PRIMARY COLOURS IN PHYSICS

PRIMARY COLOURS IN PHYSICS ARE FUNDAMENTAL CONCEPTS THAT UNDERPIN OUR UNDERSTANDING OF LIGHT, COLOUR
PERCEPTION, AND VARIOUS OPTICAL PHENOMENA. \W/HILE OFTEN DISCUSSED IN ART AND DESIGN, THE PHYSICAL BASIS OF PRIMARY
COLOURS DELVES INTO THE NATURE OF ELECTROMAGNETIC RADIATION AND HOW OUR VISUAL SYSTEM INTERPRETS IT. THIS
ARTICLE WILL EXPLORE THE DISTINCT TYPES OF PRIMARY COLOURS IN PHYSICS: ADDITIVE AND SUBTRACTIVE, EXAMINING THEIR
SCIENTIFIC UNDERPINNINGS, HOW THEY INTERACT, AND THEIR CRUCIAL ROLES IN TECHNOLOGIES RANGING FROM DIGITAL DISPLAYS
TO SCIENTIFIC INSTRUMENTATION. WELL ALSO TOUCH UPON THE INTRIGUING RELATIONSHIP BETWEEN THESE PHYSICAL PRIMARIES
AND HUMAN COLOUR VISION, UNRAVELING THE SCIENCE BEHIND WHY WE PERCEIVE THE WORLD AS A VIBRANT SPECTRUM.
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UNDERSTANDING PRIMARY COLOURS IN PHYSICS

IN THE REALM OF PHYSICS, THE CONCEPT OF PRIMARY COLOURS IS NOT A MONOLITHIC ONE. |NSTEAD, IT BIFURCATES INTO TWO
PRIMARY CATEGORIES, EACH GOVERNED BY DISTINCT PHYSICAL PRINCIPLES AND INTERACTIONS. THESE ARE KNOWN AS ADDITIVE
PRIMARY COLOURS AND SUBTRACTIVE PRIMARY COLOURS. UNDERSTANDING THE DIFFERENCE BETWEEN THESE TWO SYSTEMS IS
CRUCIAL FOR GRASPING HOW LIGHT BEHAVES AND HOW WE PERCEIVE COLOUR. THE DISTINCTION ARISES FROM WHETHER WE ARE
DEALING WITH LIGHT ITSELF OR WITH SUBSTANCES THAT ABSORB CERTAIN WAVELENGTHS OF LIGHT. THIS FUNDAMENTAL
DIFFERENCE DICTATES HOW THESE COLOURS COMBINE TO PRODUCE OTHER COLOURS AND ULTIMATELY, WHITE OR BLACK.

THE SCIENTIFIC INQUIRY INTO PRIMARY COLOURS HAS A RICH HISTORY, EVOLVING FROM EARLY OBSERVATIONS OF LIGHT
DISPERSION TO SOPHISTICATED QUANTUM MECHANICAL EXPLANATIONS. AT ITS CORE, THE PHYSICS OF COLOUR INVOLVES THE
INTERACTION OF ELECTROMAGNETIC RADIATION, SPECIFICALLY VISIBLE LIGHT, WITH MATTER AND OUR SENSORY APPARATUS.
W/HILE ART CLASSES MIGHT TEACH YOU RED, YELLOW/, AND BLUE AS PRIMARY COLOURS, PHYSICS PRESENTS A MORE NUANCED
PICTURE, REVEALING THAT THE 'PRIMARIES’ DEPEND ENTIRELY ON THE MEDIUM AND THE PROCESS INVOLVED. WHETHER WE ARE
TALKING ABOUT THE LIGHT EMITTED FROM A SCREEN OR THE PIGMENTS ON A CANVAS, THE UNDERLYING PHYSICAL LAWS REMAIN
CONSISTENT, BUT THEIR MANIFESTATION IN COLOUR MIXING DIFFERS DRAMATICALLY.

ADDITIVE PRIMARY CoLouURS: THE PHYSICS OF LIGHT

ADDITIVE PRIMARY COLOURS ARE THE BUILDING BLOCKS OF LIGHT ITSELF. WHEN WE TALK ABOUT ADDITIVE MIXING, WE ARE
REFERRING TO THE COMBINATION OF LIGHT SOURCES. IMAGINE SHINING SPOTLIGHTS OF DIFFERENT COLOURS ONTO A WHITE
SCREEN, THE AREAS WHERE THE BEAMS OVERLAP WILL SHOW THE RESULTING COLOURS. THE FOUNDATIONAL PRINCIPLE HERE IS
THAT COMBINING DIFFERENT WAVELENGTHS OF LIGHT CAN CREATE A WIDER RANGE OF COLOURS, INCLUDING WHITE LIGHT. THIS IS
PRECISELY HOW OUR TELEVISIONS, COMPUTER MONITORS, AND SMARTPHONE SCREENS W ORK. THEY EMIT LIGHT, AND BY MIXING
THESE EMITTED LIGHTS IN VARYING INTENSITIES, THEY CAN PRODUCE ALMOST ANY COLOUR WE SEE.

THE UNIVERSALLY RECOGNISED ADDITIVE PRIMARY COLOURS ARE RED, GREEN, AND BLUE (RGB) THIS SELECTION IS NOT
ARBITRARY/ IT IS DIRECTLY TIED TO THE PHYSIOLOGY OF HUMAN VISION. OUR EYES CONTAIN PHOTORECEPTOR CELLS CALLED
CONES, WHICH ARE MOST SENSITIVE TO THESE SPECIFIC RANGES OF WAVELENGTHS. \W/HEN LIGHT ENTERS OUR EYES, THESE CONES
SEND SIGNALS TO THE BRAIN, WHICH THEN INTERPRETS THESE SIGNALS AS COLOUR. BY PRECISELY CONTROLLING THE INTENSITY
OF RED, GREEN, AND BLUE LIGHT EMITTED FROM PIXELS ON A DISPLAY, WE CAN STIMULATE THESE CONES IN SPECIFIC WAYS,
FOOLING OUR BRAIN INTO PERCEIVING A VAST SPECTRUM OF HUES.



How Rep, GReeN, AND BLUE LIGHT COMBINE

THE MIXING OF ADDITIVE PRIMARY COLOURS FOLLOWS PREDICTABLE RULES BASED ON THE WAVELENGTHS OF LIGHT INVOLVED.
\W/HEN RED AND GREEN LIGHT ARE COMBINED IN EQUAL PROPORTIONS, THE PERCEIVED COLOUR IS YELLOW. THIS MIGHT SEEM
COUNTERINTUITIVE IF YOU'RE USED TO PAINT MIXING, BUT IN THE WORLD OF LIGHT, YELLOW LIGHT CAN BE PRODUCED BY
COMBINING SPECIFIC WAVELENGTHS FROM THE RED AND GREEN PARTS OF THE SPECTRUM. SIMILARLY, COMBINING GREEN AND BLUE
LIGHT RESULTS IN CYAN, A GREENISH-BLUE COLOUR. THE COMBINATION OF RED AND BLUE LIGHT PRODUCES MAGENTA, A VIBRANT
PURPLISH-PINK.

THE ULTIMATE GOAL IN ADDITIVE COLOUR MIXING IS OFTEN TO CREATE WHITE LIGHT. THIS IS ACHIEVED BY COMBINING RED,

GREEN, AND BLUE LIGHT IN APPROPRIATE INTENSITIES. THINK OF A WHITE TELEVISION SCREEN; IT'S A MOSAIC OF TINY PIXELS,
EACH CAPABLE OF EMITTING RED, GREEN, AND BLUE LIGHT. \WHEN ALL THREE ARE EMITTED AT THEIR MAXIMUM INTENSITY, THE
PIXEL APPEARS WHITE. CONVERSELY, WHEN NO LIGHT IS EMITTED FROM ANY OF THE RGB COMPONENTS, THE PIXEL APPEARS
BLACK. THIS PRINCIPLE OF ADDITIVE COLOUR MIXING IS FUNDAMENTAL TO ALL SELF-ILLUMINATING DISPLAYS.

THEe PHYsICS oF LIGHT W AVELENGTHS

THE COLOURS WE PERCEIVE ARE DETERMINED BY THE WAVELENGTHS OF VISIBLE LIGHT THAT REACH OUR EYES. RED LIGHT HAS
LONGER WAVELENGTHS (AROUND 620-7 50 NANOMETERS), GREEN LIGHT HAS MEDIUM WAVELENGTHS (AROUND 495-570
NANOMETERS ), AND BLUE LIGHT HAS SHORTER WAVELENGTHS (AROUND 450-495 NANOMETERS ). \W/HEN WE COMBINE THESE
LIGHTS, WE ARE ESSENTIALLY STIMULATING DIFFERENT COMBINATIONS OF OUR CONE CELLS. FOR EXAMPLE, YELLOW LIGHT
STIMULATES BOTH RED AND GREEN CONE CELLS STRONGLY, BUT BLUE CONE CELLS ONLY WEAKLY, AND OUR BRAIN INTERPRETS
THIS AS YELLOW.

THE CONCEPT OF THE ELECTROMAGNETIC SPECTRUM IS CRUCIAL HERE. VISIBLE LIGHT IS JUST A SMALL PORTION OF THIS
SPECTRUM, WHICH ALSO INCLUDES RADIO WAVES, MICROWAVES, INFRARED RADIATION, ULTRAVIOLET RADIATION, X‘RAYS, AND
GAMMA RAYS. EACH COLOUR WITHIN THE VISIBLE SPECTRUM CORRESPONDS TO A SPECIFIC RANGE OF WAVELENGTHS. PHYSICS
EXPLAINS THAT LIGHT IS A WAVE, AND ITS COLOUR IS DETERMINED BY THE DISTANCE BETWEEN CONSECUTIVE CRESTS OF THAT
WAVE, ITS WAVELENGTH. THE ADDITIVE PRIMARY COLOURS ARE CHOSEN BECAUSE THEY REPRESENT BROAD, DISTINCT REGIONS
OF THIS VISIBLE SPECTRUM THAT, WHEN COMBINED, CAN EFFECTIVELY STIMULATE OUR COLOUR RECEPTORS.

SUBTRACTIVE PRIMARY CoLours: THE PHYsICS oF PIGMENTS AND FILTERS

SUBTRACTIVE PRIMARY COLOURS, IN CONTRAST TO ADDITIVE PRIMARIES, ARE CONCERNED WITH THE ABSORPTION OF LIGHT.
THIS SYSTEM IS RELEVANT WHEN WE ARE DEALING WITH PIGMENTS, DYES, INKS, OR COLOURED FILTERS. INSTEAD OF ADDING
LIGHT, WE ARE WORKING WITH MATERIALS THAT ABSORB CERTAIN WAVELENGTHS OF LIGHT AND REFLECT OTHERS. W/ HEN WHITE
LIGHT (\X/HICH CONTAINS ALL VISIBLE \X/AVELENGTHS) HITS A COLOURED SURFACE, THE PIGMENT ABSORBS SOME W AVELENGTHS
AND REFLECTS THE REMAINING ONES, WHICH WE THEN PERCEIVE AS THE COLOUR OF THE SURFACE. SUBTRACTIVE COLOUR MIXING
IS ABOUT WHAT COLOURS ARE REMOVED FROM WHITE LIGHT.

THE MOST COMMONLY CITED SUBTRACTIVE PRIMARY COLOURS ARE CYAN, MAGENTA, AND YELLOW (CMY) THESE ARE THE
COLOURS YOU FIND IN YOUR PRINTER INK CARTRIDGES. \WHEN YOU PRINT A COLOURED IMAGE, THE INKS ARE LAYERED OR MIXED
ON THE PAPER. EACH INK ABSORBS SPECIFIC WAVELENGTHS FROM THE WHITE LIGHT THAT ILLUMINATES THE PAPER. FOR EXAMPLE,
CYAN INK ABSORBS RED LIGHT AND REFLECTS BLUE AND GREEN LIGHT, WHICH OUR EYES PERCEIVE AS CYAN. YELLOW INK ABSORBS
BLUE LIGHT AND REFLECTS RED AND GREEN LIGHT, WHICH WE PERCEIVE AS YELLOW. MAGENTA INK ABSORBS GREEN LIGHT AND
REFLECTS RED AND BLUE LIGHT, PERCEIVED AS MAGENTA.

How CyAN, MAGENTA, AND YELLOW PIGMENTS INTERACT



IN SUBTRACTIVE COLOUR MIXING, COMBINING PIGMENTS RESULTS IN COLOURS THAT ABSORB EVEN MORE LIGHT, LEADING
TOWARDS BLACK. WHEN YOU MIX CYAN AND YELLOW PIGMENTS, THE CYAN ABSORBS RED LIGHT, AND THE YELLOW ABSORBS
BLUE LIGHT. THE ONLY WAVELENGTHS THAT ARE LEFT TO BE REFLECTED ARE IN THE GREEN PART OF THE SPECTRUM, SO THE
MIXTURE APPEARS GREEN. MIXING CYAN AND MAGENTA RESULTS IN BLUE, AS CYAN REFLECTS BLUE AND GREEN WHILE MAGENTA
REFLECTS RED AND BLUE, LEAVING ONLY BLUE TO BE REFLECTED. MIXING MAGENTA AND YELLOW PRODUCES RED, BECAUSE
MAGENTA REFLECTS RED AND BLUE, AND YELLOW REFLECTS RED AND GREEN, LEAVING RED TO BE REFLECTED.

THE THEORETICAL IDEAL OF MIXING ALL THREE SUBTRACTIVE PRIMARIES — CYAN, MAGENTA, AND YELLOW — IN EQUAL
PROPORTIONS SHOULD RESULT IN THE ABSORPTION OF ALL VISIBLE LIGHT, PRODUCING BLACK. IN PRACTICE, HOWEVER, PIGMENTS
ARE NOT PERFECT ABSORBERS. REAL-WORLD PIGMENTS WILL REFLECT A SMALL AMOUNT OF LIGHT, SO MIXING CMY INKS OFTEN
PRODUCES A DARK BROWN OR MUDDY GREY RATHER THAN A TRUE BLACK. THIS IS WHY PRINTERS TYPICALLY INCLUDE A
SEPARATE BLACK INK (K) IN THEIR INK SETS, FORMING THE CMYK SYSTEM, TO ACHIEVE DEEPER BLACKS AND BETTER CONTRAST.
THE 'K’ STANDS FOR IKEYI, AS BLACK INK WAS HISTORICALLY USED TO PRINT THE KEY DETAIL IN MULTI-COLOUR PRINTING.

THe RoLE oF ABSORPTION AND REFLECTION

THE PHYSICS BEHIND SUBTRACTIVE COLOUR IS ALL ABOUT ABSORPTION AND REFLECTION. A CYAN OBJECT APPEARS CYAN
BECAUSE ITS PIGMENT MOLECULES ARE STRUCTURED IN SUCH A WAY THAT THEY STRONGLY ABSORB LIGHT IN THE RED PORTION
OF THE SPECTRUM. THE OTHER WAVELENGTHS, PRIMARILY IN THE BLUE AND GREEN REGIONS, ARE NOT ABSORBED AND ARE
REFLECTED BACK TO OUR EYES. SIMILARLY/ A YELLOW OBJECT ABSORBS BLUE LIGHT, AND A MAGENTA OBJECT ABSORBS GREEN
LIGHT. W/HEN MULTIPLE PIGMENTS ARE LAYERED, THE COMBINED EFFECT IS THAT MORE WAVELENGTHS ARE ABSORBED. For
INSTANCE, IF YOU HAVE A CYAN FILTER OVER A YELLOW FILTER, THE CYAN WILL REMOVE THE RED LIGHT, AND THE YELLOW WILL
REMOVE THE BLUE LIGHT. WHAT PASSES THROUGH IS PRIMARILY GREEN LIGHT.

THIS PROCESS IS FUNDAMENTALLY DIFFERENT FROM ADDITIVE MIXING WHERE WE ARE ADDING LIGHT. HERE/ \WE ARE REMOVING
LIGHT FROM AN EXISTING SOURCE, USUALLY WHITE LIGHT. THE TERM 'SUBTRACTIVE' IS A DIRECT REFLECTION OF THIS PROCESS
— WE ARE SUBTRACTING WAVELENGTHS FROM THE INCIDENT LIGHT. THE EFFECTIVENESS OF THIS PROCESS DEPENDS ON THE
PURITY OF THE PIGMENTS AND THE SPECTRAL DISTRIBUTION OF THE LIGHT SOURCE ILLUMINATING THE OBJECT. UNDERSTANDING
THESE ABSORPTION SPECTRA IS CRUCIAL FOR COLOUR SCIENTISTS, ENGINEERS, AND ANYONE INVOLVED IN THE CREATION OR
REPRODUCTION OF COLOUR.

THE INTERPLAY BETWEEN ADDITIVE AND SUBTRACTIVE PRIMARIES

[T MIGHT SEEM LIKE ADDITIVE AND SUBTRACTIVE PRIMARY COLOURS ARE COMPLETELY SEPARATE WORLDS, BUT THEY ARE
INTRINSICALLY LINKED THROUGH THE VERY NATURE OF LIGHT AND OUR PERCEPTION OF IT. THE KEY TO UNDERSTANDING THEIR
INTERPLAY LIES IN RECOGNISING THAT THE COLOURS WE PERCEIVE ARE THE RESULT OF EITHER LIGHT BEING EMITTED AND COMBINED
(ADDITIVE) OR LIGHT BEING FILTERED AND ABSORBED (SUBTRACTIVE). THEY ARE TWO SIDES OF THE SAME COIN, DESCRIBING
DIFFERENT MECHANISMS FOR ACHIEVING COLOUR RESULTS.

THE RELATIONSHIP CAN BE VISUALIZED BY CONSIDERING HOW COLOURS ARE PRODUCED IN THE PHYSICAL WORLD VERSUS HOW
THEY ARE DISPLAYED. A VIBRANT RED APPLE, FOR INSTANCE, APPEARS RED BECAUSE ITS SURFACE PIGMENTS ABSORB MOST
WAVELENGTHS OF WHITE LIGHT BUT REFLECT THOSE IN THE RED PORTION OF THE SPECTRUM. THIS IS A SUBTRACTIVE PROCESS.
HO\X/EVER/ IF YOU WERE TO CREATE A DIGITAL REPRESENTATION OF THAT APPLE ON A SCREEN, THE SCREEN WOULD USE
ADDITIVE PRIMARIES (EED, GREEN, AND BLUE LIGHT) TO EMIT LIGHT IN A WAY THAT YOUR BRAIN INTERPRETS AS THE SAME SHADE
OF RED. THE PHYSICAL APPLE SUBTRACTS LIGHT TO APPEAR RED, WHILE THE DIGITAL IMAGE ADDS LIGHT TO APPEAR RED.

CoMPLEMENTARY COLOURS AND THEIR SIGNIFICANCE

THE CONCEPT OF COMPLEMENTARY COLOURS IS VITAL FOR UNDERSTANDING THE RELATIONSHIP BETWEEN ADDITIVE AND
SUBTRACTIVE SYSTEMS. COMPLEMENTARY COLOURS ARE PAIRS OF COLOURS THAT, WHEN COMBINED IN THE RIGHT



PROPORTIONS, CANCEL EACH OTHER OUT TO PRODUCE A NEUTRAL COLOUR = EITHER WHITE IN ADDITIVE MIXING OR BLACK IN
SUBTRACTIVE MIXING. IN THE ADDITIVE RGB SYSTEM, THE COMPLEMENTARY COLOUR OF RED IS CYAN (BLUE + GREEN). THE
COMPLEMENTARY COLOUR OF GREEN IS MAGENTA (RED + BLUE). THE COMPLEMENTARY COLOUR OF BLUE IS YELLOW (RED +
GREEN).

NOTICE A FASCINATING SYMMETRY HERE. THE COMPLEMENTARY COLOUR OF EACH ADDITIVE PRIMARY (RED/ GREEN, BLUE) IS ONE
OF THE SUBTRACTIVE PRIMARIES (CYAN, MAGENTA, YELLO\)(/), AND VICE-VERSA. THIS IS NOT A COINCIDENCE. FOR EXAMPLE,
\WHEN RED LIGHT IS REMOVED FROM WHITE LIGHT (\X/HICH CONTAINS RED, GREEN, AND BLUE), WHAT REMAINS IS THE COMBINATION
OF GREEN AND BLUE LIGHT, WHICH WE PERCEIVE AS CYAN. THEREFORE, RED LIGHT AND CYAN LIGHT ARE COMPLEMENTARY IN AN
ADDITIVE SENSE. THIS INVERSE RELATIONSHIP IS FUNDAMENTAL TO HOW COLOUR SYSTEMS ARE DESIGNED AND HOW WE
UNDERSTAND COLOUR PHENOMENA ACROSS DIFFERENT MEDIA.

PrACTICAL IMPLICATIONS IN DESIGN AND TECHNOLOGY

THE DISTINCTION BETWEEN ADDITIVE AND SUBTRACTIVE PRIMARIES HAS PROFOUND PRACTICAL IMPLICATIONS. DESIGNERS
WORKING WITH DIGITAL INTERFACES, SUCH AS WEBSITES AND APPS, MUST THINK IN TERMS OF RGB (ADDITIVE). THEY CHOOSE
COLOURS THAT WILL BE RENDERED BY DISPLAYS EMITTING RED, GREEN, AND BLUE LIGHT. CONVERSELY, DESIGNERS WORKING WITH
PRINT MEDIA, LIKE BROCHURES, POSTERS, OR BOOKS, NEED TO CONSIDER CMYK (SUBTRACTIVE) COLOURS. THEY SELECT INKS
THAT WILL ABSORB AND REFLECT LIGHT APPROPRIATELY ON PAPER.

IN SCIENTIFIC APPLICATIONS, UNDERSTANDING THESE SYSTEMS IS EQUALLY CRITICAL. For INSTANCE, WHEN ANALYZING THE
SPECTRAL PROPERTIES OF MATERIALS, SCIENTISTS MIGHT USE LIGHT SOURCES THAT EMIT SPECIFIC WAVELENGTHS AND MEASURE
HOW MUCH LIGHT IS ABSORBED OR TRANSMITTED. SIMILARLY, IN OPTICAL ENGINEERING, DESIGNING FILTERS OR LENSES REQUIRES A
DEEP UNDERSTANDING OF HOW DIFFERENT MATERIALS INTERACT WITH LIGHT ACROSS THE VISIBLE SPECTRUM, DRAWING DIRECTLY
FROM THE PRINCIPLES OF SUBTRACTIVE COLOUR MIXING.

PrRIMARY CoLours AND HuMAN CoLour VISION

THE PHYSICS OF PRIMARY COLOURS, PARTICULARLY THE ADDITIVE RGB PRIMARIES, IS INEXTRICABLY LINKED TO THE BIOLOGICAL
AND PSYCHOLOGICAL MECHANISMS OF HUMAN COLOUR VISION. OUR ABILITY TO PERCEIVE COLOUR IS NOT A DIRECT
MEASUREMENT OF WAVELENGTHS BUT RATHER AN INTERPRETATION BY OUR BRAIN BASED ON THE SIGNALS RECEIVED FROM
SPECIALIZED CELLS IN OUR EYES CALLED CONE CELLS. THERE ARE THREE TYPES OF CONE CELLS, EACH CONTAINING A DIFFERENT
TYPE OF PHOTOPIGMENT THAT IS MAXIMALLY SENSITIVE TO DIFFERENT RANGES OF WAVELENGTHS, LOOSELY CORRESPONDING TO
RED, GREEN, AND BLUE LIGHT.

THIS TRICHROMATIC THEORY OF VISION, ALSO KNOWN AS THE Y OUNG-HELMHOL TZ THEORY, POSITS THAT ALL COLOURS WE
PERCEIVE CAN BE PRODUCED BY STIMULATING THESE THREE TYPES OF CONE CELLS IN VARYING DEGREES. WHEN LIGHT ENTERS THE
EYE, IT STRIKES THE RETINA, AND IF THE WAVELENGTHS ARE WITHIN THE VISIBLE SPECTRUM, THEY STIMULATE THESE CONES. THE
RELATIVE STRENGTH OF THE SIGNALS FROM THE RED-SENSITIVE CONES (L‘CONES)/ GREEN-SENSITIVE CONES (M‘CONES), AND
BLUE-SENSITIVE CONES (S'CONES) IS WHAT OUR BRAIN INTERPRETS AS A PARTICULAR COLOUR. THIS BIOLOGICAL BASIS IS
PRECISELY WHY RGB ARE THE CHOSEN ADDITIVE PRIMARY COLOURS FOR ELECTRONIC DISPLAYS.

THe RoLE oF Cone CELLS

THE THREE TYPES OF CONE CELLS IN THE HUMAN RETINA ARE RESPONSIBLE FOR OUR PERCEPTION OF COLOUR. THE L-CONES ARE
MOST SENSITIVE TO LONG WAVELENGTHS, WHICH WE PERCEIVE AS REDDISH HUES. THE M-CONES ARE MOST SENSITIVE TO MEDIUM
W AVELENGTHS, PERCEIVED AS GREENISH HUES. THE S-CONES ARE MOST SENSITIVE TO SHORT W AVELENGTHS, PERCEIVED AS
BLUISH HUES. |T'S IMPORTANT TO NOTE THAT THESE SENSITIVITIES OVERLAP SIGNIFICANTLY, WHICH ALLOWS FOR THE
PERCEPTION OF A VAST RANGE OF COLOURS BEYOND JUST RED, GREEN, AND BLUE. For EXAMPLE, LIGHT WITH A WAVELENGTH OF
AROUND 580 NANOMETERS, WHICH WE PERCEIVE AS YELLOW, STIMULATES BOTH THE L-CONES AND M-CONES STRONGLY.



W/HEN WE LOOK AT AN OBJECT OR A LIGHT SOURCE, THE SPECIFIC COMBINATION OF WAVELENGTHS PRESENT IN THE LIGHT WILL
STIMULATE THESE THREE CONE TYPES TO DIFFERENT EXTENTS. THE PATTERN OF STIMULATION IS THEN TRANSMITTED AS NEURAL
SIGNALS TO THE VISUAL CORTEX IN OUR BRAIN, \WHERE IT IS PROCESSED AND INTERPRETED AS A SPECIFIC COLOUR. THiS
COMPLEX INTERACTION BETWEEN LIGHT PHYSICS AND BIOLOGICAL PERCEPTION IS WHAT ALLOWS US TO EXPERIENCE THE
COLOURFUL WORLD AROUND US.

CoLOoUR BLINDNESS AND V ARIATIONS IN PERCEPTION

V ARIATIONS IN THE PHOTOPIGMENTS WITHIN CONE CELLS CAN LEAD TO CONDITIONS LIKE COLOUR BLINDNESS. THE MOST
COMMON FORMS OF COLOUR BLINDNESS INVOLVE DEFICIENCIES OR ALTERATIONS IN THE RED (L‘CONES) OR GREEN (M‘CONES)
PHOTOPIGMENTS, LEADING TO DIFFICULTY DISTINGUISHING BETWEEN RED AND GREEN HUES. THIS FURTHER UNDERSCORES THE
FUNDAMENTAL ROLE OF THESE SPECIFIC WAVELENGTH SENSITIVITIES IN NORMAL COLOUR VISION. IN RARE CASES, INDIVIDUALS
MAY LACK ONE OR MORE TYPES OF CONE CELLS, RESULTING IN MORE SEVERE FORMS OF COLOUR VISION DEFICIENCY.

UNDERSTANDING THESE VARIATIONS IS CRUCIAL FOR FIELDS LIKE MEDICAL DIAGNOSTICS, USER INTERFACE DESIGN, AND EVEN IN
THE DEVELOPMENT OF COLOUR MEASUREMENT TOOLS. |T HIGHLIGHTS THAT WHILE THE PHYSICS OF LIGHT IS OBJECTIVE, OUR
EXPERIENCE OF COLOUR IS SUBJECTIVE AND DEPENDS ON THE SPECIFIC BIOLOGICAL APPARATUS RECEIVING AND INTERPRETING THE
LIGHT. THE CONCEPT OF PRIMARY COLOURS IN PHYSICS PROVIDES THE OBJECTIVE FRAMEWORK, WHILE HUMAN PHYSIOLOGY
EXPLAINS OUR SUBJECTIVE EXPERIENCE OF THE RESULTING COLOURS.

APPLICATIONS OF PRIMARY COLOURS IN PHYSICS AND TECHNOLOGY

THE PRINCIPLES OF PRIMARY COLOURS, BOTH ADDITIVE AND SUBTRACTIVE, ARE NOT JUST THEORETICAL CURIOSITIES, THEY ARE
FOUNDATIONAL TO A VAST ARRAY OF MODERN TECHNOLOGIES AND SCIENTIFIC DISCIPLINES. FROM THE SCREENS WE LOOK AT
EVERY DAY TO ADVANCED SCIENTIFIC INSTRUMENTS, THE UNDERSTANDING AND APPLICATION OF THESE COLOUR PRINCIPLES ARE
UBIQUITOUS. THE ABILITY TO ACCURATELY REPRESENT, MANIPULATE, AND PERCEIVE COLOUR RELIES HEAVILY ON THESE
FUNDAMENTAL PHYSICAL CONCEPTS.

IN THE DIGITAL AGE, THE APPLICATION OF ADDITIVE PRIMARY COLOURS (RGB) IS PERHAPS THE MOST VISIBLE. EVERY MONITOR,
TELEVISION, SMARTPHONE, AND TABLET UTILIZES RGB SUB-PIXELS TO GENERATE THE FULL SPECTRUM OF COLOURS. EACH PIXEL
IS COMPOSED OF TINY RED, GREEN, AND BLUE LIGHT-EMITTING ELEMENTS. BY PRECISELY CONTROLLING THE INTENSITY OF EACH
ELEMENT, THESE DEVICES CAN DISPLAY BILLIONS OF DIFFERENT COLOURS. THIS TECHNOLOGY HAS REVOLUTIONIZED HOW WE
CONSUME INFORMATION, ENTERTAINMENT , AND ART, MAKING VIBRANT AND REALISTIC IMAGERY COMMONPLACE.

DiGITAL DISPLAYS AND IMAGING

As MENTIONED, RGB IS THE BACKBONE OF ADDITIVE COLOUR SYSTEMS. THE PHYSICS OF LIGHT EMISSION FROM LEDs (LIGHT
EMITTING DIODES) AND OTHER DISPLAY TECHNOLOGIES ALLOWS FOR THE PRECISE CONTROL OF RED, GREEN, AND BLUE LIGHT
INTENSITY AT EACH PIXEL. THIS PRECISE CONTROL IS WHAT ALLOWS FOR THE CREATION OF PHOTOREALISTIC IMAGES AND
SMOOTH COLOUR GRADIENTS. W/HEN YOU SEE A COLOUR ON YOUR SCREEN, IT'S NOT A SINGLE WAVELENGTH OF LIGHT; IT'S THE
RESULT OF YOUR BRAIN INTERPRETING THE COMBINED SIGNALS FROM THE RED, GREEN, AND BLUE SUB-PIXELS FIRING AT SPECIFIC
INTENSITIES.

Bevonp DISPLAYS, ADDITIVE COLOUR PRINCIPLES ARE ALSO VITAL IN DIGITAL IMAGING. CAMERAS CAPTURE IMAGES BY
MEASURING THE LIGHT THAT FALLS ON THEIR SENSORS. THESE SENSORS ARE OFTEN DESIGNED WITH COLOUR FILTERS (OFTEN RGB
BAYER PATTERNS) THAT ALLOW THEM TO RECORD THE INTENSITY OF RED, GREEN, AND BLUE LIGHT SEPARATELY AT EACH POINT.
THIS DATA IS THEN PROCESSED TO RECONSTRUCT THE FULL-COLOUR IMAGE, EFFECTIVELY USING THE ADDITIVE MIXING PRINCIPLE
TO REPRESENT THE COLOURS SEEN BY THE CAMERA.



PRINTING, PHOTOGRAPHY, AND ART CONSERVATION

ON THE SUBTRACTIVE SIDE, THE CMY(K) SYSTEM DOMINATES THE WORLD OF PRINTING AND PHYSICAL COLOUR REPRODUCTION.
W/HEN YOU SEND A DOCUMENT TO A PRINTER, THE SOFTWARE CONVERTS THE COLOURS INTO CYAN, MAGENTA, YELLOW ,6 AND
BLACK INK VALUES. THE PRINTER THEN APPLIES THESE INKS TO THE PAPER. THE PAPER ITSELF IS USUALLY WHITE, REFLECTING ALL
VISIBLE WAVELENGTHS. THE INKS THEN ABSORB CERTAIN WAVELENGTHS, LEAVING THE REMAINING REFLECTED LIGHT TO BE
PERCEIVED AS THE PRINTED COLOUR. THIS IS A CRITICAL APPLICATION OF SUBTRACTIVE COLOUR PHYSICS, ENABLING
EVERYTHING FROM GLOSSY MAGAZINES TO DETAILED ARCHITECTURAL BLUEPRINTS.

IN TRADITIONAL PHOTOGRAPHY, COLOUR FILM \WORKED ON SUBTRACTIVE PRINCIPLES. L AYERS OF EMULSION WERE SENSITIVE TO
DIFFERENT COLOURS, AND PROCESSING INVOLVED DYES THAT ABSORBED LIGHT. MODERN DIGITAL PHOTOGRAPHY, WHILE USING
ADDITIVE PRINCIPLES FOR CAPTURE, STILL RELIES ON SUBTRACTIVE COLOUR MIXING FOR PRINTING. ART CONSERVATION ALSO
BENEFITS FROM A DEEP UNDERSTANDING OF COLOUR PHYSICS. SCIENTISTS USE SPECTROSCOPY TO ANALYZE PIGMENTS AND DYES,
UNDERSTANDING THEIR ABSORPTION AND REFLECTION PROPERTIES TO IDENTIFY MATERIALS, ASSESS DEGRADATION, AND GUIDE
RESTORATION EFFORTS, ALL OF WHICH ARE ROOTED IN THE PHYSICS OF LIGHT AND COLOUR.

SCIENTIFIC INSTRUMENTATION AND SPECTROSCOPY

IN SCIENTIFIC RESEARCH, THE STUDY OF LIGHT AND COLOUR IS A FIELD IN ITSELF. SPECTROSCOPY/ FOR EXAMPLE, INVOLVES THE
ANALYSIS OF THE INTERACTION BETWEEN MATTER AND ELECTROMAGNETIC RADIATION. SPECTROMETERS ARE INSTRUMENTS THAT
MEASURE THE INTENSITY OF RADIATION AS A FUNCTION OF WAVELENGTH. THIS IS CRUCIAL FOR IDENTIFYING SUBSTANCES,
UNDERSTANDING THEIR CHEMICAL COMPOSITION, AND STUDYING THEIR PHYSICAL PROPERTIES. THE ABILITY TO PRECISELY
CONTROL AND MEASURE LIGHT ACROSS THE SPECTRUM IS FUNDAMENTAL TO THESE INVESTIGATIONS, AND IT RELIES ON A
THOROUGH UNDERSTANDING OF COLOUR PHYSICS.

FURTHERMORE, IN FIELDS LIKE ATMOSPHERIC PHYSICS, THE COLOURS WE OBSERVE IN THE SKY — FROM THE BLUE OF THE DAYTIME
SKY TO THE RED OF A SUNSET — ARE EXPLAINED BY THE SCATTERING OF SUNLIGHT BY ATMOSPHERIC PARTICLES. THIS
SCATTERING IS WAVELENGTH-DEPENDENT, A PHENOMENON KNOWN AS RAYLEIGH SCATTERING, AND IT DIRECTLY RELATES TO THE
PHYSICS OF LIGHT AND COLOUR. UNDERSTANDING THESE PRIMARY COLOUR PRINCIPLES ALLOWS SCIENTISTS TO MODEL AND
EXPLAIN COMPLEX NATURAL PHENOMENA AND DEVELOP SOPHISTICATED OPTICAL TECHNOLOGIES THAT SHAPE OUR WORLD.

Q: WHAT IS THE PRIMARY DIFFERENCE BETWEEN ADDITIVE AND SUBTRACTIVE PRIMARY
COLOURS?

A: THE PRIMARY DIFFERENCE LIES IN HOW COLOURS ARE CREATED. ADDITIVE PRIMARY COLOURS (RED, GREEN, BLUE) ARE
COMBINED BY MIXING LIGHT SOURCES. W/HEN YOU ADD MORE LIGHT, THE RESULT BECOMES BRIGHTER, ULTIMATELY LEADING TO
WHITE. SUBTRACTIVE PRIMARY COLOURS (CYAN, MAGENTA, YELLO\X/) ARE CREATED BY MIXING PIGMENTS OR FILTERS THAT
ABSORB CERTAIN WAVELENGTHS OF LIGHT. W/HEN YOU ADD MORE PIGMENTS, MORE LIGHT IS ABSORBED, LEADING TO DARKER
COLOURS, IDEALLY BLACK.

QI \WHY ARE RED , GREEN, AND BLUE CONSIDERED THE ADDITIVE PRIMARY COLOURS?

A: RED, GREEN, AND BLUE ARE CHOSEN AS ADDITIVE PRIMARY COLOURS BECAUSE THEY CORRESPOND TO THE PEAK SENSITIVITIES
OF THE THREE TYPES OF CONE CELLS IN THE HUMAN EYE, WHICH ARE RESPONSIBLE FOR COLOUR VISION. BY MIXING THESE THREE
COLOURS OF LIGHT IN VARYING INTENSITIES, WE CAN STIMULATE THESE CONE CELLS IN A WAY THAT OUR BRAIN INTERPRETS AS
VIRTUALLY ANY COLOUR IN THE VISIBLE SPECTRUM, INCLUDING WHITE.



Q: WHAT ARE THE SUBTRACTIVE PRIMARY COLOURS AND WHY ARE THEY USED IN
PRINTING?

A: THE SUBTRACTIVE PRIMARY COLOURS ARE CYAN, MAGENTA, AND YELLOW. THEY ARE USED IN PRINTING BECAUSE PRINTING
INKS WORK BY ABSORBING CERTAIN WAVELENGTHS OF LIGHT FROM A WHITE SURFACE AND REFLECTING THE REST. CYAN ABSORBS
RED LIGHT, MAGENTA ABSORBS GREEN LIGHT, AND YELLOW ABSORBS BLUE LIGHT. MIXING THESE INKS ALLOWS PRINTERS TO
ABSORB SPECIFIC COMBINATIONS OF WAVELENGTHS, THEREBY PRODUCING A WIDE GAMUT OF COLOURS ON PAPER.

Q: How DOES THE COMBINATION OF ADDITIVE PRIMARY COLOURS CREATE SECONDARY
COLOURS?

A: IN ADDITIVE COLOUR MIXING, COMBINING TWO PRIMARY COLOURS IN EQUAL INTENSITY PRODUCES A SECONDARY COLOUR.
For EXAMPLE, MIXING RED AND GREEN LIGHT PRODUCES YELLOW. MIXING GREEN AND BLUE LIGHT PRODUCES CYAN. MIXING RED
AND BLUE LIGHT PRODUCES MAGENTA. THESE SECONDARY COLOURS ARE ALSO THE PRIMARY COLOURS OF THE SUBTRACTIVE
SYSTEM.

Q: How DOES THE COMBINATION OF SUBTRACTIVE PRIMARY COLOURS CREATE
SECONDARY COLOURS?

A: IN SUBTRACTIVE COLOUR MIXING, COMBINING TWO PRIMARY COLOURS IN EQUAL INTENSITY ALSO PRODUCES A SECONDARY
COLOUR, BUT THESE ARE DIFFERENT FROM THE ADDITIVE SECONDARIES. MIXING CYAN AND MAGENTA INKS PRODUCES BLUE. MIXING
CYAN AND YELLOW INKS PRODUCES GREEN. MIXING MAGENTA AND YELLOW INKS PRODUCES RED. THESE SECONDARY COLOURS ARE
THE PRIMARY COLOURS OF THE ADDITIVE SYSTEM.

Q: CAN YOU EXPLAIN THE CONCEPT OF COMPLEMENTARY COLOURS IN RELATION TO
PRIMARY COLOURS?

A: COMPLEMENTARY COLOURS ARE PAIRS OF COLOURS THAT, WHEN MIXED, CANCEL EACH OTHER OUT TO PRODUCE A NEUTRAL
COLOUR. IN ADDITIVE COLOUR MIXING, THE COMPLEMENTARY OF RED IS CYAN, THE COMPLEMENTARY OF GREEN IS MAGENTA, AND
THE COMPLEMENTARY OF BLUE IS YELLOW. NOTICE THAT THE ADDITIVE PRIMARY AND ITS COMPLEMENT ARE SUBTRACTIVE
PRIMARIES, AND VICE VERSA. For EXAMPLE, IF YOU ADD RED LIGHT TO CYAN LIGHT (\X/HICH IS BLUE + GREEN), YOU GET WHITE
LIGHT. |F YOU MIX RED PIGMENT WITH CYAN PIGMENT, THE RED PIGMENT ABSORBS GREEN AND BLUE, AND THE CYAN PIGMENT
ABSORBS RED, LEAVING NO LIGHT TO BE REFLECTED, IDEALLY RESULTING IN BLACK.

Q: How DO PRIMARY COLOURS RELATE TO THE PHYSICS OF LIGHT WAVES?

A: PRIMARY COLOURS IN PHYSICS ARE DIRECTLY RELATED TO THE WAVELENGTHS OF ELECTROMAGNETIC RADIATION THAT
CONSTITUTE VISIBLE LIGHT. DIFFERENT COLOURS CORRESPOND TO DIFFERENT RANGES OF WAVELENGTHS. ADDITIVE PRIMARIES
(RGB) ARE SELECTED BECAUSE THEY STIMULATE OUR CONE CELLS EFFECTIVELY TO CREATE A BROAD SPECTRUM. SUBTRACTIVE
PRIMARIES (CMY) ARE SELECTED BASED ON THEIR ABILITY TO ABSORB SPECIFIC RANGES OF WAVELENGTHS FROM WHITE LIGHT.
THE INTERACTION OF THESE WAVELENGTHS WITH OUR VISUAL SYSTEM IS THE BASIS OF COLOUR PERCEPTION.

Q: WHAT Is THE ROLE oF BLACK INK (K) IN THE CMYK PRINTING SYSTEM?

A: THe 'K IN CMYK STANDS FOR KEY, REFERRING TO BLACK INK. IN THEORY, MIXING EQUAL AMOUNTS OF CYAN, MAGENTA, AND
YELLOW INKS SHOULD ABSORB ALL LIGHT AND PRODUCE A PERFECT BLACK. HOWEVER, IN PRACTICE, PIGMENTS ARE NOT
PERFECTLY PURE, AND MIXING THEM RESULTS IN A DARK BROWN OR MUDDY GREY RATHER THAN A TRUE BLACK. THEREFORE, A
SEPARATE BLACK INK IS USED TO ACHIEVE DEEP BLACKS, SHARP DETAILS, AND BETTER CONTRAST IN PRINTED MATERIALS.
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