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Introduction - Motivation

e Discussion of color quality of color TV images is
always full of speculation about how good the color
was when the system was new

 Many factors cannot be known, since they depend
on the adjustments and performance of individual
pieces of equipment at the time of use

 There is data, however for some factors, particularly
the spectral response of some of the early cameras.
This allows computation and accurate display of the
colorimetric performance of early cameras using
modern equipment



Many Factors Could Affect
Color Quality

n the camera chain and studio

n the transmitter

n the receiver

In the following lists of factors, those that
were simulated and studied are in bold red

type



Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Camera setup and operation



Many Factors Affect Color Quality
- In the Camera Chain and Studio

e |mage orthicon setup/operating conditions —a complex
interaction of magnetic and electrostatic fields
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e |mage orthicon setup/operating conditions - Image orthicon
setup appears to have been as much art as science — the tube
had a narrow optimum temperature range for operation, and
many of the electrical and magnetic field adjustments
affected each other.

e Excerpt from “Instructions for Care and Warranty
Adjustment”:

Prior to shipment from the factory, this camera tube was inspected and carefully tested on the basis
of actual television pictures produced by it, and was found to equal or exceed specification quality, How-
ever, camera tubes contain certain chemical elements which are not very stable, such as cesium. Conse-
quently, operating performance can vary substantially with time. RCA Image Orthicons are designed to
reduce the possibility of such change to a minimum, If, for any reason, this camera tube does not give
satisfactory service within the warranty-adjustment period stated in the RCA Adjustment Policy for
this type, a claim for adjustment may be made through vour RCA distributor or direct to RCA.

SAYE THE ENCLOSED RETURN AUTHORIZATION FORMS



Many Factors Affect Color Quality
- In the Camera Chain and Studio

40 deg C for type 7037

The operating tempercture of any part of the
glass bulb should never exceed 50°C, and no part
of the bulb at the large end of the tube [target
section) should ever fall below 35°C during
operation. The temperature of the target is
essentially the same as that of the adjacent
glass bulb and can, therefore, be determined by
measuring the temperature of the glass bulb ad-
jacent to the target. For best results, it is
recommended that the temperature of the entire
bulb be held between 35° and 45°C. Operation at



Many Factors Affect Color Quality
- In the Camera Chain and Studio

too low a temperature will be characterized by
the appearance of a rapidly disappearing "stick-
ing picture”" of opposite polarity fromthecriginal
when the picture is moved. QOperation at too high
a temperature will cause loss of resolution and
possibly permanent damage to the tube. Resclution
is regained by waiting for the temperature to
drop below 45°C. No part of the bulb should run
more tharn 5° hotter than the target section to
prevent cesium migration to the target. Such



Many Factors Affect Color Quality

- In the Camera Chain and Studio

migration will result in loss of resolution and
in probable permanent damage to the tube. Ljke
other photosensitive devices employing cesium,
the 5820 may show fluctuations in performance
from time to time. Strict observance of the
above recommendations with respect to operating
temperature will not completely eliminate these
variations but will greatly Improve the stability

of the characteristics during the life of the
tube.
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Many Factors Affect Color Quality
- In the Camera Chain and Studio
- Setup

*Make sure scan is OK (overscanned)

«\Warm up 30 minutes to 1 hour with lens capped and beam off

*Make sure scan is OK (overscanned)

sUncap momentarily and adjust grid 1 voltage for small beam current
*Recap and adjust beam current

*Adjust alignment coil current so that beam center does not move with focus
sUncap lens and determine target cutoff voltage (image just visible)

*Raise target 2 volts higher

*Raise beam current to discharge highlights

*Adjust photocathode voltage and G4 voltage for sharpest picture

*Adjust G5 for highest voltage possible with minimum center-edge shading
*Adjust G3 for max signal

*Adjust G6 and photocathode voltage to remove any S-shape of a straight
line

*Recap the lens and repeat the alignment current adjustment
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Many Factors Affect Color Quality
- In the Camera Chain and Studio
- Setup (continued)

*Uncap the lens and set the iris so the highlights reach the knee

*Readjust the beam current to discharge the highlights

*Repeat the above two actions to be sure the knee has been reached rather
than beam current limiting

*Recap lens and re-adjust G3 for minimum black shading

*Repeat all of the above for best results

*Raise the target voltage to 4 volts above cutoff to prevent gradual
highlight compression

DO ALL OF THE ABOVE for all 3 image orthicons, adjusting neutral
density filters in two paths for equal performance of red, green, blue

*READY TO MAKE PICTURES? NO! - still have to do registration and

shading adjustments
12



Many Factors Affect Color Quality
- In the Camera Chain and Studio
- Setup (continued)

*As you can see, setup of a 3- IO camera was like repeating a
science experiment each time

oIt's no wonder that results varied and depended on the experience of
the technicians

*Evidence in existing video tapes indicates that NBC Burbank got
more consistent results than NBC New York, for example.

*Round-CRT receivers were actually a blessing, as corner shading
and misregistration weren't visible at home
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Many Factors Affect Color Quality

- In the Camera Chain and Studio
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Camera video processing adjustments
(black level and gamma correction)

Note that early cameras with all-tube circuits
were typically warmed up for hours before
critical adjustment was attempted; the last
version of the TK-41 boasted improved
stability to reduce the necessary
stabilization time.
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Signal-to noise ratio (SNR)
of the cameras

— Despite the relatively low SNR of the image
orthicon output compared to modern cameras,
the video processing added even more noise.

— RCA made improvements over the years.
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Signal-to noise ratio (SNR)
of the cameras

— Xavier University, Cincinnati, received hand-me-
down cameras and gutted them and substituted
transistorized circuits throughout the processing
chain.

— This resulted in an 8 dB SNR increase [Jay Adrick,
private communication, 2007].
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Signal-to noise ratio (SNR)
of the cameras

— Noise limits the amount of gamma correction gain
that is practical in the lowlights and thus limits the
contrast range of the over-all system
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Stability of the chroma encoding and maintenance of
the color subcarrier integrity through the distribution
chain (a reason commonly cited for color variations)

e Polarization sensitivity of the color-splitting dichroic
optics (the effect typically was noticed as green
highlights on back-lit hair)
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

e Camera “taking characteristics”
(spectral response)

— Actual measurements of complete early cameras
are available

— Specifications of some parts of early camera
optics are also available
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Many Factors Affect Color Quality
- In the Camera Chain and Studio

* |[llumination Color Temperature

— Camera optics not easily adapted to light-
quality change

— The TK-41s had neutral density filters in the
R,G and B paths to adjust for rough white
balance, but did not have a filter wheel for
color-compensating filters.

— It was the practice in some studios to run all
(incandescent) lighting at 70% on the dimmers,
and then adjust up and down from there.
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Many Factors Affect Color Quality
— In the Transmitter

 Transmitter differential gain and phase
 Transmitter group delay response

* (Neither is addressed in this presentation)
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Many Factors Affect Color Quality
- In Recelvers

Stability of receivers

Lack of coordinated chroma and contrast controls (as a
“Picture” control) in early receivers

Lack of full DC restoration in all but the earliest generation
receivers

Low contrast capability in early receivers except in darkened
rooms due to relatively high-reflectance screens. (The earlier
picture tubes could have some internal contrast and purity
reduction due to scattered electrons as well)

Receiver phase/group delay distortions
Other distortions peculiar to individual circuit designs

23



Many Factors Affect Color Quality
- In Recelvers

 Changes in receiver phosphors over the years to
increase brightness at the expense of colorimetry

e Early adoption of high color temperature white
points in receivers

 Adoption of approximate corrective matrices in
receivers, which reduced hue errors due to
phosphor changes, but introduced saturation and
brightness errors in colors other than skin tones;
particularly visible as over-bright reds
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Order of Presentation for
Factors Studied in this Presentation

Receiver primaries, white point, corrective matrices
— Affect all colors
— Based on 3x3 matrix calculations

Camera gamma correction and noise

Camera color response

— Can affect some colored objects more than others
depending on interaction of light source, object
reflectance spectrum, and camera spectral response

— Calculated by integration of product of illumination
spectrum, object spectrum and camera response, plus
3x3 matrix calculations

lllumination
— Same calculations as camera color response



Presentation of Results

e Spectral Graphs / Chromaticity Charts
e Reproductions of Color Test Chart
* Reproductions of Natural Images



Display of Results on Chromaticity Charts
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Visual Display of Effects

 Gretag-Macbeth ColorChecker chart

— SMPTE Standard 0303M-2002, Television — Color
Reference Pattern

— Color coordinates and spectra are both available

— http://www.babelcolor.com/main level/ColorChecker.htm#How about data
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Visual Display of Effects

* |mages
— Exact results for receiver effects (3x3 matrix)

— Approximate results for camera and illumination
(assumes natural object spectra are similar to test
objects)
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Test Colors

* For Receiver, need only color coordinates —
can easily make up hypothetical colors

e For Camera, need to know reflectance
spectrum of test objects



Test Colors — Assorted
(Spectrum is Unspecified — Use for Receiver Studies Only)
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Test Colors — Gretag-Macbeth ColorChecker Chart
(Known Reflectance Spectra —Use for Camera and Receiver Studies)

SMPTE Standard 0303M-2002, Television — Color Reference Pattern
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Receiver Effects



Receiver Effects
Primaries, White Point, Matrixing

e Papers on matrices for approximate color correction
in receivers for non-NTSC phosphors and different
white points were published by Parker (1966); Neal
and DeMarsh (1974), Neal (1975), and Bretl (1979),

among others

e This section illustrates Parker’s results and the
tradeoff of color brightness errors for proper flesh
tone reproduction



Effects of Receiver White Point and Primaries

¥ Chromaticity Chart

—LCoordinates————————  —
AT U e Sl

: Tu:uller:anp!a = +/- 00005
1 JHD == 10004

NTSC Receiver

NORMAL VIEWER

VARIATION
)

JUST-NOTICEABLE
DIFFERENCE

4
\ \ = a// TRANSMITTED
$

> \ / DISPLAYED \A)

Tranzmitter

\/ Receiver

+* 0

35



Effects of Receiver White Point and Primaries
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Effects of Receiver White Point and Primaries
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Effects of Receiver White Point and Primaries
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Simulating Effects of
Receiver White Point and Primaries
- Displaying on a Modern sRGB* Display

* A 3x3 matrix in the linear domain will simulate the
change of white point and primaries, converting the
input RGB values Rp, Gp, Bp to sRGB display values
Rs, Gs, Bs

Parker 9300K + 27 MPCD to sRGB

Rs = Gs = Bs =
Rn 0.8632 -0.0157 -0.0156
Gn -0.1460 1.0726 0.0683
Bn 0.0254 -0.0046 1.1882

* SRGB primaries = HDTV primaries = ITU-R 709 primaries



Simulating Effects of
Receiver White Point and Primaries
- Effects of Electrical Matrix in Receiver

e Parker’s 3x3 correction matrix is applied in the
gamma—corrected domain

Parker's correction matrix for 9300K + 27MPCD

W o0

Rprime=
1.5468
-0.1977
-0.3491

Gprime=
-0.0187
0.8960
0.1226

Bprime=
0.0095
-0.2231
1.2135



Simulating Effects of
Receiver White Point and Primaries
- Photoshop Layers
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Results with Test Chart

. Presented on white background to make
changes obvious

. Presented on black background to allow
adaptation (if any)



Original




Parker’s Primaries
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Parker’s Primaries and 9300K + 27 MPCD
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Original




Parker’s Primaries and 9300K + 27 MPCD




Effects of Receiver White Point and Primaries
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Effects of Receiver White Point and Primaries
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Effects of Receiver White Point and Primaries
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Parker’s Primaries and 9300K + 27 MPCD with
Parker’s Correction Matrix — Assorted Colors
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Effects of Receiver White Point and Primaries
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Effects of Receiver White Point and Primaries
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Original




Parker’s Primaries and 9300K + 27 MPCD
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Parker’s Primaries and 9300K + 27 MPCD with
Parker’s Correction Matrix
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Original




Original




Parker’s Primaries and 9300K + 27 MPCD




Parker’s Primaries and 9300K + 27 MPCD with
Parker’s Correction Matrix




Original




Higher-Saturation Version
of Parker’s Matrix

e Parker’s matrix assumes skin tones that are
more saturated than those on the color chart

* To correct the color chart skin tones, larger
matrix terms are needed

e This increases the over-saturation and over-
brightness of the more highly saturated colors,
especially reds



Parker’s Primaries and 9300K + 27 MPCD with
Parker’s Correction Matrix — Assorted Colors
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Parker’s Primaries and 9300K + 27 MPCD with
Parker’s Correction Matrix — ColorChecker Colors
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Parker’s Matrix vs. Higher-Saturation Matrix

Parker's correction matrix for 9300K + 27MPCD

R
G
B

Rprime=
1.5468
-0.1977
-0.3491

Gprime=
-0.0187
0.8960
0.1226

Bprime=
0.0095
-0.2231
1.2135

Higher-saturation correction matrix for 9300K +

27TMPCD
Rprime=
R 1.7800
G -0.3760
B -0.4036

Gprime=
-0.0812
0.9562
0.1251

Bprime=
0.0476
-0.3827
1.4303



Parker’s Primaries and 9300K + 27 MPCD with High-
Gain Correction Matrix — ColorChecker Colors

¥ Chromaticity Chart
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Parker’s Primaries and 9300K + 27 MPCD with
High-Gain Correction Matrix — ColorChecker Colors
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Parker’s Primaries and 9300K + 27 MPCD with
High-Gain Correction Matrix — Assorted Colors
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Parker’s Primaries and 9300K + 27 MPCD with
High-Gain Correction Matrix — Assorted Colors
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Original




Parker’s Primaries and 9300K + 27 MPCD with
Higher-Saturation Correction Matrix
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Original




Parker’s Primaries and 9300K + 27 MPCD with
Higher-Saturation Correction Matrix




Vegetable Market - Original
=
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Vegetable Market — Parker’s Primaries and White
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Vegetable Market - Original
=
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Vegetable Market — Parker’s Matrix

~
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Vegetable Market - Original
=
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Vegetable Market — High Gain Matrix
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Camera Analysis



For the Remainder of this Presentation,
an NTSC Standard Display is Assumed
Unless Stated Otherwise

* The following parts of this presentation
generally assume an ideal NTSC display so
that the effects of the early cameras
responses can be studied

« However - Two other early displays
documented in the RCA petition to the FCC
are also studied



Image Orthicon Cameras
for Color TV



Image Orthicon Color Cameras
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Image Orthicon Color Cameras
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Gamma Correction and Noise



Gamma Correction Basics

e Gamma (Y) is the exponent in the function that
describes the beam current (hence brightness) in a
CRT as a result of the video voltage input: 1=VY

e Gamma correction is the inverse: V= L)
and is applied in the camera to each primary channel

Light output

|

Volts input
CRT Gamma

Note NTSC
specification
y=2.2

(Linear scales)

Volts output

Light input

Gamma Corrector



Problems with Gamma Correction

e The “ideal” gamma

corrector has infinite i /
gain at black ......... ___, ,J'-'J‘"_ ..............
L
(impossible!) ~. | .. | ;“‘/ ............................
.

Limiting the gain sets an implicit limit on contrast ratio of
the system, since video below a certain level will be
attenuated by the CRT gamma

*Even with limited gain, pickup device noise is amplified in
the lowlights

*Noise obscures the shadow detail

*Noise is partially rectified and raises the black level
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TK-41 Gamma Correction

 Obtain some highlight correction from the
image orthicon operating conditions (later
abandoned)

e Correct electrically for y=1.4 instead of 2.2, to
limit noise amplification

e Use a 2-break-point approximation in the
electronic circuit



TK-41 Gamma Correction
— Highlight Compression

Highlight compression effect
of image orthicon with target
voltage = 2V

Next, add some gain to bring
maximum back to 100%

This target compression was
abandoned early on, and the
target was set to 4V (no
compression)



TK-41 Gamma Correction

130V PLUG IN FACTORY ADJUSTED

T P e T e e e e ey | LEVEL
| |
| 1OuH |
! |
| !
! L.5K I BLACK
| e [ LEVEL
{ I
(]

a1 2-IN34A< 12/ |
' K 27 |

0, x|
_________________ 2

o 'IOFF

4

GAMMA UNIT WHIE -

Epyr

J

Ew | Eour
o1 |09

c.2 |03z
o3 |0428
o4 |0523
05 |06l2
06 (0697
o7 0777
0.8 | 0854
09 0928
10 |10

Am:y=1.4

Non-linear load

Two break points: 33% and 66% near black)

Gain slopes 1.6, 0.8, 0.6

_WHITE
LEVEL

BLACK
LEVEL

Fi1G. 17-75. Oscilloscope waveform pat-

GAMMA SWITCH tern for power-law curve of 0.707.

(Poor approximation

........................................................

........................................................

Curve obtained:
Max slope = 1.6
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TK-41 Gamma Correction

e The combination of image orthicon highlight compression and
the non-linear amplifier gives a maximum slope of 1.6/0.75 =
2.13

— This compensates for the CRT at a level where its slope is 1/(2.13) =
0.469

— This implies the video signal is 0.276 and the light output is (0.276)%2 =
0.0589

— The system contrast range (for output roughly proportional to input)
then is:
1/0.0589=17:1
 Note: modern systems (with much lower-noise cameras)
typically specify a gamma correction curve that gives a system
contrast ratio of several hundred — e.g., SRGB max slope =
12.92; implies contrast ratio = 462:1



Making it Work

e The 0.707 power transfer function and 17:1
contrast ratio implied by the TK-41 circuit would
not produce good pictures - images would look
too dark

e Lifting the black level (an adjustment that was
readily available to the video engineer) provides a
much better reproduction of highlights and
midtones, with some fogginess in the lowlights

e The author surmises this was the actual operating
condition



Cascaded Gamma Correction Stages

WITH TARGET
COMPRESSION

LARGE ERROR
NEAR BLACK

NO TARGET
COMPRESSION

LARGE ERROR
NEAR BLACK

RED: TARGET COMPRESSION

NOTE
MAGENTA: TARGET COMPRESSION + GAIN COMPENSATION
GREEN: FOLLOWING TK41 GAMMA CORRECTOR Chart
scales are

BLUE: FINAL CRT OUTPUT :
linear
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Original

Original




TK-41 — Gamma Corrector OFF

Linear Camera (Without Gamma Correction) and No Added Noise




TK-41 — Gamma Corrector OFF, Noise Added

Linear Camera with 31 dB SNR




TK-41 — Highlight Compression, Noise Added

IURs 2z
-g_‘)a“*ﬂ}-". ==
5555

Camera with Target Voltage = 2 V and 31 dB SNR




TK-41 — Highlight Compression, Gain Restored,
Noise Added

Camera with Target Voltage = 2 V, gain restored
and 31 dB SNR




TK-41 — Highlight Compression, Gain Restored,
Noise Added, Gamma Corrector ON

e
&

Camera with Target Voltage = 2 V and 31 dB SNR
Nominal Black Level and TK-41 Gamma Corrector Circuit




TK-41 — Highlight Compression, Gain Restored, Noise
Added, Black Level Lifted 10%, Gamma Corrector ON

el a5 R
Camera with Target Voltage = 2 V and 31 dB SNR
plus 10% Black Lift and TK-41 Gamma Corrector




Original

Original




TK-41 — Improved Image Orthicon — Highlight Compression,
Noise, 10% Black Lift, Gamma Corrector ON

Camera with Target Voltage = 2 V and 36 dB SNR (Tube Type 6474)
plus 10% Black Lift and TK-41 Gamma Corrector Circuit




Original

Original




TK-41 —Linear Highlights, Noise, Black Lift, Gamma Corrector ON

| e
Camera with Target Voltage =4 V and 31 dB SNR (Tube Type 5820)
plus 10% Black Lift and TK-41 Gamma Corrector Circuit




TK-41 — Improved Image Orthicon —
Linear Highlights, Noise, Black Lift, Gamma Corrector ON

oV’ = 3
Camera with Target Voltage = 4 V and 36 dB SNR (Tube Type 6474)
plus 10% Black Lift and TK-41 Gamma Corrector Circuit




Original

Original




Higher-Gain Gamma Correction - 31 dB SNR

Linear Camera with 31 dB SNR and
Gamma Corrector with Max Slope of 9.75 (Contrast Ratio = 276:1)




Higher-Gain Gamma Correction
Improved Image Orthicon — 36 dB SN

g ?

P FERI

Linear Camera with 36 dB SNR and
Gamma Corrector with Max Slope of 9.75 (Contrast Ratio = 276:1)




Original

Original




Simulation Technique
— Photoshop Layers

Layers  Channels WPaths S
Marmal " Opacity:| 100% * |

Lock: ] o+ @ Fill:| 10036 &

=

{6 lﬁl:|22g aaaaaaaa

i§ % :ﬁ I:I MTSC to sRGE

® o[ oo

[—]

|_ ﬂl:lZ.Zg aaaaaaaa

L]
=
2

i

s

0

EQ :ﬂi I:l TE-41 garma corr

| '@I:lmscto aaaaaa

Iﬁ I:l sRGE to MTSC

2
o s Jeasm
%.@ I:l rio: 80 blue

< 1/(2.2) gamma correction curve for SRGB output

< NTSC to sSRGB matrix (channel mixer)

< 2.2 power curve of NTSC CRT

< 1/(2.2) gamma correction curve may be substituted for TK-41 curve

< TK-41 gamma correction curve

< Black lift prior to TK-41 gamma correction curve

< Restore image contrast lost due to noise layer opacity

< 127 mid-gray with 15% Gaussian noise — opacity 10% or 16% to vary noise
< Peak-to-Peak gain restoration for target compression

< Image orthicon target compression curve

< Approximate NTSC to Camera (Hue, Saturation, Lightness adjustments)
< sRGB to NTSC matrix (channel mixer)

< 2.2 power curve to linearize sRGB input

< Color balance filter if required

< Substitute grayscale image for histograms

< Base image (sRGB)
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Histograms

Generation of Noise in Photoshop

J [Hawigator 'i Irifa | Histogram

Chanrel |RGE W
e .iL...J..Jl- e
Source: | Entire Image
Mear: 12547 Lewal:
Std Dew: 72,98 Caunt:
Mediar: 127 Percentile:
Pixels: 107961 Cache Lewal:

el

L

S F

= ..I..J

S R

] MHawigatar \I Info | Histogram

f_,' -

Channel: |RGE W |

Source; |Entire Image b
Mear: 127,03 Lewvel:

Std Dew: A7.51 Zount!

Median: 127 Percentils!
Pixelz: 116083 Cache Lewalt 1

I

E Charnnel: |paE

Source:

Entire Image
Mean: 1.2?..48
Std Dew: 8145
Median: 128

Pixels: 116088

| | Mawigator “IInﬁ:-"‘ I-.|i.st|:|gram

|

Lewel:
Count!
Percentils!
Cache Leweal:

f*‘l |'-1-'_',. '. '.-:

1

11-Step Grayscale mmm) With 15% Noise Layer,

16% Opacity

With Level Adjustments
SNR =35:1

=31dB




Istograms

1 davigator §Info | Histogram A0 ! y i | bawigatar Histogram A
Channel: | a8 P o Channel; |RaE v o Charnel: |nGE v o
R L A T e R o | Gl . (SRR 'S T M T [ e = 5 Rl i
Source: | Entire Image » Source: | Entire Image i | Source: |Entire Image v
Mean: 12547 Lewel: Mean: 154,03 Lewel: Mean: 169,32 Lewel:
Std Dewt 78,93 Count: Std Dev: 78,34 Count: Std Devi 6537 Count}
Median: 127 Percentile: Median: 171 ‘Percertile; Madiar: 151 Percentile:
Pivels; 107961  Cache Level: t Piiels: 109433 Cache Level: 1 Piels; 116082  Cache Levalt 1

11-Step Grayscale mmm) With TK-41 circuit  mmm) W'th+Tt')<|£t ﬁ:{cu't

. - ]
| pavigater § inf ) Histogram ;
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-

| tawigater | Info | Histogram a5
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CRT Output -

{1 S | (1 A |'.J S WS L 4 M LA L { B TR ¥ § W s
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Meari; 112,84 Level: Mean: 12367 Lewvel:
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Histograms

o

1

Channel:

Source:
Mean:
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CRT Output -
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Analysis of Color Reproduction



Assumptions for Color Analysis

e [llumination - lluminant C

— NTSC hypothetically should reproduce objects
as seen under llluminant C

— Avoid the question of illuminant effects, study
that separately
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Standard llluminants

25D DD

200 O

150000

100 . OO0

B DO

ILL &
ILL .S
—ie— C5500

o

Fhacady

A

430 B3

gD

&30
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Sources of Camera and System Data

“Red Book” - Before the Federal Communications Commission,
Washington D.C., Petition of Radio Corporation of America
and National Broadcasting Company, Inc. for Approval of
Color Standards for the RCA Color Television System, June 25,
1953

Color Television Engineering, John W. Wentworth, McGraw-
Hill Book Company, Inc., 1955, pp.292-293

Spectral Response of Color Cameras, |. Bosonoff and W. J.
Derenbecher, Radio Corporation of America, April 10, 1953

TK41C Prism Measurements, Jay Ballard, (private
communication) 2007



Test Objects

e Spectra of test objects used in earlier papers
are usually unknown

 Use Gretag-Macbeth ColorChecker chart

— SMPTE Standard 0303M-2002, Television — Color
Reference Pattern

— http://www.babelcolor.com/main level/ColorChecker.htm#How about data
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Test Colors — Gretag-Macbeth Chart

0.9 ! ! ' 0.7
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Display Primaries
NTSC

— Assumed aim for most of the studies here

Trinoscope

— Earliest display

— High-purity primaries
Reduced Gamut

— Mentioned in Red Book, but apparently abandoned
— Would require matrix with large negative coefficients

sRGB

— Used only to get to files viewable on modern display



“Taking Characteristics” for Given Primaries

“Taking Characteristics” are the spectral responses needed to specify the
amount of each primary color to reproduce pure spectral wavelengths

Start with CIE fictional primary colors X,Y,Z

X,Y,Z can reproduce any color with positive quantities because their
triangle encloses all real colors

I Arbitrary scale I

All real colors X,Y, Z color
(inside “horseshoe”) matching functions
are also inside triangle A
0.8 ; 1.6000 Zb r_\
0.7 1.4000 \
0.6 12000 il _Ybar
l \ ——xbar
0.5 1.0000 I Y ’\\ XL. ar ﬁizzz
0.4 0.8000 I // \
0.3 0.6000 /' \A /
0.2 0.4000 / I~ \\A /. \
0.2000 / N\ LA \
o A S M
oIOO.O 01 02 03 04 05 06 07 08 09 1.0 X %0 0 0 530? 580 630 680 730

I Wavelength, nm -




Taking Characteristics for Real Primaries

e Spectral Sensitivity Curves needed for perfect reproduction of pure spectral
wavelengths with real primaries

e Linear combination of the CIE XYZ curves

* R,G,B require fictional negative amounts of light to reproduce any color outside
the RGB triangle

* For correct reproduction of colors inside the triangle, we still need the negative
camera responses to certain wavelengths to get the correct net positive
qguantities of R, G, and B

. -
0 All real colors on or R,G,B Taking
o . e e . _ Characteristics
o8 {’}<“ but some outside 16 ~ SCHN
IR RGB triangle 14 \ | eRary
REPRODUCIBLE |, ——— (B ary | \
c(?(t?/IRPSO(:ELI‘)Ng:S F Pure spectral \ / bar
S TUTETE , — | colors on the \ \ —~—R
WAVELENGTHS) |, | | j R] “horseshoe” \ \ e
\ - > | spectral locus / / X
o . . ; 0 j/ /—\‘ | / O
0.1 Fictional negative 2 ER e YRS SJTEE oY R 2 5 0
\" . 2 % N T L+
00 light needed for 4 1
00 0.1 02 03 04 o (
colors outside the 6
RGB primary triangle




Display Primaries - NTSC
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Taking Characteristics - NTSC
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Taking Characteristics - NTSC

 Things to note

To be perfectly correct, a camera with three sensors needs a 3x3
matrix to generate negative responses to certain wavelengths

The negative lobes for NTSC are not huge

For many/most object spectra, the effects of the negative lobes
may be approximated by using only positive lobes that are
somewhat narrower than the positive lobes of the ideal taking
characteristics

This is the same technique used in all color photographic film
until the invention of 4-layer film with an inhibitory cyan-
sensitive layer (equivalent negative response to cyan
wavelengths!), and the same technique that could be used in
early color TV cameras



Other Early Display Primaries

* Trinoscope

— Used for practical demonstrations before color
picture tube was developed

 Narrow-gamut display

— Studied in theory to determine effects, but
apparently never produced



RCA Trinoscope #1

Fig. 1 — Trinoscope Receiver Model No. 1 Fig. 2 — Trinoscope Receiver Model No. 1
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RCA Trinoscope #2

Fig. 3 — Trinoscope Receiver Model No. 2 Fig. 4 — Trinoscope Receiver Model No. 2
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Mitsubishi Trinescope 1964

’_,_..6-_;0': [ New York
& ¢ COLOR TV RECEIVER i
World’s Fair
Lo 1964-65
e
0 _
}‘ | |
.
- ; Photo:
TR Wayne Bretl
Operating
In 2007
" it ? Photo:

Erich Loepke
(Member trinescope
on audiokarma.org)g




Display Primaries - Trinoscope
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Taking Characteristics - Trinoscope

Trinoscope Primaries Standard Taking Characteristic
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Display Primaries — Reduced Gamut




Taking Characteristics — Reduced Gamut
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Display Primaries - SRGB
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Taking Characteristics — sRGB
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Display Primaries
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Calculations

* All measured and standard quantities entered
into spreadsheet at 10 nm intervals from 380
to 730 nm

— Measured camera responses
— Filter transmission curves

— CIE color matching functions
— Color chart spectra



Calculations

 Camera response for each color patch

— Form product spectrum of llluminant, object, and
camera responses

— Numerically integrate the R,G,B responses of the
camera

— Numerically integrate for an ideal white patch
(100% reflectance at all wavelengths)

— Normalize all results so that R=G=B on the ideal
white



Calculations

* Displayed color for each color patch

— 3x3 matrix transform from target display
primaries (usually NTSC) to sRGB primaries

— Gamma correct the sRGB values



Calculations

* Eye response for each color patch

— Form product spectrum of llluminant, object, and
CIE color matching functions

— Numerically integrate to get X, Y, Z
— Calculate (x, y) and (u’, V')



Possible Improvements
via Linear Matrixing

Lack of negative lobes in response and other
inaccuracies can be corrected approximately by a
least-squares-fit linear 3x3 matrix

Works best if the original camera characteristics are
close to ideal

Can be skewed by unusual test object spectra in
combination with non-ideal camera characteristics

Ideally, the best fit is calculated in a uniform color
space
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Possible Improvements
via Linear Matrixing

 Was not used in image orthicon cameras due
to increase in noise, complexity

e Calculations are made here

— to see what improvements could have been made

— for comparison with both the original camera
output and the ideal reproduction

— Done in R,G,B space for simplicity
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Camera Taking Characteristics

e Calculated NTSC ideal curves

e or Real curves from published over-all camera
RGB spectral responses

e or Calculated from products of real curves of
individual system components, either
published or measured
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Ideal NTSC taking characteristics
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1949 Cameras

e Camera used in October 1949 demo had
green curve displaced toward short
wavelengths — tended to move yellows
towards orange

e Corrected in November 1949



October 1949 taking characteristics
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November 1949 taking characteristics

November 1949

140

120

100

80 \\ —&—RCAM
60

T >(x e

——BCAM
0
D q D («n] («n] D D D D [en} [en} («»] (] D [en} [en} q
(e 0] D N T <o) (e 0] D N A [de] O («»] N S (o] (e 0] (¢»] N
-20 n u Al h s h St LN D D D D (o] O © © © N
-40
-60

147



Raw Output vs.Matrixed

e Three sets of curves on each slide

— Camera output RCAM, GCAM, BCAM (solid lines
with point symbols)

— Matrixed camera output RMAT, GMAT, BMAT
(solid lines without symbols)

— Ideal NTSC characteristics RN, GN, BN (dotted
lines)

— Vertical axis units are arbitrary



October 1949 taking characteristics

October 1949
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November 1949 taking characteristics

November 1949
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March 1953 Cameras

e Four cameras were documented in March
1953

e For this study, chose #2 and #3, which had the
largest difference in R and G curve crossover



March 1953 Camera No. 2
Taking Characteristics

3/20/53, #2
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March 1953 Camera No. 3
Taking Characteristics

3/20/53, #3
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March 1953 Camera No. 2
Taking Characteristics

3/20/53, #2
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March 1953 Camera No. 3
Taking Characteristics
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Prism Camera

e Later versions of TK-41 used prism optics
— Reduced internal optical reflections

— Trimming filters (supposedly more stable than
separate filters used earlier) cemented in place

 Many earlier cameras were retrofitted



Prism Camera
Taking Characteristics

Prism with 10s
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Calculation of Prism Camera
Characteristics

Measurements
— RGB curves

— Spectrum of instrument light source
Divide RGB curves by source
Multiply by image orthicon response
Normalize final RGB curves



Prism Measurements As Provided,
with 10-nm Interval Tracings

TK-41 Prism, arbitrary units
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3018 K lllumination
Used to Obtain Prism Curves

3018 deg., arbitrary units
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Tracing of Image Orthicon
Spectral Sensitivity Curve

5820 IO response, arbitrary units
88 L TR ST RABY ErsT v
; i SIS TR NN s v van
78 .I. - ot O Tl e W T
68 T
g —582010 .
58 : B response, arbitrar..
sl ol
48 - =
38 A
!, =
28 --!-g
" ac E
ol = g
5 : ¥
i ii )
) i ' ‘igﬂ'
142 242 342 442 542 642 742 842 942

161



Prism Camera
Taking Characteristics
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Stage-by-Stage Analysis



Tracing of Widdop’s
Red Mirror Transmittance

0.97

0.77 A

0.57

0.37

0.17

-0.03

Red reflecting transmittance
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Tracing of Widdop’s
Blue Mirror Transmittance

Blue reflecting transmittance

[ : - ]
| —&— Blue reflecting transmittance |

0.945

0.745

0.545

0.345

ANVLIII[1406 4O LNIDEITH

0.145 A

-0.055387
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Red Channel
Using Widdop’s Mirrors



FOR FOCUSINC

Red Channel
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Red channel dichroic mirrors
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Red Channel Trimming Filters
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Red Channel Dichroics
Plus Trimming Filters
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Red Channel Optics
Plus Image Orthicon

Red Channel Dichroics + Trim filters + 5820 10

11

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

X

—&— Total Red Optics

—&— 582010

—&— Final Red Response

400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

171



Green Channel
Using Widdop’s Mirrors



Green Channel
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Green Channel Dichroic Mirrors

Green Channel Dichroics
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Green Channel Dichroic Mirrors
Plus Trimming Filter

Green Channel Dichroics + Trim filter

—&— Total Green Optics
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Green Channel Optics
Plus Image Orthicon
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Blue Channel
Using Widdop’s Mirrors



Blue Channel
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Blue Channel Dichroic Mirror
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Blue Channel Dichroic Mirror
Plus Trimming Filter

Blue Channel Dichroic First + Trim filter
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Blue Channel Optics
Plus Image Orthicon

Blue Channel Dichroic First + Trim filter + 5820 10
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Over-All Results with Widdop's Mirrors

Blue Dichroic first, with 5820 10
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Over-All Results with Widdop’s Mirrors

NOTE UNEVEN Normalized to 1.0

RESPONSE NOT
TYPICAL OF
MEASURED lue Dichroic first, with 5820 10
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Crossed Dichroic Mirrors

e Some early designs proposed using crossed
mirrors

* |n this case, the blue channel also passes
through the red dichroic transmission curve
— Makes the blue curve more uneven
— Also not like actual cameras



Over-All Results with Crossed Widdop’s
Mirrors Normalized to 1.0

Crossed Dichroics, with 5820 10
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Results for NTSC Display

e Color Test Chart — each patch 3 ways
— As seen by the camera et
— Ideal
— As seen with leas-squares matrix [MATRIXED
e Chromaticity Diagrams
— CIE 1931 [X, V]
— CIE 1976 UCS [u’, V]
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October 1949 camera

Dctober 1949 Camera with IL C and NTSC Display.

[VIEW ON sRGE MONITOR ]
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CAUTION -
Luminance
Differences
Are Not
Shown on this
Diagram

October 1949 camera
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0.0 | X
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October 1949 camera

CAUTION — 0¥ October 1949 Camera IL C

Luminance 0.6 - NTSC Display
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November 1949 camera

November 1949 Camera with IL C and NTSC Display

[VIEW DN sRGB MONITOR ]
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November 1949 camera
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November 1949 camera
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March 1953 no.2 camera

March 1953 #2 Camera with IL C and NTSC Display

[VIEW DN sRGB MONITOR ]
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March 1953 no.2 camera
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March 1953 no.2 camera
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March 1953 no.3 camera

March 1953 #£3 Camera with IL C and NT5C Display.

IDEAL

MATRIXED

[VIEW ON sRGB MONITOR ]
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March 1953 no.3 camera
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March 1953 no.3 camera

o March 1953 #3 Camera ILC
NTSC Display
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Prism camera

Prisny Camera with IL € and NTSE Display

[WVIEVW DN sRGE MONITOR ]
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Prism camera
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Prism camera
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Linear Luminance Curves

The luminance response for spectral colors
can be calculated

Fictional for actual spectral colors, since there
will be clipping somewhere in the system for
colors beyond the NTSC gamut

However, indicates correctness of luminance
value for colors within the system gamut

Can be calculated for unmatrixed and
matrixed cases



Linear Luminance Curves

e Each slide has three curves

— YCAM — as the unmatrixed camera sees it
— YN —the ideal NTSC and eyeball Y, curve
— YMAT — as the matrixed camera sees it



October 1949 linear luma

Oct 1949
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November 1949 linear luma

1.2

November 1949
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March 1953 no.2 linear luma
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March 1953 no.3 linear luma
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Prism linear luma

Prism with 10s
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Results for Experimental and
Hypothetical Displays

e March 1953 Camera No. 2 with Trinoscope

e March 1953 Camera No. 2 with Reduced-
Gamut Display

e Camera matrix calculated for best fit to
each display
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March 1953 Camera No. 2 with Trinoscope Display

March 1953 #2 Camera with Trinoscope display.

[VIEW ON SRGE MONITOR)
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March 1953 Camera No. 2 with Trinoscope Display
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March 1953 Camera No. 2 with Trinoscope Display
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March 1953 Camera No. 2 with Reduced-Gamut Display

March 1953 #2 Camera with Small-Gamut Display

[WIEW ON sRiGE MONITOR]
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March 1953 Camera No. 2 with Reduced-Gamut Display
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March 1953 Camera No. 2 with Reduced-Gamut Display
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Comments on Reduced-Gamut Display

e Least-squares fit linear matrix gives poor results because it
attempts to drive the reproduction of colors outside the
receiver gamut

 More sophisticated techniques of color management
involving a rendering intent (e.g., maintain hue and lightness
at the expense of saturation) would be needed to get even
somewhat reasonable results

* Fortunately, this display was only hypothetical at the time,
and no such display was ever used for the home



Comments on Reduced-Gamut Display

e Some aspects of rendering in television were studied at the
time and in subsequent decades, but full 3-dimensional color-
space mapping had to wait for computers, where it not only
became possible, but was necessary for satisfactory home
color printing of natural scenes.

e Aspects of television color that have been studied in the past
include:

— Viewer tolerances for hue and saturation errors
— effects of gamma correction exponent, stray light, black level setting
— relative gamuts of film and television displays at various brightness levels

— “masking” (matrixing in the logarithmic domain, so as to work with dye
densities)

— Use of approximate matrices in receivers, working on the gamma—corrected
signals, to compensate for non-NTSC receiver phosphors



Approximate Results for Images

* Processing Steps (in Photoshop):
— Input photo in sSRGB color space
— Linearize by applying a gamma adjustment
— Matrix from sRGB primaries to the NTSC color space,

— Adjust hue , saturation and lightness to match a particular
camera’s color chart result (separate adjustments for each
primary and secondary color range)

— Matrix to sRGB color space
— Apply gamma correction
— Apply a text label
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Photoshop Adjustments

to Approximate Color Camera Response

B[]
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Veggie Market Original




Veggie Market As Seen by 10/49 Camera
g1 0/49 1L C rM HSL adjusf.




Effect of Incandescent Lighting



Effect of Incandescent Lighting
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Effect of Incandescent Lighting

e The effect of the tilt in the incandescent
lighting spectrum is to change the effective
taking characteristics of the camera

e This can be corrected by inserting a color
correcting filter with the opposite tilt

— Image Orthicon cameras had no place for such
filters

— Adjustment was by means of neutral-density
filters in two of the R, G, B paths
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Analysis of llluminant Effects

* To calculate camera output, need product (for
each wavelength) of three quantities:
1. lHluminant, I(A)
2. Object reflectance, O(A)
3. Taking characteristics Rbar(A), Gbar(A), Bbar(A)
I(A) x O(A) x Rbar(A) = R(A)
I(A) x O(A) x Gbar(A) = G(A)
I(A) x O(A) x Bbar(A) = B(A)



MMM e

Analysis of llluminant Effects

Integrals (sums) over wavelength give camera output

[R(A)] = Z [I(A) x O(A) x Rbar(A)] =R
[G(A)] = Z [I(A) x O(A) x Gbar(A)] =G
[B(A)] = Z [I(A) x O(A) x Bbar(A)] =B

However, these quantities are not correct unless the camera
has been white balanced, i.e., R,G, B gains adjusted so that,
for a perfect white object, R=G =B =1.0



Analysis of llluminant Effects

* To find white-balanced taking characteristics,
integrate the product of the taking characteristics
and the illuminant

S R(\) = £ [I(A) x 1.0 x Rbar(\)] =R,

> G(A\) = Z [I(A) x 1.0 x Gbar(A\)] = G,,

> B(A) = £ [I(A) x 1.0 x Bbar(\)] = B,,

 Next, normalize the taking characteristics by dividing to get
the white-balanced product of taking characteristics and
illuminant

Rbal(A) = I(A) x Rbar(A) / R,
Gbal(A) = I(A) x Gbar(A) / G,
Bbal(A) = I(A\) x Bbar(A) / B,



NTSC Taking Characteristics
Normalized for Equal Area

NTSC Taking Characteristics
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NTSC Taking Curves Multiplied by
IL C (Dotted) and IL A (Solid)
and Adjusted for White Balance

1 ; ; , .
NTSC Taking Characteristics
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March 1953 Camera No.3 Taking Curves Multiplied by
IL C (Solid) and IL A (Dashed),
and Adjusted for White Balance

Dotted Lines: NTSC Multiplied By IL C

i3

Mar 53 #3 Taking Characteristics

Multiplied by ILC and ILA;
NTSC Taking Characteristics

Multiplied by ILC
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Prism Camera Taking Curves Multiplied by
IL C (Solid) And IL A (Dashed),
and Adjusted for White Balance
Dotted Lines: NTSC Multiplied By IL C

1 Prism TK-41 Taking Characteristics
i Multiplied by ILC and ILA;
NTSC Taking Characteristics
! ~ - = Multiplied by ILC
0.6
o4
0.2
0
3B0
0.2
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Camera Output
Under New llluminant

* Integrals (sums) over wavelength give balanced
camera output for a particular object spectrum

> R(A) = Z [O(A) x Rbal(A)] =R

> G(A)=2Z[O(A) xGbal (A\)] =G

> B(A) =2 [O(A)) x Bbal(A)] =B



Mar 53 #3 Camera Multiplied by IL Cor IL A,
and Row #3 Patches

I I I |
Mar 53 #3 Taking Characteristics

Camera Multiplied by ILCand ILA e R3C
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Equal Area
(R=G=B) on White
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Mar 53 #3 Camera Multiplied by IL Cor IL A,
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Mar 53 #3 Camera, llluminant, and Green Patch Products
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Mar 53 #3 Camera, llluminant, and Red Patch Products
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March 1953 Camera No.3 Under llluminants Cand A

March 1953 #3 C
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March 1953 Camera No.3 Under llluminants Cand A
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March 1953 Camera No.3 Under llluminants Cand A
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March 1953 Camera No.3 Under llluminant A With Matrix

March 1953 #3 Camera with IL A and NTSC Display
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March 1953 Camera No.3 Under llluminant C With Matrix
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March 1953 Camera No.3 Under llluminant A
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March 1953 Camera No.3 Under llluminant C
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March 1953 Camera No.3 Under llluminant A
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March 1953 Camera No.3 Under llluminant C
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Prism Camera Under llluminants Cand A
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Prism Camera Under llluminants Cand A
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Prism Camera Under llluminants Cand A
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Prism Camera Under llluminant A With Matrix
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Prism Camera Under llluminant C With Matrix
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Prism Camera Under llluminant A
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Prism Camera Under llluminant C
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Prism Camera Under llluminant A
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Prism Camera Under llluminant C

0.7

0.6

0.5

04

0.3

0.2

0.1

0.0

PrismCamera ILC
NTSC Display

R

YL ex
\\ \\E AT
N ® Unmatrixed
\ / 4 Matrixed

/ ——Receiver
\/ Primaries
[ [

H’1 ;
NORMAL VIEWER
% VARIATION
o 7\ [ |

JUST-NOTICEABLE
DIFFERENCE

00 01 02 03 04 05 06 0.7 038

255



Veggie Market Original




Kl

2
<
—~
%
o

<
—
p
@
o
c
=
(
p
@
&
(S
&)
&
s
"=
a
>
2
c
T,
Q
(V)]
(V)]
(S
)
Q
X
p
W
2
00
7
>




Conclusions...



Conclusions

e Computerized calculations have allowed
reproduction of early color TV camera
characteristics on current displays

e Color distortions due to receiver phosphors
and white point were considerably larger than
those due to camera response

 The greatest shortcomings of early image
orthicon cameras were noise and non-ideal
gamma correction characteristics



Conclusions

e Early image orthicon cameras had close to
ideal (non-matrixed) spectral response due to
use of highly absorptive trimming filters.
However, this arrangement resulted in
reduced camera sensitivity.

e Later prism optics were more efficient, and
still obtained good color on a test chart
although RGB responses were less ideal



Conclusions

* Color distortions could have been improved by
use of matrixing in the camera, but SNR
would have been degraded

e Color distortions due to camera response
were small enough to be corrected to a great
degree by small adjustments of receiver hue
and color level

* Any large color distortions (especially hue
distortions) in early broadcasts should be
attributed to factors other than camera
response
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