual functions of the retina
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Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle

Pl [W]

l [nm]

Day
Blue spectrum

Melanopsin
exited

Melatonin
« off »

Cortisol 
« on » 

Evening Pl [W]

l [nm]

Red spectrum

Melanopsin
not exited

Melatonin
« on »

Cortisol 
« off » 
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Evening

Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle
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Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle
Recommendations (1/3)

www.evian.fr

One hour of daylight per day at noon
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Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle
Recommendations (2/3)

Match interior lighting with daylight

Warm white, Tc = 2800 K (evening)Cold white, Tc = 6500 K (morning)
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Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle
Recommendations (3/3)

Avoid LED screen in evening
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Non visual functions of the retina

Sunlight – Melanopsin – Circadian cycle
Recommendations (4/3)

CIE S 029/E:2018
CIE System for Metrology of Optical
Radiation for ipRGC Responses to light

Use appendix 3 of SI brochure when talking about sensitivity to light of Blue 
light, Circadian, Erythemal, L, M, S-cones, melanopic, rhodopic, etc…
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Outlines

Ø Quantities and units in photometry
Ø First measurements
Ø Towards the candela, 6th SI unit
Ø Radiometry, a new way for the candela
Ø Vision and  V(l) curve
Ø 1979, new definition and introduction of Km
Ø Photometry widens to meet new societal needs

Ø Luminous efficacy and energy saving
Ø Non visual functions of the retina

Ø The candela, one of the 7 SI units… why? 

The candela, the most human of the SI base units

78
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The candela, one of the 7 SI units… why?  

Luminous 
intensity

bass strident

vibating

clear

rough sharp

textured

soft

strong smoky

peppery

sticky

Humans have created the International system of unit. As a reward, they must
have a piece of themselves inside. This is the candela! The candela is the unit
that represents the world of sensorial measurements.

acid crunchy

smooth

bitter
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Thank you !

( : 01 58 80 87 88,  gael.obein@lecnam.net

Gaël Obein,
Associate professor at CNAM

Jeff W
all, Invisible M

an
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