Spectrally Improved SSL light for better vision and colour control.

Abstract: Lighting standards are based on eye response of the cones only. However, under low light intensities both, rods and cones respond to light resulting in a very spectral dynamic eye response. The dynamics are a result of Scotopic and Photopic eye response and can be expressed as S/P ratio. 
This invention describes the composition of light intensity dependent Spectral Power Distribution to match the dynamic eye response, resulting in optimal vision and colour perception. The spectral light adjustment is similar to the physiologic tone control of sound when the volume is changed.

In artificial lighted environment the perception of colour, contrast and light are depending on the intensity of the light. The spectral power distribution needs to be matched with the eye response under varying light intensities. 
The non-linearity of our physiological senses requires adjustment of the spectral power distribution depending on the intensity of the stimuli to match the difference of spectral response at different intensity levels.  
Colour perception will fade out when light intensities decrease from photopic via mesopic to scotopic. There is globally no scientific consensus regarding the range of mesopic vision.
The mesopic state is when rods and cones jointly create vision. 
For artificial lighting the most interesting part is the border area between mesopic and photopic level and not the border between Mesopic and Scotopic level. According to the CIE this is in the regions of at least several cd.m². Outdoor lighting institutions like IESNA consider the upper limit of mesopic vision at about 3 cd.m². 
Kokoschka at al (1997) claims that the mesopic region extends to about 10 cd.m². Later studies of Bullough and Rea (2001) report that rods can participate in visual function up to 65 cd.m² (65 lux).
CIE TC1-58  reports all these rankings without further scientific explanation. However, under artificial light conditions it is crucial to know the level where rods cease function.  
At light levels less than 1 lux (moonlight intensity) one is unable able to perceive colours. Colour perception and vision will be poor at low light intensities. The cone response will not be 100% at low light levels and therefore colour perception is fading out. Light perception is subject to the environmental illumination level and the state of eye adaptation. 

Human vision at night is a result of the response from rods and cones in the eye. The response of rods can be up to 200 times the response of cones. The spectral response of combined rods and cones is very dynamic under varying light intensities with a peaks ranking from 507 nm to 555 nm. This dynamic behaviour of the eye in the artificial illuminated areas is not seriously considered nor defined correct in the current lighting metrics and standards.
Lighting engineers and architects have been thought an incorrect view of how the eye deals with light. The textbooks explain that our eyes have two types of photoreceptors, namely cones and rods, along with the erroneous statement that the cones are responsible for day vision and the rods responsible for night vision.

Vision scientists know that this segregation of day and night vision is overly simplistic. Nevertheless, despite the efforts of some pragmatic scientists, a better understanding of the workings of the eye did not result in practical implementation for lighting practice and the significance of lighting energy efficiency is entirely overlooked.


The effects of the eye dynamics are not implemented in the lighting industry and in lighting directives. The CIE 1931 eye response curve with some latter corrections remains the only leading metric in the lighting industry but is based on the eye response of the cones only and not following the dynamics of the eye. The roughly 5,5 million cones are divided in 66% long wave (red), 32% middle wave (green) and 2% short wave (blue) cones. The blue cones are distributed between the rods and not in the central fovea. Blue sensitive cones are therefore not providing sharp contrast. The red en green sensitive cones both cover both actually almost the whole visual spectrum.
 
The afore mentioned set of cones together with about 120 million rods provide vision over a wide range of light levels from dark night with stars to full sunshine. Specifically the light range of artificial lighting makes use of the combined integrated response of rods and cones. It is a fundamental error to define outdoor lighting in photopic photometry only. Especially when considering that in the spectral response of the eye, the peak cone sensitivity is over 200 times lower than peak rod sensitivity. Considering the scientific approach, the eye dynamics of mesopic light relate to spectral response at low intensities of light. There is not something like photopic light or mesopic light but rather photopic or mesopic conditions of the eye perceiving the light. Another important aspect to realize is that light in the range from 530 to 580 nm is opposing the perception of low intensity light and colours under mesopic conditions.
Rod vision is depending on the pupil size which in its turn is controlled by the intensity of the light. 
Under sufficient (day)light intensity the maximum of the eye sensitivity is at 555 nm. 
This is a wavelength with green/yellowish colour. At reduced light intensities the maximum eye response is shifting towards shorter wavelengths ranking from 505 nm to 555 nm. The maximum eye response is moving to Cyan colour and the cone response to yellow orange and red light is dropping drastically. These dynamics strongly affect the perception of brightness, vision and colour. For a better understanding of this effect we can compare the dynamics of the human eye with the dynamics of the human ears. 
Listening to music on a simple linear amplifier, one can enjoy the dynamics of the music best at sufficient volume. The dynamics of the bass and treble are clearly heard. Turning the volume down to a very low level will make the same music sound flat like a newspaper. Bass or clear high tones are not heard well anymore. 

Sound equalizers are used to adjust the spectral power distribution in order to hear the bass and treble again. The equalizer controls are shifted until the music sounds similar as when it was loud. What we learn from this is that the spectral power distribution needed to be re-composed to hear the music correct. Switching back to higher volume without changing back the equalizer will result in a substantial mismatch with the ears again.   [image: image1.png]1600
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fig. 1
The spectral power distribution of light under mesopic conditions should be composed very specifically to provide the human eye the most optimal spectrum for detailed vision and color perception. 
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Fig. 2







Fig. 3
In figure 2 can be seen that very little radiated power is assigned to the specific range of the photopic CIE 1931 eye response curve. The maximum radiated power of a mesopic light source ranks from 490 to 540 nm stimulating all middle (green) and long wave (red) cones in that range but also stimulating all rods when the light intensities are low. The peak of this spectral range shifts dynamically by the light intensity between 505 and 540 nm as can be seen in figure 1. The spectrum of fig. 2 can be composed by combining a first wavelength of 450 nm by a blue LED chip, a second wavelength with clear cyan and green LED chips radiating a dominant spectrum with a peak between 505 to 520 nm and a third wavelength with red chips. The mesopic range from 505 to 540 nm can also be generated by using blue chips with phosphor conversion in the cyan/green wavelengths.
Applying clear cyan and green chips for the dominant second wavelength in the mesopic range allows to control the peak and amplitude of the mesopic range according to the spectral distribution of fig. 1.   

Observing the log normalized photopic eye response of the cones one will notice that the peak sensitivity of the red and green cones are only 20 to 25 nm apart from each other. The sensitivity curves cross each other at 555 nm automatically resulting in being the peak of the photopic eye sensitivity. The response of the middle (green) and long wave (red) cones will be almost equal when stimulated with a small bandwidth spectrum in the photopic peak between 530 to 570 nm. The human brain which creates the color sensation will then receive signals which have almost the same intensity for the red as well as green photons. One would be virtually color blind since the brains have a hard time interpreting signals with equal signal intensity into distinctive colors. Strong stimuli in the central photopic peak will overrule the low level signals at the peripheral side of the CIE curve and therefore oppose the stimuli which create color sensation in the brain. The signal threshold of the central photopic range is hard to overcome. Omitting the typical central photopic wavelengths will enhance the color sensation to exaggerated and saturated color sensation. This exaggeration is exactly what is required to compensate the loss of color perception at very low light levels caused by the lack of cones response.
Exposed to optimal composed mesopic spectral power distribution, one will experience very strong color perception, even under near moonlight levels. Under low intensity 1931 CIE photopic spectrum, cones will fail to create proper color sensation. In the here described mesopic spectrum the color perception stimulus is created by a peak between 580 and 640 nm with a small bandwidth. 
By controlling the amplitude of this red colored stimulus one can control the color sensation in the brain. Colors can be exaggerated at low light intensities as if the illuminated objects are painted with fluorescent paint. 

The stimulus for the color control is in the spectral range from 580 to 640 nm. This peak creates a major signal difference in the human cortex when photons hit a red sensitive cone or a green sensitive cone. It is believed that the colors are only sensed due to the signal differences between red green and blue cones. Experiments with a spectral power composition as described in this invention indicate that the creation of colors may as well be induced by combining signals from rods and cones. After all, it’s just software in the brain.

The amount of light perceived by the rods is the scotopic component of light and the amount of light perceived by the cones is the photopic component. The ratio between Scotopic and Photopic intensity is S/P ratio. It is clear that the smaller the photopic component the higher the S/P ratio. 
S/P ratio alone is not enough to achieve improved vision and color perception under low light intensities. Manufacturers of LEDs based on blue chips with photopic spectrum phosphor conversion, claim mesopic enhancement while there is actually an enormous dip in the spectrum around 505 nm where the eye is maximum sensitive under low light intensities. The S/P ratio claimed is not in the right wave lengths and the photopic spectrum is opposing the mesopic sensitivity. 
A white phosphor conversion LED consists of a 450 nm blue chip with photopic output in the 555 nm range. These values divided upon each other may result in a S/P ratio over 2,5. The problem here is however that the spectrum does not match the eye response curve in mesopic conditions.
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The maximal mesopic spectrum and therefore optimal eye response very low light intensity has a peak of the radiated power at 505 to 510 nm and almost no radiated power output at 555 nm. The photopic stimulus peak will be at 585 to 630 nm. Dividing these two outputs on each other will result in a S/P ratio but now at the correct wave length matching the eye sensitivity under mesopic condition. The S/P ratio is used as a multiplier factor for the perceived amount of light. This means that a measured light intensity in lux can be multiplied by the S/P ratio or a ratio of the S/P factor.

A serious drawback in mesopic enhancement claims with blue light LEDs with white phosphor conversion is that there is a significant decline of eye transparency over the years of ageing. The human eyeball is yellowing from the day of birth and yellow is a filter for blue light. This leads to the effect that eyes of people at the average age of 40 years will transmit only 30% of the blue light into the retina. At high age only 20 to 25% of the blue light is transmitted. The cyan light of a correct mesopic spectrum is for people of 40 years old still perceived for 75% at 505 nm and increasing when the mesopic peak shifts towards 530 nm. The effect of the S/P ratio is determined by the amount of light perceived by the rods in our eyes in the scotopic spectrum. For white LED’s with blue chip the effect of the S/P ratio is very much reduced since the S value is reduced to 30% due to the eyeball yellowing. The S/P ratio effect for cyan and green wavelength is much higher since the eye transmission is over 75% in these scotopic wave lengths (more than twice as good as for white LEDs based on blue chip). One can say that for blue chip LED with phosphor conversion, besides being in the wrong wave lengths, also the S/P ratio enhancement validity is only 25 to 40%, due to blue light transmission limitation. The so called mesopic enhancement of white LEDs is therefore substantially less than the proposed spectrum in this invention.  
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A last not obvious advantage of dominant light radiation in the range from 500 to 530 nm is the melatonin suppression at this specific wave length. This will keep road drivers better alert and awake than when using white LEDs. 
