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5 1._Field of the Invention
This invention relates to computerdisplays and more particularly to a

method and system for achieving accurate white point settings in computer
CRT displays by measuring and controlling the CRT beam current.
2. Description of the Background Art

10 Calibrating and maintaining accurate color settings on a computer CRT
is a problem which is increasingly drawing attention of computer users as |
display technology and requirements advance. Although color CRT
technology has improved dramatically over the past two decades, the
'increased availability of inexpensive digital video components has created a

15 user demand for more exacting color reproduction in even the lowest cost
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computing systems.

This demand for precision color has resulted in the introduction of a
number of elaborate devices and techniques for calibrating and adjusting the
CRT displays of computing systems. Several products are currently available

20 for measuring and providing highly accurate values of the luminance and
hue of CRT displays. With such a device the user can display an image having
known color characteristics, and manually calibrate the CRT display to
produce the known characteristics of the image on the display screen or can
manually initiate automatic calibration using an éxternal light sensor.

25 The disadvantage of this manual ‘calibration technique is that the
measurement must be periodically made to the CRT, as the characteristics of
the display change over time. Each of the three guns (one corresponding to
-each primary color, usually Red, Green, and Blue) will change over time as the
cathodes wear and erode. The mechanisms of wear relate to changes in the

30 amount of beam current resulting from the voltage drive from the computer
and also to changes in the voltage from the computer that corresponds to no
beam current (also referred to as “black level”), these are known as changes in
emission and cutoff, respectively. These characteristics also change with
temperature, notable for the first few minutes after a display is tumed on and

35 “warms up”, but this warm-up drift often continues at a substantial rate for up
to several hours after initial turn-on.

Other aging occurs in the screen phosphors. The phosphors become less
efficient with time. The decrease in light output for a given beam power input
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manifested as loss of blue transmission. It is attributed to the metalization of
the sodium ions in the glass that makes up the CRT envelope and is due to x-
ray bombardment resulting from the impact of high-energy electrons, over
several years of operation. With modern CRT glass formulations, sodium in
10 the ionized state is relatively sparse, and browning is not a severe problem. It
does, however, contribute measurably to color shift after many years of
operation. Although the efficiency of screen phosphors change over time, the
light output continues to be a fairly linear function'of input power, and thus
input current. As noted previously, the phosphors for each primary color
15 generally age fairly uniformly such that if a given current ratio is maintained
over the life of the CRT, the color of light emitted would not vary much. A
typical example would the 14” Trinitron (™ Sony Corp.) color monitor
manufactured by Apple Computer. If beam currents are maintained at
luminance levels above the maximum shipped brightness, the hue drift
20 would amount to about 2.7 AE* units over the first 2,000 hours (1 AE* is
similar to a just-noticeable difference in color ). '

Since the emission and cutoff of the cathodes age contmuously, the
operating points of the tube must constantly be re-adjusted to maintain precise
color rendition. What is needed is a system for measuring the current to each

25 CRT cathode and for adjusting the voltage signal delivered to the cathode
" from the CPU to obtain the desired current, and therefore the desired
luminance from each primary color to ultimately obtain the desired hue and

- luminance.
MMARY OF THE N
30 In accordance with the present invention, a method and system are

disclosed for achieving an accurate white point setting in a computer CRT
display. In the preferred embodiment of the present invention, a processor
generates and communicates a digital video signal to a display controller. The .
display controller transmits analog video signals to an analog controller. The
35 analog controller produces three analog voltages which are converted to
analog beam currents by the cathodes of the CRT. A current sensor is coupled
between the video display controller and the CRT, and measures the beam
current levels generated by the display controller. A spectraradiometer is
-2-



each primary color, usually Red, Green, and Blue) will change over tine as
t he- cat hodes wear and er ode. The mechanl sns of wear relate to changes in
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beam PReED rbfféds by sequentially driving each of the primary color cathodes
independently. Three tristimulus values and the individual beam currents
are measured for each of the cathodes, to produce a total of nine normalized
tristimulus values, which are stored in a calibration memory. Also during
factory calibration, a gamma table is constructed and stored in calibration
10 memory, which maps the relationship between cathode drive voltage and
analog beam current for each of three cathodes.
_ Following the measurement of normalized tristimulus values and
generation of the gamma table, the CRT is calibrated to an arbitrary white
point using the normalized tristimulus values. Target beam currents are
15 calculated and stored to achieve the white point setting, and the CPU generates
a digital video signal to display the white poiht on the CRT. The analog beam
_currents resulting from the amplifier video signal from the video display
* controller are compared to the target beam currents, and the gain of the video
display controller is adjusted to match the actual beam currents to those
20 calculated. '

Once the initial CRT calibration has occurred, recalibration of the CRT
can. be easily implemented by regenerating the white point image by the CPU,
and comparing the resulting beam currents to those originally calculated and
now stored in the calibration memory. The CPU rhakes necessary adjustments

25 to the gain of the analog controller to compensate for aging effects of the CRT
display. An alternative recalibration method is effected by displaying any
image (not necessarily a white point), anid by using the gamma table to
determine the appropriate theoretical beam currents for the image being
displayed. Adjustment to the video display control circuitry is made as above,

30 to adjust the beam currents to their proper levels.

D I F

FIG. 1 is a pictorial diagram showing a system for measuring the color
content of a video disi)lay as performed in the prior art;

FIG. 2 is a schematic diagram of the present invention showing a system

35 for measuring and calibrating the white point setting of a CRT display; and

FIG. 3 is a schematic diagram of the present invention showing a system

for maintaining accurate white point setting of a CRT display.

-3-
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contribute
5 for measuring the tristimulus values of the hght emitted from the display 12.

The spectraradiometer could be substituted by various other conventional
light measuring devices, including a photometer. Tristimulus values
represent the total amount of energy passing through three overlapping
optical bands, called X, Y, and Z. The bands, X, Y, and Z correspond to the

10 three channels of a model of human color vision, in which whenever the
ratios of energy in the bands are in a given proportion, a standard observer is
said to perceive a given hue. The summed weighted energies of these three
bands describe the luminance of the light. In other words, a given set of
tristimulus values represents a specific hue at a specific intensity. The ratio of

15 values presented to X, Y, and Z correspond to a given hue.

CRT phosphors will typically stimulate the X, Y, and Z channels such
that the degree of stimulation of each of the three channels will differ
depending upon the color and luminance of the particular phosphor.
Tristimulus values are discussed in detail in Color Measurement, Theme and

20 Variation, D.L. MacAdam, 2nd ed., Springer-Verlag, pp. 9-21. It is these X, Y,
and Z values that are sensed by a conventional spectraradiometer 22 which is
calibrated to accurately measure the tristimulus values of light for the display
12. _

In order to calibrate video display 12, an iﬁ\age of known chromaticity

25 such as a white screen is generated by CPU 14 and displayed.
Spectraradiometer 22 measures and displays the tristimulus values of this
image. In one embodiment of the prior art, the amount of red, blue, and green

. can be adjusted on video display 12, using color controls 13 located on the
video display. The controls 13 are adjusted until the tristimulus value

30 readings on spectraradiometer 22 match the expected chromaticity readings of
the image being produced by CPU 14. In an alternative embodiment, the
compensations to video display 12 are manually applied using color correction
mechanisms contained within CPU 14. The measured tristimulus values are
read for spectraradiometer 22 as before, and entered into CPU 14 through

35 keyboard 16. CPU 14 compares the chromaticity of the originally known signal
to the chromaticity of the displayed image, and corrections to video display 12
are implemented by the computer. In a third prior art embodiment, a user
may hold cards or colored strips adjacent to video display 12 in order to

-4-



operation. Al though the efficiency of screen phosphors change over tine,
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Referring now to FIG. 2, a calibration system 25 of the present invention
is shown for initially measuring the chromatic characteristics of a CPU 26 and
CRT 36. In the preferred embodiment of the present invention, system 25 is

10 employed during factory assembly of CRT 36, but alternatively may be
employed by a computer distributor or service center. The purpose of system
25 is to measure the relationship between CRT beam currents 32 and the color
tristimulus values produced by CRT 36, to store these measurements in a
calibration memory 24, and to calibrate the video signal 28 produced by CPU 26

15 so that a known and desired relationship exists between video signal 28 and
the chromaticity of the corresponding image displayed on CRT 36.

Processor 23 may be any computing processor in a video-based system.
Processor 23 of FIG. 2 is shown as a coniponent in CPU 26 of a general purpose
computer. In the preferred embodiment, processor 23 is a multi-chip

20 - integrated circuit microprocessor based in an Apple Macintosh computer
manufactured by Apple Computer, Inc. of Cupertino, California. Calibration
memory 24 may be any non-volatile memory such as Electrical Programmable
Read-Only Memory (EPROM) or a Programmable Read-Only Memory (PROM)
which is programmed during calibration of the display containing CRT 36.

25 Calibration memory 24 contains tristimulus values 27 and gamma values 29
(discussed in more detail below) for each of the primary cathodes which
comprise CRT 36. Additionally, other information may be stored in
calibration memory 24 such as the calibration history (when and where
calibrated) as well as recalibration adjustments made to the beam currents by

30 the system as described with respect to FIG. 3 below. Calibration memory 24 is
preferably contained internal to the physical display unit housing CRT 36 and
communicates with CPU 26 via digital data bus 33. The reason for containing
calibration memory 24 within the CRT 36 housing, is that the calibration of
CRT 36 is principally a measurement and compensation for the variations in

35 cathode drive characteristics and phosphor luminance which exist between
CRT's. The objective of calibration is to measure the tristimulus values as a
function of beam currents 32 for each of the primary colors, to enable the
accurate rendering of specific colors during normal operation. The beam
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25 GRT cathode and for adjusting the voltage signal delivered to the
cathode fromthe CPU to obtain the desired current, and therefore the
desired |l um nance fromeach primary color to ultinmately obtain the desired
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communicated from processor 23 to analog voltages to drive the cathodes, that
result in beam currents 32. Display controller 30 is generally located in the
same physical CPU 26 housing as processor 23 and communicates with
processor 23 via a digital data bus 37. Display controller 30 consists of a digital-
10 to-analog converter and various buffers for maintaining the voltage levels
required to drive an amplifier controller 45 (discussed with reference to FIG. 3
below) of a video display. Generally three voltage signals provide drive to
CRT 36 cathodes; resulting in an individual beam current 32 on each of the
cathodes for the red, blue, and green primary colors. It is each of these three
15 beam currents 32 which are carefully calibrated and controlled in the present
invention to produce color images on CRT 36. This control produces images
which are chromatically reproducible over time and are identical between
various CRT's. |
Current sensor 34 is coupled between analog controller 45 and CRT 36,
20 and measures each of the three beam currents 32. In the preferred
embodiment, current sensor 34 comprises a sampling circuit for sampling
beam current 32 and an Analog to Digital Converter (ADC) for converting the
analog beam samples to a digital data value. Conventional sampling circuit 54
and ADC 50; also used in display recalibration, are discussed more fully with
25 respect to FIG. 3 below. Alternatively, a conventional current sensor 34 can be
attached directly to beam currents 32 through circuitry contained in analog
controller 45.
_ Calibration system 25 is generally operated by applying beam currents to
each of the individual cathodes 35 on CRT 36, and measuring the
30 corresponding beam current 32 and the resulting set of tristimulus values on
spectraradiometer 42. The first step of the calibration process is to apply a
sufficient current to one of three beam currents 32 to produce accurately
measurable current levels on the corresponding cathode 35 of CRT 36. The
CRT 36 emission from this beam current 32 and the corresponding set of X, Y,
35 and Z tristimulus values is measured on spectraradiometer 42. This set of
three tristimulus values are then normalized by dividing each by the relevant
beam current 32 to produce the values X/amp, Y/amp, and Z/amp. The
normalized values are then stored in calibration memory 24. This tristimulus
-6-



current, levels generated by the display controller. A spectraradioneter is
positioned in front of the CRT to capture the image corresponding to the

di gital video signal generated by the CPU. The spectraradi oneter neasures
the -t r M P4fRA238 val ues of .the image. Initial calibration of CEISOPRIFay
normal Iy occurs at the factory where the display is finally assenbl ed. The
calibration.5 proceeds by seq uentlallé driving each of the primary color
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calibration  The second step of the factory calibration process is to generate a gamma
5 table 29, which maps the relationship between the cathode 35 voltages and the
beam currents 32 for each of the three primary color beams. The beam
currents 32 are often exponential with respect to their driving voltages. This
" non-linearity manifests itself as an exponential relationship, the exponent |
often known as the CRT gun’s “gamma”. During the calibration process, beam
10 currents are measured for various values of video signals 28 from CPU 26.
These values are stored in gamma table 29 so that beam currents 32 can be
predicted as a function of digital video level. The number of such measured
values is not critical, and depends largely on the degree of non-linearity
exhibited by the guns being measured. Generally, a sufficient number of
15 gamma points should be measured to allow for reasonably accurate
interpolation. The gamma table and normalized tristimulus values for each
gun are used for recalibration of the display 36 with reference to FIG. 3, below.
Referring now to FIG. 3, a system is shown for periodically recalibrating
and compensating CRT 36 for degradation effects due to warm-up, and for
20 allowing the user to accurately reset the white point to an arbitrary color. CPU
26 is shown connected to analog controller 45, which comprises three video
amplifiers 47, one amplifier for each primary color channel. Video amplifiers
" 47 are characterized by a high input impedance, and an output impedance
sufficiently low to drive a CRT cathode. A set of current sampler 54, one for
25 each beam current 32, allows Analog to Digital Converter (ADC) 50 to sense
the magnitude of beam currents 32. Current samplers 54 are well known by
those practicing in the art and may consist of such components as current
mirrors or networks of passive electronic components. ADC 50 samples the
individual beam currents 32 and digitizes the sampled current, to produce a
30 digital current measurement which is then communicated to CPU 26 along
bus 49. :
To calibrate CRT 36 to an arbitrary white point (arbitrary color of white)
CPU 26 accesses the normalized tristimulus values 27 stored in calibration
memory 24 and calculates the amount of beam current required by each
35 cathode to obtain the desired hue and luminance from the CRT. The beam
currents are found by solving the following set of equations:
The defining formulae:
Xc ='(R Xr) + (G Xg) + (B Xb)



10 nmenory, which maps the rel ati onship between cat hode drive vol tage and
anal og beam current for each of three cathodes. Follow ng the neasurenent
of* normalized tristimulus values and generation of the gamma table, the CRT
i s calibggtsagi?s an arbitrary white point using the nornal i Z2ar/uUse4a2874ul us
val ues. Target beamcurrents are 15 calculated and stored to achieve the
white point setting, and the CPU generat es a digital video signal to

di spl ay t heyshli(ReYPOF (G . The anal og beam currents resulting from

the amplifi he vi deo display controller are conpared
to the targZF ’b@gﬁﬁcﬁ ‘3?&’* ]i% the gain of the video display controller ~
i s adj ust edSelatiomsdbr fR)eGaniduBi beam currents to those 20 cal cul ated. Once
the initialoCRT calibration has occurred, recalibration of the CRT can be

eaS|Iy i npl €mented b regeneratl ng the whlte poi nt inmage by the CPU,
5 (Xg Yb-Xb Yg) Zc) /

(XrYgZb-Xg YrZb- Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Yc (-(Xg Zb) + Xb Zg)) /
(XrYg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Xc (Yg Zb - Yb Zg)) / |
10 (XrYgZb-XgYrZb- XrYng+XbYng+XngZr-
Xb Yg Zr)
G=
((-(Xr Yb) + Xb Yr) Zc) /
XrYgZb-Xg YrZb - XrYng+XbYng+XngZr-
15 Xb Yg Zr) + (Yc (Xr Zb - Xb Zr)) /
(XrYgZb-Xg YrZb - XrYb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Xc (-(Yr Zb) + Yb Zr)) /
(XrYgZb-Xg YrZb - Xr Yb Zg + Xb Yr Zg + Xg Yb Z1 -
Xb Yg Zr)
20 B= :
(XrYg-XgYr) Zc) /
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Yc (-(Xr Zg) + Xg Zr)) /
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
25 Xb Yg Zr) + Xc (YrZg - Yg Zr)) /
(XrYgZb-XgYrZb - XrYng+XbYng+XngZr-
- XbYgZnii
. where i _
Xe,Xr, Xg.Xb,Yc, Yr,Yg, Yb,Zc, Zr,Zg, and Zb are the tristimulus values of the r,
30 g, and b primaries, normalized to the beam current.
R, G, and B are the beam currents for each primary.

Once beam currents 32 are calculated for the desired white point, CPU 26
generates a video signal 28 having a defined "white" luminance. Individual
beam currents 32 used to drive the Red, Green, and Blue cathodes 35 are

35 sensed by current samplers 54 and digitized by ADC 50. CPU 26 then adjusts
' the gains of video amplifiers 47 via a control signal 38 to analog controller 45,
to achieve the beam current values calculated using the equations above.
When the desired beam currents are obtained, the desired tristimulus values
-8- '



and conparing the resulting beamcurrents to those originally cal cul ated
and-now stored in the calibration nenory. The CPU nakes necessary
adjustnments 25 to the gain of the analog controller to conpensate for
agi ng afHaasz7ef the CRT display. An alternative recali br atPOTVUSSd10287d i S
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degradation occurs. Recalibration consists of CPU 26 sending a white point test
signal to CRT 36 via video display controller 30, measuring the beam currents
32, as described above, for each of the three color cathodes. CPU 26 compares
the measured beam currents 32 with the beam current values 31 stored in
10 calibration memory 24 and appropriately adjusts video amplifiers 47 to restore
beam currents 32 to the values originally stored as beam current values 31.
This calibration can also be performed automatically in the background
without the need to display a standard white point test signal. In the case of
automatic background calibration, a program running on CPU 26 operates in
15 the background, examining the chromaticity of video images generatéd by
processor 25, while CPU 26 is performing its normal tasks. Using gamma table
29 stored in calibration memory 24, processor 23 calculates the average beam
current that would result at each beam current sampler 54 if CRT 36 was
calibrated. The actual average beam currents are sensed by current sampler 54
20 and the sampled beam currents are measured by ADC 50 and supplied to CPU
26. If the measured beam currents differ from those calculated, CPU 26 adjusts
the gain of the Red, Green, and Blue channels, via control signal 38, until the
. sensed average currents match the calculated average beam currents. Thus,
the color of the display is maintained even though‘the colors displayed are not
25 the same as those displayed during original calibration, and it is also possible
to set the white point of the display to any arbitrary point within the gamut of
the display. S
" The invention has now been explained with reference to specific
embodiments. Other embodiments will be apparent to those of ordinary skill
30 in the art in light of this disclosure. For example, instead of adjusting the
gains of video amplifiers 47, the same effect can be achieved by adjusting the
amplitude of the video signal exported to analog controller 45 by CPU 26.
Also, it will be obvious to those skilled in the art that other display devices
such as plasma displays and light emitting diodes having various signal
35 receiving electrodes may be used in place of CRTs. Therefore, it is not
intended that this invention be limited, except as indicated by the appended

claims.



FIG 3 is a schematic di agram-ef—the present— invention showi ng a system for
mai ntai ni ng accurate white point setting of a CRT display. . -4-

DESCRI PTI ON OF THE PREFERRED E| i ng nowto FIG 1, a prior
art net hegb ed2228@suri ng and ca or of a vi deoPGF&lﬁi’ﬁ‘}ﬁl‘Q is
shown. In addition to video di spl ay 12 connected to a CPU 14, the
calibration systemcontains a spectraradi oneter 22 5 for. rreasuri ng the

tristimul us Whhtissclaimeéldsl i ght emtted fromthe display 12. The
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measuring device ng a rist us va
system comprising:

processor means for generating color digital video image signals;

5 control means connected to the processor means for receiving the
digital video image signals and for generating analog signals in response to the
digital video image signals;

display means coupled to the control means for displaying images
responsive to the analog signals;

10 current sensing means coupled between the control means and the
display means for generating current measurements of the analog signal
levels; and |

color measurement means for generating color measurements of the
display means images, wherein the color measurements and the current °

15 measurements are transmitted to the processor means for calibrating the
control means, so that a calibrated color image will be displayed on the display
means in response to a corresponding digital video image signal generated by
the processor means. :

2. The system for accurately displaying color images on a computer display

20 means according to claim 1, wherein the analog 51gnals comprise Blue, Red
and Green primary color components.

3. The system for accurately displaying color images on a computer display
according to claim 2, wherein the analog signals drive corresponding
electrodes in the display means. b

25 4. The system for accurately displaying color images on a computer display
according to claim 2, wherein the current sensing means generates a current
measurement for each of the analog primary color components.

. 5. The system for accurately displaying color images on a computer display
according to claim 1, wherein the color measurement means is a

30 spectraradiometer for measuring tristimulus values of the images.

6. The system for accurately displaying color imagés on a computer display
according to claim 1, further comprising memory means for storing the color
measurements and the current measurements transmitted by the color
measurement means.

35 7. The system for accurately displaying color images on a computer display
according to claim 1, wherein gamma values are computed based on the
current measurements of the display means.

-10-



represent the total anourt—ef—energy—passing through three overl apping
optrcal bands, called X Y, a ‘:s; X, Y, and Z correspond to the
10 three channels of a nD ﬂH “g r vision, in which whenever the
ratios WO M2Yy in the b n proportion, a BECHHSMW(2874
observer is said to percelve a .given hue. The summed wei ghted energi es of

these three bands describe the |um nance of the light. In other words, a
gi ven set &f Theisystemifos aceurately displaying eolar ippages o1 arepmputex dipplajf i

intensity. acE'a?d n? td)cﬁfimlﬁ fu\fﬁ{éf%xﬁ fi8 ﬁﬂ:rﬁ& exns %Bﬂn&t%a dtb?‘jﬁond to a

gi ven hue. typically hannel s
such t hat I?Wéeﬁ}é)lj ’@SaB‘F ?%‘E FWEV@ gammpa va f&llelf@SPE’Ye@eéﬁ&-nnel s Wil

di ffer depmnThagyseen f@h@ceﬁﬂhﬁ:ﬂ arsblhymgrmaﬁuﬁﬁ éd16n ﬂaddmguieard@@@?phor
Tristi Ius v %ues ar fﬂcu sed f Measur erent héne and

20 Var 5 At HCSREHNG WhRtEn the ifra] mPanp FElher EORbERSE || 1ot hoce

display control means connected to the processor means for receiving
digital video image signals from the processor means, and for generating
analog image signals responsive thereto;
analog control means connected to the display control means for
10 receiving and amplifying by some gain factor the analog image signals and for
generating analog signals, wherein the analog control means recejves a gain
control signal from the processor means for controlling the gain factor of the
analog control means; and
analog to digital conversion means connected between the current
15 sensing means and the processor means, for receiving current measurements
from the current sensing means, for converting the sensor analog currents to
digital sigﬁals, and for communicating the digital signals to the processor
means, wherein the processor means adjusts the gain control signal for the
purpose of calibrating the control means. . _
20 10. The system for accurately displaying color images on a computer display
according to claim 9, wherein the analog control means comprises separate
channels for each of Red, Blue and Green v1deo channels, for transmitting
analog signals to the display means. '
. 11. The system for accurately dxsplaymg color images on a computer display
25 according to claim 1, wherein the color measurement means is a photometer
for measuring tristimulus values of the images.
12. The system for accurately displaying color images on a computer display
according to claim 1, wherein the color measurements are normalized with
respect to the current measurements prior to transmission to the processor
30 means.
13. The system for accurately displaying color images on a computer display
according to claim 1, wherein the display means is a CRT.
14. A method for accurately displaying color on a computer display, the
method comprising the steps: |
35 a) determining white point beam current values for the display;
b) applying white point computer-generated video signals to the display
for producing white point beam currents at the individual display electrodes;

-11-



and -Z val ues that are sensed by a conventional spectraradi oneter 22 which
is-calibrated to accurately neasure the tristinmulus values of light for the
display 12. In order to c Ilﬂ'ﬁmlsullﬂﬂmﬁmpl ay 12, an image of known

chr omat iygéloysdye such as alll illll gener at ed by CPUPCT/US4/02874

di spl ayed. Spectraradi onet er 2,°2, readur &s and di splays the tristinmulus

val ues of this image. In one enbodi nent of the prior art, the anount of
red, blue, and g)egfeasafinpahadihite pbiRnbeimeartbritptalites prodistetby aher
controls 13 . located on the video display. The controls 13 are adjusted
until the t‘?lflg?ishﬁﬂ‘iﬁ' val ue 30 readings on spectraradi oneter 22 match the
e?pect ed chr onatd)cicomnparing tiys nofastihed beamecwrenigvalues dodhedetoruined | n an
alternativeg e ' t ensations to video display 12 are manual |
appl i ed usﬁ’ﬁag‘?gﬁgr covrarlé%{;‘iag‘mchani sns caontai ned w Phi% CPU 14. The y
nmeasur ed tri sti re)l adjustingghezomputer-generated video signals to produce beam

current values approximately equivalent to the determined beam current

values. .
15. The method for accurately displaying color on a computer display
according to claim 14, wherein the method for determining the white point
10 beam current values further comprises the steps:
i) applying a beam current to an individual electrode of the display
sufficient to drive the electrode;
ii) measuring the tristimulus values of the display image produced
from the driven electrode;
15 iii) normalizing the tristimulus values by dividing the tristimulus
values by the beam current; o o
iv) repeating steps of (i) through (iii) for each of the display electrodes;
and ' _ '
v) calculating white point beam current values from the tristimulus
20 values of each of the electrodes.
16. The method for accurately displaying color on a computer display
according to claim 15, wherein the method for calculating the white point
beam current values from the tristimulus values‘ further comprises solving

the set of equations:
25 The defining formulae:
Xc = (R Xr) + (G Xg) + (B Xb)
. Yc=(RYr)+(GYg)+(BYb)
. Ze=(RZr) + (G Zg) + (B Zb)
Solutions for R, G and B:
30 R=
((Xg Yb - Xb Yg) Z) / |
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Yc (-(Xg Zb) + Xb Zg)) /
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
35 Xb Yg Zr) + (Xc (Yg Zb - Yb Zg)) /
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr)
G=
-12-



4

read for spectraradi onet er—22—as—before;—and entered into CPU 14 t hrough 35

keyboard 16. CPU 14 corrpar t,i ty of the originally known
signal to the chromaticity| m“ m ‘lgﬁﬂﬂlﬂm i mage, and corrections to video
di spl ayyd 342801 npl enent ed In a third pri @CTM$94/02874

enbodi ment, a user may hold cards or colored strips adjacent to video
display 12 in order to 5 conpare a known image generated by CPU 14 to a

color strip ((QXr)ywXbhayzp/a known chromaticity. This nmethod is prone
(o, oo T8, Ghenl SaRe Al Qe a5, o pEty e o par 1 Fy
control s 13 oXbiYg drjgh(XeP(XrlZb t Xb Zr)) /
| (Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
5 Xb Yg Zr) + (Xc (-(Yr Zb) + Yb Zr)) /
XrYgZb-XgYrZb-XrYbZg+ Xb YrZg+ XgYb Zr -
Xb Yg Zr)
B= .
((Xr Yg - Xg Yr) Zc) /
10 (Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Yc (-(Xr Zg) + Xg Zr)) /
XrYgZb-XgYrZb- XrYng+XbYng+Xng Zr-
Xb Yg Zr) + Xc (Yr Zg - Yg Zr)) /
(XrYgZb-XgYrZb-XrYbZg + Xb Yr Zg + Xg Yb Zr -
15 Xb Yg Zr)l}
where
Xc,Xr, Xg,Xb,Yc, Yr,Yg, Yb,Zc, Zr,Zg, and Zb are the tristimulus values of the r,
g, and b primaries, normalized to the beam current; and
R, G, and B are the beam currents for each primary.
20 17. The method for accurately displaying color on a computer display
* according to claim 15, further comprising the step of storing the calculated
white beam current values.
18. The method for accurately displaying color on a computer display
according to claim 14, wherein the step of adjustiné the computer-generated
25 video signals further comprises the steps of repeating steps (c) through (e)
until a desired accuracy is achieved.

'19. The method for accurately displaying color on a computer display
according to claim 14, wherein the display comprises a video amplifier for
converting the computer-generated video signals to beam currents, and

30 wherein the video signal comprises a signal for controlling the amplification
of the video amplifier, so that adjusting the computer-generated video signal
of step (e) adjusts the amplificaition of the video amplifier, and thereby the
level of the beam currents.

20. A method for accurately displaying color on a computer display, the
35 method comprising the steps:
a) determining beam current and gamma values for the display;
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4 I
5 conpensate the chromaticity of video display 12, to match those of the
colered strips. Referring nowto FIG. 2,. a:calibration system 25 of the
present invention is shown for initially nmeasuring the chro
charact WQ 8428300f a CPU 26 and CRT 36. In the preferred engg'hmﬂ?”&? t he
present invention, system25 is 10 enployed during factory assenbly of CRT
36, but alternatively nay be enployed by a conputer distributor or service
center. The purpose of system 25 is to neasure the, rel ationship between CRT
beam currents 32 and the color tristinulus values produced by CRT 36, to
store these neasurenents in a calibration nenory 24, and to calibrate the
vi deo signal 28 produced by CPU 26 15 so that a _known ‘and desired

rel ati onshi p exi sts betwedn Vi deo signal 28 and the-ahronaticity of the

correspondi ng i nage di spl gyed on CRT 36._Processor 23 nmay be any conputing
processor in a video-basea system N & |
INI‘" N
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Processor 23 of FIG 2 is shown as a conponent in CPU 26 of a general

pur pose conputer. In the preferred enbodi nent, processor 23 is a nmulti-chip
20 integrated circuit mcroprocessor based in an Apple Mcintosh conputer
manuf acWer 2422830 Appl e Conputer, Inc. of Cupertino, Califor We/USM92814at i on
menory 24 may be any non-vol atile nmenory such as El ectrical Programmabl e
Read-Only Menory (EPROV) or a Progranmabl e Read-Only Menory (PROV) which is
programed during calibration of the display containing CRT 36. 25
Calibration menory 24 contains tristinulus values 27 and ganma val ues 29
(discussed in nore detail below) for each of the primary cathodes which
conpri se CRT 36. NmnﬁmmU¥vﬂumLLMQumnﬁnrmybestmedin
calibration nenory 24 1Isuch as the calibration history (when and where
calibrated) as well ad recalibratiof nfs made to the beam currents

by 30 the systemas descri i th opE{G. 3 below. Calibration
menory 24 is | I
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preferably contained internal to the physical display unit housing CRT 36
and rommunicates with CPU 26 via digital data bus 33. The reason for
containing calibration nenory 24 within the CRT 36 housing, is that the

cal izbr atvdﬂ'l&"’CRT 36 is principally a neasurenent and com?@ﬂ'géﬁ’m#"for t he
variations in 35 cathode drive characteristics and phosphor | um nance
Whi ch exist between CRT' s. The objective of calibration is to measure the
tristimulus val ues as i of beam currents 32 for each of the
primary colors, to en I:curate rendering of specific colors during
normal operation. The 6iy- currents 32 and tristinulus values
needed to obtain specitic ©olofs &hd
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| Umi nances are a function of the CRIT 36 and not of the CPU 267‘“8‘1‘& a

part, cular CRT 36 is cali brat us val ues di spl aﬁ‘@ w il be
the samav{,(g? Qﬁ% ven digital l mm n“wm ransmtted byPQI?HJ535,02854
ro

Di spl ay con er 30 is conventiconal ,mconverting the digital signals
comuni cat ed from processor 23 to analog voltages to drive the cathodes,

t hat result g%éfd?ﬁ;ﬂéﬂggnegté@b?d’eocﬁ 5@'&%%% WRBIGH édﬁtéﬂcat ed

e sarre SiIn as proc SSOor ates wth
sor 3or %dasnia}g.f%pr%wansagms? bepyrs gurrenisitthg |mérvng§5cr§lﬁela§ts of a

digital - 10elerttiispg converter and various buffers for mar ntai ni ng the

vol t age Ieves re ui.re drive a Lifli Ier .di scussed with
reference t§ I%EBW?’ESW ‘éur\y?%e‘()aqg% BF%@/ %en%?lé \%I t age
signal s pr O\d)deonﬂupravmg theOREaSredalvdaml esrreand sal uésntyp ﬁhe é&termmed beeth beam
current 32 aneeg‘qr}ngl;g%ﬁggg%%ggnaor the red, blue, and green primary

col ors. I'S ‘each i .
e) adjusting the computer-generated video signals to produce beam current

values approximately equivalent to the determined beam current values.
21. The method for accurately displaying color on a computer display
10 according to claim 20, wherein the method for determining the white point
‘beam current values further comprises the steps:
i i). applying a beam current to an individual electrode of the display
sufficient to drive the electrode;
ii). measuring the tristimulus values of the display image produced
15 from thedriven electrode;
iii). normalizing the tristimulus values by dividing the tristimulus
values by the beam current; and
iv). repeating steps of (i) through (iii) for each of the display electrodes;
and
20 v). calculating white point beam current values from the tristimulus
values of each of the electrodes.
22. The method for accurately displaying color on a computer display
according to claim 20, wherein the method for determining the gamma values
further comprises measuring beam currents for various values of video
W 25 signals at each of the individual electrodes.
23. The method for accurately displaying color on a computer display
according to claim 20, further comprising the step of storing the determined
white beam current values and the gamma values.

.This Sheet Has Been Repl
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15 beamfdiiirent’s B2 whi ch avé carleful |y cal | br@ied and ¢o
pr esBrtNisaventi onstd.. pr.aduseccol.or i mages on CR1, 36. Thi's "¢
i mage¥ whisch ar e ch{ oentp gade hy.i# epr oduci bl e overb, ti ma and’ ar

bet weer: ek ous: GRIY S, Qupseat. sensor 34 is coup)ed between’ _'
cont r;aal_,.J-e- 245 a;}ind,.m_?___,sgmpgg and (neasurles each”of t he* t hree’ be‘ém C

et ewesaess LA AL Ll

32. |h.the~preferrad embodient, durrent sensor 34 conprises a sanpling
ci r ct-t-Fof—sanphing: ~bea~m—e~uwent~— 32 and an Anal og ta. Dlg' 1l TCo wymer
(ADC) for converting-the _ . :

Convent i onal sanpH? ."‘bi'

recalibration, are di scussed mrw to FIG 3 bel ow.

Al ternatively, a conventional current sensor 34 can be attached directly to

beam currents MMW in anal og controller 45.

5 1. _Field of the Invention

This invention relates to computer displays and more particularly to a
method and system for achieving accurate white point settings in computer
CRT displays by measuring and controlling the CRT beam current.

f the Background A . _

10. Calibrating and maintaining accurate color settings on a computer CRT

"7 isa problem which is increasingly drawing attention of computer users as
display technology and requirements advance. Although color CRT
technology has improved dramatically over the past two decades, the
increased availability of inexpensive digital video components has created a

15 user demand for more exacting color reproduction in even the lowest cost
computing systems.

This demand for precision color has resulted in the introduction of a
number of elaborate devices and techniques for calibrating and adjusting the
CRT displays of computing systems. Several products are currently available

20 for measuring and providing highly accurate values of the luminance and
hue of CRT displays. With such a device the user can display an image having
known color characteristics, and manually calibrate the CRT display to
produce the known characteristics of the image on the display screen or can
manually initiate automatic calibration using an external light sensor.

25 The disadvantage of this manual calibration technique is that the -
measurement must be periodically made to the CRT, as the characteristics of
the display change over time. Each of the three guns (one corresponding to
each primary color, usually Red, Green, and Blue) will change over time as the
cathodes wear and erode. The mechanisms of wear relate to changes in the

30 amount of beam current resulting from the voltage drive from the computer
and also to changes in the voltage from the computer that corresponds to no
beam current (also referred to as “black level”), these are known as changes in

emission and cutoff, respectively. These characteristics also change with
temperature, notable for the first few minutes after a display is turned on‘and
35 “warms up”, but this warm-up drift often continues at a substantial rate fé?r up
to several hours after initial turn-on. .j,’.
Other aging occurs in the screen phosphors. The phosphors become less
efficient with time. The decrease in light output for a given beam power mput '
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Calibration system25 is general | y operated by applyi ng{» AT

each of the individual cathodes 35 on CRT 36, and meds LR SBHEET
correspondi ng beam current 32 and the resulting-set gf tr| sti mil us
on spectraradi oneter 42. The first step t he cal i brf at
apply a sufficient current to one of thr Heam curr
accurately measurable current |evels on the correspohding c: CRT
36. The CRT 36 em ssion fromthis beamcurrent 32 an [

of X, Y, 35 and Z tristinulus values is nmeasured on spectra
This set of threes prapertiemalite thetefabampunt HEPP%{SW;SPV%'@& twhamhoapw %ﬁ%"r‘i‘

by the rel evant. beamteuife®iithdscreen pFortunatelyhin wainyaolof/ displayy/ifthe baand
2 amp. nzlhgsnm M}, 7,80k VBk YES pRiErd R61orS b BsbtiiR SALLRY BlIpRRHERIREY nddof T S
emitted light will remain the same in spite of decreasing luminance. '
5 Another wear mechanism is referred to as glass browning, which is
manifested as loss of blue transmission. It is attributed to the metalization of
the sodium ions in the glass that makes up the CRT envelope and is due to x-
ray bombardment resulting from the impact of high-energy electrons, over
several years of operation. With modern CRT glass formulations, sodium in
10 the ionized state is relatively sparse, and browning is not a severe problem. It
does, however, contribute measurably to color shift after many years of
operation. Although the efficiency of screen phosphors change over time, the
light output continues to be a fairly linear function of input power, and thus
input current. As noted previously, the phosphors for each primary color
15 generally.age fairly uniformly such that if a given current ratio is maintained
over the life of the CRT, the color of light emitted would not vary much. A
typical example would the 14” Trinitron (™ Sony Corp.) color monitor
manufactured by Apple Computer: If beam currents are maintained at
luminance levels above the maximum shipped brightness, the hue drift
20 would amount to about 2.7 AE* units over the first 2,000 hours (1 AE* is
similar to a just-noticeable difference in color ).
Since the emission and cutoff of the cathodes age continuously, the
operating points of the tube must constantly be re-adjusted to maintain precise
. color rendition. What is needed is a system for measuring the current to each
25 CRT cathode and for adjusting the voltage signal delivered to the cathode
from the CPU to obtain the desired current, and therefore the desired
luminance from each primary color to ultimately obtain the desired hue and

luminance.
SUMMARY OF THE INVENTION
30 In accordance with the present invention, a method and system are
disclosed for achieving an accurate white point setting in a’compufer CRT
display. In the preferred embodiment of the present invention, a processor
generates and communicates a digital video signal to a display controller. The
display controller transmits analog video signals to an analog controller. The
35 analog controller produces three analog voltages which are converted to
analog beam currents by the cathodes of the CRT. A current sensor is coupled
between the video display controller and the CRT, and measures the beam
current levels generated by the display controller. A spectraradiometer is



7 measurenent process is then repeated for each of .l
until three sets of primary col or
“(nine tristimulus values total) are nornalized
menory 24. The second step of the factory calibkagion
generate a gamma 5 table 29, which maps3the rel §ti [
cat hode 35 voltages and the beam currents 32 f

currents 32,

E)ﬁﬁrﬂ&@ beam
MJW! urlenent s
L re'd"r‘ﬁ’"' | ilbrati on

col or beanms. The beam currents 32 are often exp ial with respgct to

their driving voltages. This non-linearity nanif

exponent lal relations t he e t often as the . gun'.

‘gamma". Duri nPosHPnEY! F‘tff Qfﬁﬁgf&g‘g‘g&?af’d& o‘"lﬂ&.‘—’ﬁ&ﬁ"teépé:n%“géaéﬁ? ed for
various val ues digitaliwideo signahgencz@ed byrth€RlP26 Thelspsatraratliveseter messweed i n
ganmma tabl e - 29h8 @iddRblAOATLEI6F @RliTagé. JAftiaPRalibration of the display normally

10

15

[RS8}
ut

30

occurs at the factory where the display is finally assembled. The calibration
proceeds by sequentially driving each of the primary color cathodes
mdependently Three tristimulus values and the individual beamn currents
are measured for each of the cathodes, to produce a total of nine normalized
tristimulus values, which are stored in a calibration memory. Also during
factory calibration, a gamma table is constructed and stored in calibration =~
memory, which maps the relationship between cathode drive voltage and

analog beam current for each of three cathodes.

. Following the measurement of normalized tristimulus values and
generation of the gamma table, the CRT is calibrated to an arbitrary white
point using the normalized tristimulus values. Target beam currents are
calculated and stored to achieve the white point setting, and the CPU generates
a digital video signal to display the white point on the CRT. The analog beam
currents resulting from the amplifier video signal from the video display
controller are compared to the target beam currents, and the gain of the video
display controller is adjusted to match the actual beam currents to those
calculated. '

~ Once the initial CRT calibration has occurred, recalibration of the CRT
can be easily implemented by regenerating the white point image by the CPU,
and comparing the resulting beam currents to those originally calculated and
now stored in the calibration memory. The CPU makes necessary adjustments
to the gain of the analog controller to compensate for aging effects.of the CRT
display. An alternative recalibration method is effected by displaying any
image (not necessarily a white point), and by using the gamma table to
determine the appropriate theoretical beam currents for the image being
displayed. Adjustment to the video display control circuitry is made as above,
to adjust the beam currents to their proper levels.

BRIEF D N OF TH WI

FIG. 1 is a pictorial diagram showing a system for measuring the color
content of a video display as performed in the prior art;

FIG. 2 is a schematic diagram of the present invention showing a system
for measuring and calibrating the white point setting of a CRT display; and

FIG. 3 is a schematic diagram of the present invention showing a system
for-maintaining accurate white point setting of a CRT display.



predicted as a function of digital video |evel. The nunber of such_neasured
values is not critical, and depends |argely on the degreg.pl..nen—~+nrea g
exhi bited by the guns belng nmeasured. Cenerally, a suff‘cﬁgﬂﬂ&ﬁﬂﬁﬁﬁﬁyﬁi b
gama poi nts shoul d be neasured to allow for reasonably ageur: ]

i nterpol ation. The gama table and nor mal4i zed tristimul ys a
gun are used for recalibration of the display 36 with rdfdr ggﬁg‘gqﬁ?g

bel ow. Referring nowto FIG 3, a systemis shown for pdriladic
recal ibrating and conpensating CRT 36 for degradation ef ects due to

war mup, and fory b REE BF ese ==t T POl Nt
to an arbitrary al og controller 45,
whi ch conprises thr eBe@F’d%“ah’p'lol FlGe 152 prior grtemgthnd; of @Fa%mmcﬁmrmW

col or channel . ‘heleslonoph ivideerdisgldy dnds siawac beaddiridnhy viddt @idpiapniat
| npedance, and agy Ré&{&’{o Wﬂ"%ﬁe S Hrh 8 Wde¥m' AWedifs 9 pgc%rara Bneté fpde:

A set of current sa
5 for mggsurmg the tr1st1mu1us values of the light emitted from the display 12.

The spectraradiometer could be substituted by various other conventional
light measuring devices, including a photometer. Tristimulus values
represent the total amount of energy passing through three overlapping
optical bands, called X, Y, and Z. The bands, X, Y, and Z correspond to the

10 three channels of a model of human color vision, in which whenever the
ratios of energy in the bands are in a given proportion, a standard observer is
said to perceive a given hue. The summed weighted energies of these three
bands describe the luminance of the l'ight. In other words, a given set of
tristimulus values represents a specific hue at a specific intensity. The ratio of

15 values presented to X, Y, and Z correspond to a given hue.

CRT phosphors will typically stimulate the X, Y, and Z channels such
that the degree of stimulation of each of the three channels will differ
depending upon the color and luminance of the particular phosphor.
Tristimulus values are discussed in detail in Col asurement, Theme and

20 Variation, D.L. MacAdam, 2nd ed., Springer-Verlag, pp. 9-21. It is these X, Y,
and Z values that are sensed by a conventional spectraradiometer 22 which is
calibrated to accurately measure the tristimulus values of light for the display
12.

In order to calibrate video display 12, an image of known chromaticity

25 such as a white screen'is generated by CPU 14 and displayed.
Spectraradiometer 22 measures and displays the tristimulus values of this
image. In one embodiment of the prior art, the amount of red, blue, and green
can be adjusted on video display 12, using color controls 13 located on the
video display. The controls 13 are adjusted until the tristimulus value

30  readings on spectraradiometer 22 match the expected chromaticity readings of
the image being produced by CPU 14. In an alternative embodiment, the
compensations to video display 12 are manually applied using color correction
mechanisms contained within CPU 14. The measured tristimulus values are
read for spectraradiometer 22 as before, and entered into CPU 14 through

35 keyboard 16. CPU 14 compares the chromaticity of the originally known signal
to the chromaticity of the displayed image, and corrections to video display 12
are implemented by the computer. In a third prior art embodiment, a user

- may-hold cards or colored strips adjacent to video display 12 in order to



25 each beamcurrent 32, allows Analog to Digital Converter (ADC) 50 to
sense the nmagnitude of beam currents 32. Current shnpigigrodapiesyel] known
by those practicing in the art and may consi st of bugh-cobpenents-as
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Adjustments are made either to color controls 13 or through CPU 14 to

5 compensate the chromaticity of video display 12, to match those of the colored

strips. :
Referring now to FIG. 2, a calibration system 25 of the present invention

is shown for initially measuring the chromatic characteristics of a CPU 26 and
CRT 36. In the preferred embodiment of the present invention, system 25 is

10 employed during factory assembly of CRT 36, but alternatively may be
employed by a computer distributor or service center. The purpose of system
25 is to measure the relationship between CRT beam currents 32 and:the color
tristimulus values produced by CRT 36, to store these measurements in a
calibration memory 24, and to calibrate the video signal 28 produced by CPU 26

15 so that a known and desired relationship exists between video signal 28 and
the chromaticity of the corresponding image disﬁlayed on CRT 36.

Processor 23 may be any computing processor in a video-based system.
Processor 23 of FIG. 2 is shown as a component in CPU 26 of a general purpose
computer. In the preferred embodiment, processor 23 is a multi-chip

20 integrated circuit microprocessor based in an Apple Macintosh computer
manufactured by Apple Computer, Inc. of Cupertino, California. Calibration
memory 24 may be any non-volatile memory such as Electrical Programmable
Read-Only Memory (EPROM) or a Programmable Read-Only Memory (PROM)
which is programmed during calibration of the display containing CRT 36.

25 (Calibration memory 24 contains tristimulus values 27 and gamma-values.29
(discussed in more detail below) for each of the primary cathodes which
comprise CRT 36. Additionally, other information may be stored in
calibration memory 24 such as the calibration history (when and where
calibrated) as well as recalibration adjustments made to the beam currents by

30 the system as described with respect to FIG. 3 below. Calibration memory 24 is
preferably contained internal to the physical display unit housing CRT 36 and
communicates with CPU 26 via digital data bus 33. The reason for containing
calibration memory 24 within the CRT 36 housing, is that the calibration of

. CRT 36 is principally a measurement and compensation for the variations in

35 cathode drive characteristics and phosphor luminance which exist between .
CRT's. The objective of calibration is to measure the tristimulus values as a
function of beam currents 32 for each of the primary colors, to enable the
accurate rendering of specific colors during normal operation. The beam -
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currents 32 and tristimulus values needed to obtain specific colors and
luminances are a function of the CRT 36 and not of the CPU 26. Once a
particular CRT 36 is calibrated, the tristimulus values displayed will be the
same for a given digital video signal 28 transmitted by CPU 26.

Display controller 30 is conventional, converting the digital signals
communicated from processor 23 to analog voltages to drive the cathodes, that
result in beam currents 32. Display controller 30 is generally located in the
same physical CPU 26 housing as processor 23 and communicates with
processor 23 via a digital data bus 37. Display controller 30 consists of a digital-
10 to-analog converter and various buffers for maintaining the voltage levels

required to drive an amplifier controller 45 (discussed with reference to FIG. 3
below) of a video display. Generally three voltage signals provide drive to
CRT 36 cathodes; resulting in an individual beam current 32 on each of the
cathodes for the red, blue, and green primary colors. It is each of these three
15 beam currents 32 which are carefully calibrated and controlled in the present
invention to produce color images on CRT 36. This control produces images
“which are chromatically reproducible over time and are identical between
various CRT's.
Current sensor 34 is coupled between analog controller 45 and CRT 36,
20 and measures each of the three beam currents 32. In the preferred
embodiment, current sensor 34 comprises a sampling circuit for sampling
beam current 32 and an Analog to Digital Converter (ADC) for converting the
analog beam samples to a digital data value. Conventional sampling circuit 54
and ADC 50, also used in display recalibration, are discussed more fully with
respectto FIG. 3 below. Alternatively, a conventional current sensor 34 can be
attached directly to beam currents 32 through circuitry contained in analog

(8]
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controller 45.
Calibration system 25 is generally operated by applying beam currents to
each of the individual cathodes 35 on CRT 36, and measuring the
30 corresponding beam current 32 and the resulting set of tristimulus values on
spectraradiometer 42. The first step of the calibration process is to apply a
sufficient current to one of three beam currents 32 to produce accurately
measurable current levels on the corresponding cathode 35 of CRT 36. The
CRT 36 emission from this beam current 32 and the corresponding set of X, Y,
35 and Z tristimulus values is measured on spectraradiometer 42. This set of
three tristimulus values are then normalized by dividing each by the relevant
beam current 32 to produce the values X/amp, Y/amp, and Z/amp. The
normalized values are then stored in calibration memory 24. This tristimulus
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measurement process is then repeated for each of the other two beam currents
32, until three sets of primary color tristimulus measurements (nine
tristimulus values total) are normalized and stored in calibration memory 24.
The second step of the factory calibration process is to generate a gamma
table 29, which maps the relationship between the cathode 35 voltages and the
beam currents 32 for each of the three primary color beams. The beam
currents 32 are often exponential with respect to their driving voltages. This
non-linearity manifests itself as an exponential relationship, the exponent
often known as the CRT gun’s “gamma”. During the calibration process, beam
currents are measured for various values of video signals 28 from CPU 26.
These values are stored in gamma table 29 so that beam currents 32 can be

-predicted as a function of digital video level. The number of such measured

values is not critical, and depends largely on the degree of non-linearity
exhibited by the guns being measured. Generally, a sufficient number of
gamma peints should be measured to allow for reasonably accurate
interpolation. The gamma table and normalized tristimulus values for each
gun are used for recalibration of the display 36 with reference to FIG. 3, below.

Referring now to FIG. 3, a system is shown for periodically recalibrating
and compensating CRT 36 for degradation effects due to warm-up, and for
allowing the user to accurately reset the white point to an arbitrary color. CPU
26 is shown connected to analog controller 45, which comprises three video
amplifiers 47, one amplifier for each primary color channel. Video amplifiers
47 are characterized by a high input impedance, and an output impedance
sufficiently low to drive a CRT cathode. A set of current sampler 54, one for
each beam current 32, allows Analog to Digital Converter (ADC) 50 to. sense
the magnitude of beam currents 32. Current samplers 54 are well known by
those practicing in the art and may consist of such components as current
mirrors or networks of passive electronic components. ADC 50 samples the
individual beam currents 32 and digitizes the sampled current, to produce a
digital current measurement which is then communicated to CPU 26 along
bus 49.

To calibrate CRT 36 to an arbitrary white point‘(arbitrary color of white)
CPU 26 accesses the normalized tristimulus values 27 stored in calibration
memory 24 and calculates the amount of beam current required by each
cathode to obtain the desired hue and luminance from the CRT. The beam
currents are found by solving the following set of equations:
The defining formulae:
Xc = (R Xr) + (G Xg) + (B Xb)
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where ,
Xc,Xr, Xg.Xb,Yc, Yr,Yg, Yb,Zc, Zr,Zg, and Zb are the tristimulus values of the r,
. 30 g, and b primaries, normalized to the beam current.
R, G, and B are the bearn currents for each primary.

‘Once beam currents 32 are calculated for the desired white point, CPU 26
generates a video signal 28 having a defined "white” luminance. Individual
beam currents 32 used to drive the Red, Green, and Blue cathodes 35 are

35 sensed by current samplers 54 and digitized by ADC 50. CPU 26 then adjusts
the gains of video amplifiers 47 via a control signal 38 to analog controller 45,
to achieve the beam current values calculated using the equations above.
When the desired beam currents are obtained, the desired tristimulus values
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to CRT 36 via_video
desired white point will be

displayed on CRT 36.

Using beam current values 31 stored in calibration memory 24,
recalibration of CRT 36 can be easily performed to adjust the gain of video
amplifiers 47 to maintain constant beam currents 32 as CRT cathode 35
degradation occurs. Recalibration consists of CPU 26 sending a white point test
signal to CRT 36 via video display controller 30, measuring the beam currents
32, as described above, for each of the three color cathodes. CPU 26 compares
the measured beam currents 32 with the beam current values 31 stored in
calibration memory 24 and appropriately adjusts video amplifiers 47 to restore
beam currerits 32 to the values originally stored as beam current values 31.

This calibration can also be performed automatically in the background
without the need to display a standard white point test signal. In the case of
automatic background calibration, a program running on CPU 26 operates in
the background, examining the chromaticity of video images generated by
processor 25, while CPU 26 is performing its normal tasks. Using gamma table
29 stored in calibration memory 24, processor 23 calculates the average beam
current that would result at each beam current sampler 54 if CRT 36 was
calibrated. The actual average beam currents are sensed by current sampler 54
and the sampled beam currents are measured by ADC 50 and supplied to CPU
26. If.the measured beam currents differ from those calculated, CPU 26 adjusts
the gain of the Red, Green, and Blue channels, via control signal 38, until the
sensed average -currents match the calculated average beam currents. Thus,
the color of the display is maintained even though the colors displayed are not
the same as those displayed during original calibration, and it is also-possible.”
to set the white point of the dxsplay to any arbitrary point within the gamut of
the display.

The invention has now been explained with reference to specific
embodiments. Other embodiments will be apparent to those of ordinary skill
in the art in light of this disclosure. For example, instead of adjusting the
gains of video amplifiers 47, the same effect can be achieved by adjusting the
amplitude of the video signal exported to analog controller 45 by CPU 26.
Also, it will be obvious to those skilled in the art that other display devices
such as plasma displays and light emitting diodes having various signal
receiving electrodes may be used in place of CRTs. Therefore, it is not
intended that this invention be limited, except as indicated by the appended

claims.
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control means connected to the processor means for receiving the
digital video image signals and for generating analog signals in response to the
digital video image signals;

display means coupled to the control means for displaying images
responsive to the analog signals; .

current sensing means coupled between the control means and the
display means for generating current measurements of the analog signal

levels; and

color measurement means for generating color measurements of the
display means images, wherein the color measurements and the current
measurements are transmitted to the processor means for calibrating the
control means, so that a calibrated color image will be displayed on the display
means in response to a corresponding digital video image signal generated by
the processor means. :
2. The system for accurately displaying color images on a computer display -
means according to claim 1, wherein the analog signals comprise Blue, Red
and Green primary color components.
3. The system for accurately displaying color images on a computer display
according to claim 2, wherein the analog signals drive corresponding
electrodes in the display means.
4.. The system for accurately displaying color images on a computer display
according to claim 2, wherein the current sensing means generates a current
measurement for each of the analog primary color components.
5. The system for accurately displaying color images on a computer display
according to claim 1, wherein the color measurement means is a
spectraradiometer for measuring tristimulus values of the images.
6. The system for accurately displaying color images on a computer display
according to claim 1, further comprising memory means for storing the color
measurements and the current measurements transmitted by the color
measurement means. . '
7. The system for accurately displaying color images on a computer display
according to claim 1, wherein gamma values are computed based on the
current measurements of the display means. |
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'I'lr\e system for accurately drsp aymg color images on a computer
accordmg to claim 1, wherein the control means further comprises:

display control means connected to the processor means for receiving
digital video image signals from the processor means, and for generating
analog image signals responsive thereto;

analog control means connected to the display control means for '
receiving and amplifying by some gain factor the analo'g"imag'e signals and for
generating analog signals, wherein the analog control means receives a gain
control signal from the processor means for controlling the gain factor of the
analog control means; and

- analog to digital conversion means connected between the current

sensing means and the processor means, for receiving current measurements

from the current sensing means, for converting the sensor analog currents to

? k%edqlnﬁqa \a'n?ésqg tﬁ@@ngﬂu Reaftd DY CPU 26 |

digital signals, and for communicating the digital signals to the processor

means, wherein the processor means adjusts the gain control signal for the
purpose of calibrating the control means.

10. The system for accurately displaying color images on a computer display
according to claim 9, wherein the analog control means comprises separate
channels for each of Red, Blue and Green video channels, for transmitting
analog signals to the display means.

11. The system for accurately displaying color images on a computer display
according to claim 1, wherein the color measurement means is a photometer
for measuring tristimulus values of the images.

12. The system for accurately displaying color images on a computer display
according to claim 1, wherein the color measurements are normalized with
respect to the current measurements prior to transmission to the processor
means. - ' : |

13. The system for accurately displaying color images on a computer display

according to claim 1, wherein the display means is a CRT.

14. A method for accurately displaying color on a computer display, the
method comprising the steps:

a) . determining white point beam current values for the display;

b) applying white point computer-generated video signals to the display
for pr_oducmg white point beam currents at the mdxvxdual display electrodes;
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¢) measuring the white point beam current values produced by the

video signals;

d) comparing the measured beam current values to the determined

beam current values; and

e) adjusting the computer-generated video signals to produce beam
current values approximately equivalent to the determined beam current

values.
15. The method for accurately displaying color on a computer display

-according to claim 14, wherein the method for determining the whlte point

~beam current values further comprises the steps:

i) applying a beam current to an individual electrode of the display

.sufficient to drive the electrode;

ii) measuring the tristimulus values of the display image produced

from the driven electrode;

iii) normalizing the tristimulus values by chv1d1ng the tristimulus

values by, the beam current;

iv) repeating steps of (i) through (iii) for each of the display electrodes,

and

v) calculating white point beam current values from the tristimulus

values of each of the electrodes.
16. The method for accurately displaying color on a computer display

according to claim 15, wherein the method for calculating the white point
beam current values from the tristimulus values further comprises solvmg

the set of equations:
The defining formulae:
Xc = (R Xr) + (G Xg) + (B Xb)
Yc= (R Yr) + (G Yg) + (B Yb)
Zc=(RZr) +(GZg) + (B Zb)
Solutions for R, G and B:
R=
((Xg Yb-Xb Yg) Zc) /
(XrYg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Yc («(Xg Zb) + Xb Zg)) /
(XrYgZb-Xg YrZb- Xr YbZg + Xb Yr Zg + Xg Yb Zr -
Xb Yg Zr) + (Xc (Yg Zb - Yb Zg)) /
~- (Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr -
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where
Xc,Xr, Xg.Xb,Yc, Yr,Yg, Yb,Zc, Zr,Zg, and Zb are the tristimulus values of the I,
g, and b primaries, normalized to the beam current; and :

R, G, and B are the beam currents for each primary.

20 17. The method for accurately displaying color on a computer display
according to claim 15, further comprising the step of storing the calculated
white beam current values.

18. The method for accurately displaying color on a computer display
according to claim 14, wherein the step of adjusting the computer-generated

25 video signals further comprises the steps of repeating steps (c) through (e)
until a desired accuracy is achieved.

19. The method for accurately displaying color on a computer display
according to claim 14, wherein the display comprises a video amplifier for
converting the computer-generated video signals to beam currents, and

30 wherein the video signal comprises a signal for controlling the amplification
of the video amplifier, so that adjusting the computer-generated video signal
of step (e) adjusts the amplification of the video amplifier, and thereby the
level of the beam currents.

20. A method for accurately displaying color on a computer display, the

35 method comprising the steps:

a) determining beam current and gamma values for the display;
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current neasurenent.s to obtain nornalized tristinulus vaI ue neasurenents;

and nMenory neans connected to the processor neans;

Rormal i zed tristinmulus val ue neasurenents and t he CREFmﬂEMﬂE?ﬁS&HEW\B Nt s
transmtted bymiRfeeOpl BbenMpised €NENt S NMEANS. 2. The=systemfor—ac¢uratel y

wherein the ana
conponents.
a conputer

di spl ayi ng colo[

TR

10

20

conput er dlilsqm-ay means {a r i W | &im1,
mal s conprise Blue, Rdd a%gcﬁgg i y col or

stem for accurately di Splayi lorli fages on

b) applying computer-generated video signals having a known color content
to the display for producing image beam currents at the individual display
electrodes,

Q) measunng the beam current values produced by the video signals;

d) comparing the measured beam current values to the determined beam
current and gamma values; and
e) adjusting the computer-generated video signals to produce beam current
values approximately equivalent to the determined beam current values.
21. The method for accurately displaying color on a computer dxsplay
according to claim 20, wherein the method for determining the white point
beam current values further comprises the steps:

i). applying a beam current to an individual electrode of the display
sufficient to drive the electrode;

ii). measuring the tristimulus values of the display image produced
from the driven electrode;

iii). normalizing the tristimulus values by dividing the tristimulus
values by the beam current; and '

iv). repeating steps of (i) through (iii) for each of the display electrodes;
and

) calculating white point beam current values from the tristimulus

values of each of the electrodes.
22. The method for accurately displaying color on a computer display
according to claim 20, wherein the method for determining the gamma values
further comprises measuring beam currents for various values of video
signals at each of the individual electrodes.
23. The method for accurately displaying color on a computer display
according to claim 20, further comprising the step of storing the determined
white beam current values and the ganima values.
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di splay according to claim2, wherein the anal og vol
correspondi ng el ectrodes in the display neans.. 4. :
dccurately displaying color inmages on a comnputer displ qu accordl ng K b cl ai m
2, wherein the current sensing neans generates a curijent 2wdste qomt s [ or
each of the analog primary col or conponehbs- 5. The gystem for accurately
di spl ayi ng col or inages on a conputer display accordi{ng to ¢tarmT; brein
the color neasurenent means is a spectraradioneter f generating the

tristimulus value neasurenments of the Th'e system f or
accurately di spf ﬁ%ﬁ@ of ¥ Fi??é Forﬁqnc%fﬁﬂﬁ écmﬁy%ﬂéggrmo claim

1, further co ' Rt Y stori ng the col or neasurenents and
t he current. measurenents transmtted by t he col or neasurenent neans.
ABSTRACT

A gystem and method achieve and maintain an
accurate white point setting of a CRT display in a
computing system. The CRT is initially cé.librated by
individually driving the individual color cathods and
by measuring tristimulus values and cathode beam
current for each of the three primary colors. The
tristimulus values are normalized by dividing each
value by the beam current producing it, and the
normalized wvalues are then stored in a calibration
memory contained in the display unit. A table of
gamma values representing beam current as a fun.ction
of video drive voltage is measured and also added to
the calibration memory. Calibration of the display is
implemented by driving Eh_e display controller with a
white point value and c¢ .culating the cathode beam
currents from the stored tristimulus values, required
to produce an accurate CRT representation of the
signal sent to the display controller. The beam
current is sampled through a digital feedback loop,
and adjustments are made to the color drive circuitry
of the display controller to produce the required beam
currents for a given white point. Alternative images
.can be also used instead of white point images for
making periodic recalibrations, by derating the beam
currents . for a given image according to values stored

in the gamma table.

FIGURE 2

. Thxs Sheet Has Been Replaced
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7. The system for accurately displaying color inmges on a conputer
di splay according to claim1, wherein gama val ues arg_conputed based on
the current neasurenents of the display neans, and a eﬂs;-rﬁmlL e tenory
nmeans. 8. The system for accurately displaying col Hﬁ%ﬁ_ﬁdﬁi@& ut er
di splay according to claim7, further cofprising ne means connecfef to
the processor neans for storing gamma val ues of the pl2y HEGSE 9 A

[ es on a conpuje

calibration systemfor accurately displaying color it '
di spl ay, conprising: processor neans external to thejc ut er-drsptay for

generating color digital video signals; | .
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12 display control nmeans external to the-conputer display and connected to

the processor neans for receiving the digital video signals and

f esponsi vel y generating anal og vi deo signals; anal og control neans

connected to the display control means for rece|V|n%E€n %bJé ot he

anal og vi deo signals and therefron1gener&trng analjo oo |

connected to said processor neans for receiving alggin control st ¢gnal and
responsively controlling the gain of anplification y&beﬁ)mm opt rol
means; display neans connected _to the anal og contioli nmeans for regefving
sai d analog vol t ages and rdsponsively d"splaylng g0 1 HEyET™ r gnt
sensi ng neans i ncl udi ng | S
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current sanpling neans connected between said anal og control neans and said
di spl ay neans, for neasuring beamcurrents resulting fromthe anal og
‘voltages and generating beam current neasurenents, andsanal g t® d%gﬁgagﬁ f} :
conversi on neans connected between the current sanpllnginﬁans and ¥he't 7 ¥1 [,
processor means, for receiving the beamdcarrent measurénents fromthe”
current_sanpling nmeans, for converting the beam current neasurenents to.

digital current neasurenent signals, and for connunlcatlng the digital

current neasurement signals to the processor _ ' 3 ssvely

adjusts the gain control grgmat—foy calibrating TRanS;
col or measurenent neans for ggnerafing tristi -
t he di spl ayed i mages and fior E%gn muting the F;:
measurenents to the procesgor aps i ch norndl it
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tristinmulus value nmeasurements with respect to the beam current
measurements. 10. The system for accurately displaying color |mages on a

CoONpUBetoRH sHE:@6PMRcCcA@ ng to claim 9, wherein the & 'x;f' &?l?n@‘i x
conpri ses separate channel's for each of Red, Blue a [ oV {3\ tran f)?ll-

anal og signals to the display neans. 1.3 11. . The S!;PWMS; .
d| spl ayi ng coI or images on a conputer “di spl ay accordin im9% ere| n

g{,ﬁ ure n.t _heans.is a photonmeter for neasuring trlstlnul us
vaI ued’ Bt t‘%é’ '

cahbratton system for accurately displaying color images on a
computer idisplay, comprising:
procgssor means external to the computer dlsplay for generatmg
5 - color digital video signals; ,
: conti'ol means external to ‘the computer display and connected to the
processor means for receiving digital video s1gnals and responsrvely
generating; analog video signals; :
: display means, including amphfler means and electrode means,

10 coupled to the control means for receiving said analog video signals and

' responsrvely amplifying said analog video signals to produce analog
voltages and displaying video images;

currént sensing means coupled between the ampltfler means and the
electrode ineans, for measuring beam currents resulting from the analog

15 voltages and generating beam current measurements; .

colof measurement means for generating tristimulus value
measurements of the displayed images, and for transmitting the
tristimulus: value measurements and the beam current measurements to

: the processor means which divides the tristimulus value measurements by

20 the beam icurrent measurements to obtain normahzed tristimulus value
measurements and

memory means connected to the processor means for storing the
normahzed tristimulus value measurements and the current
- measurements transmitted by the color measurement means.

25 2. The system for accurately displaying color images on a computer
display means according. to claim 1, wherein the analog video signals
comprise Blue, Red and. Green primary color components. _

3.. The system for accurately displaying color images on a computer
" display ac¢ordmg to claim 2, wherein the analog. voltages drive

30 correspondlng electrodes ‘ini the display means. . »

" 4. The 'system for accurately displaying color 1mages on a computer
display ac¢ording to claim 2, wherein the current sensing means generates
a current measurement for each of the analog primary color components.

_ 5.  The 'system for accurately displaying color images on a computer

35 display according to claim 1, wherein the color measurement means is a
spectraradiometer for generating the tristimulus value measurements of
the 1mage$ - : -
7.  The system for accurately dlsplaymg color images on’ a computer

40 display actording to claim 1, wherein gamma values are computed based

' on the current measurements of the display means, and are stored in the
-memory means

~10-
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12. The system for accurately displayi ng coI or imétges on a conputer
di.spl ay..aecording.to cl.aim 1, wherein.the nofnalized tristinul us. val ue
measurenments are stored in the nenory nmeans prior tt)' #8nsmi ssi 6n-th whew {

rocessor neans. 13. The system for accuratel di spl n
g conput er di splay accordi né to claim1l, where?/n thg ﬁ’@g?@)n@aﬁwqgw
CRT. 14. A method for accurately displaying color on a conputer display
havi n@.i ndiAi dalibraticp| syistesne for abenratetypdisplaying heokire pmages eh a
det er wiomp@teri rchbpldy,teompﬂiﬁmlgeam current val ues for-the conputer display
during use prbeebwi* Hehhe &iteBSaloltoi the coMpatEr- w%@ é" 'fok geae&e&ﬁi ent
appl i edi0 (ﬁE v1tdQ8 h{gﬂ idual el ectrodes to pro cé a fiTst beanicurrent
TEGSUT EITENtgigh théshd "L Y5 2 Woinplect SfipaROddacd by the

connected to the processor means for receiving the -digital. v1deo signals
and responsively generating analog video signals;

analog control means connected to the display control means for -
receiving and amplifying the analog video signals and therefrom

10 generat.ing analog voltages, and connected to said processor means. for °

receiving & gain control signal and responsively controllmg the gain of
amplification by the analog control means;

dlsplay means connected to the analog control means for receiving
said analog voltages and responsivély displaying v1deo 1mages,

15 current sensing means including

- current sampling means connected between said analog control
means and said display means, for measuring beam currents resulting
from the nnalog voltages and generating beam current measurements, and

' -analog to digital conversion means connected between the
20 current sampling means and the processor means, for receiving the beam
‘current measurements from the current sampling means, for converting
the beam .current measurements to digital current measurement signals,
and for communicating the digital current measurement signals to the
processor imeans which responsively adjusts the gain control signal for

25 calibrating the control means; and

color measurement means for. generating tristimulus value
" measurements of the displayed images and for transmitting the tnstxmulus
value measurements to the processor means which normalizes the
tristimulus* value measurements with - respect to the beam current

30 measurements

12. _The' ésystem for accurately displaying color images on a computer

display ac¢ording to claim 1, wherein the normalized tristimulus value

measurements are stored in the memory means prior to transmlssmn to
35 the processor means. :

14. A method for accurately. displaying color- on a computer display
. having individual dlsplay electrodes, comprising the steps of:
a) determining first white point beam current values for the
40 computer display durmg use, including the steps of -
i) measuring a first beam current applied to one of the
individual electrodes to produce a first beam current measurement;
ii) - measuring tristimulus values of light produced by the

-11-
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conputer display; iii) calculating normalized tristimulus values by
dividing the tristinulus values by the first-beam current nmeasurenent; i
r eN®at Brigt epE8IM) t KP¥Ugh (iii) for each of the remaini ngNPrR¥Pvi dﬁa
el ectrodes; and V) calculating the first white-§ b:eamc re %

from the normali zed tristimulus val ues; b). appl

“white point video S|gnals to the conputer display f R/ mwﬂgyow
. currents at the |nd|V|d _display el ectrodes, said video S|gnals ge a

by a host c® s§‘§ external to the conputer djsplay; ¢) measur i
t he second beam&%)’re‘?ﬂ?r“lﬂilqﬂ drsmalizess toistimulas values bY dividing the -

10

15-

20

25

30

_'3'5

40

tristimulus values by the first beam current measurement;
.iv) repeating steps (i) through (iii) for each of the remalmng

" individual electrodes; and

f v) calculating the first white-point beam ‘cutrent values from
~ the ‘normalized ftristimulus values;

. b)" iapplying computer—generated white point vxdeo signals to the
computer display for producing second beam currents at the individual
display eléctrodes, said video signals generated by a host computer system
external té the computer display; ,

c) measuring the second  beam currents to produce second white
point beam current measurements;

v)

4

eam
ted

ng

d) icomparing the second white pomt beam current measurements to

the determined first white point beam current values; and

e) adjusting the computer-generated video signals to produce new
second white point beam current measurements approximately equivalent
to the det‘ermined first white point beam current values.

16. The method for accurately dlsplaymg color on a computer display
according to claim 14, .wherein the method for calculating the first white

. point beam current values from the tristimulus values further compnses

solving the following set of equations:

~The defmmg formulae

Xc= (RXr)+(GXg)+(BXb)
Yc = (R Yr) + (G Yg) + (B Yb)
Zc= (R Zr) + (G Zg) + (B Zb)

- Solutions for R, G and B:

R=

((Xng Xb Yg) Zc) /

(Xr YgiZb - Xg YrZb - XrYng+XbYng+XngZr-
Xb Yg Zr) + (Yc (-(Xg Zb) + Xb Zg)) / _

- (XrYgZb-XgYrZb - XrYng+XbYng+XngZr--
Xb Yg Zr) + (Xc (YgZb - Yb Zg))/ _
(XrYg Zb - Xg YrZb - XrYng+XbYng+XngZr-
XngZr) :

-12-
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14 point beam current neasurenents; d) conparing the second white point
beam current. n re s to the determned first white POiNgt gddeameCyf r ent
vgwreg,‘{é?%d émf&ﬂ;dj [@géng the conputer-generated ajideo signals to produce,
new second whi‘te poi nt beam current neasurenents &r
" to the determined first white point beam current val
. for accurately dlsplaylng color on a conputer displa
14, wherei ibm ning the white poi.nt beam current val ues
-a ab rent to an individual
Zg g_pk% V44 Zg + S{ag%%r

further c¢
el ect rodé

5

10

15

20

25

30

" 35

40

signals;

ngZr)+(Yc(Xer XbZ)/
(XrYga Xg YrZb- XrYng+XbYng+XngZr-
Xb Yg Zr) + (Xc (-(Yr Zb) + Yb Zr)) /
Xr YgZb-XgYrZb- XrYng+XbYng+XngZr-
XngZr)

B=

(Xr Yg Xg Yr) Zc) /

(XrYgZb-Xg YrZb - XrYng+XbYng+XngZr-
Xb Yg Zr) +.(Ye (-Xr Zg) + Xg Zr)) /

(XrYga Xg YrZb - XrYng+XbYng+XngZr-
- Xb Yg Zr) + (Xc (Yr Zg - Yg Zr)) / :

" (XrYgZb-XgYrZb- XrYng+XbYng+XngZr-
XngZr) :

" where Xc, Xr, Xg, Xb, Y, Yr, Yg, Yb, Zc, Zr, Zg, and Zb are the tristimulus
'values of r, g, and b primaries, normalized to the first beam currents; and -

R, G, and: B are the first beam currents: for each primary.
17. The .method for accurately dlsplaymg color on a computer display

according to claim 14, further comprising the step of storing the calculated _'

first whlte beam current values -in a calibration memory.

20. A method for accurately dtsplaymg color on a computer display,
comprising the. steps:
a) determining first beam current vilues and gamma values for the

_computer display, said first beam current values calculated using

normalized tristimulus values corresponding to the computer display;

b) -applying computer-generated video signals having a known color
content to. the display for producing second beam current values at
individual .display electrodes, said video signals generated by a host
computer system external to the .computer display;

c¢) measuring the second beam current values produced by the v1deo

'd) comparing the measured second beam current values to the’
determined first beam current values and gamma values; and
e) .adjusting the computer-generated video signals.to produce new

- measured second beam current values approximately equivalent to the

determined fu'st beam current values.

-13-
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sufficient to drive the electrode; ii) measuring the tristinmulus val ues

of wdviies displ ay. dutage ptoHduced fromthe driven el ectrode; iiiy.-—normalizing

the tristinmulus values by dividing the tristi.nulus,val ues, by the be,a_mn__ o

~current; iv) repeating steps of (i) through (iil )ﬁ{gr‘.’-"’_e'aqh of ¥ He.fdiisqblia)/li‘

: el ectrodes; and. v) cal cul ating white point beam curhmt“@ u?ss WUV“I%? '
nod for

tristinulus values of each of the electrodes. 16. Tt
- accur 22| y Thespnathody fos| aecunatelyc digplayingiicolonyomcg ocomnpyten display 14,
wher eaocordingetdoclaimr 20q| whesdinndhé hnegi iy tofWdeternpiping (heargamimeent
val uegaliéyn fubthér’ icomprise$ Mabb@SngUihECiecoP B SAMENS FHE vAlibaW Ng
set O aftlAlfO%fdeo signals at each of the individual electrodes. L
5 23. The method for accurately displaying color on a computer display
according to claim 20, further'.comprising the step of storing the
determined first beam current values and the gamma values in a
calibration memory. ' :

10
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7L66202-6 ipe
The defining formulae: Xc = (R Xr) + (G Xg) + (B Xb) Yc = (RYr) + (GYg) +
(B Yb)*Zc + (R Zr) + (G Zg) + (B zb) 15 Sol utvaOLl%-fQL R.. _G_and B: R=

SRR U AR )

10 sl ...t paged
LA L Ipugtd ... 10 paged ...
What is claimed is: !
| DATS OF RECBIPT .20,
1. A calibration system for accurately displaying color images on a

computer display, comprising:
processor means external to the computer display for generating color
digital video signals; |
control means external to the computer display and connected to the
processor means for receiving digital video signals and responsively
~ generating analog video signals;

. display means, including amplifier means and electrode means,
coupled to the control means for receiving said analog video signals and
responsively amplifying said analog video signals to produce analog voltages
and displaying video images;

current sensing means coupled between the amplifier means and the
electrode means, for measuring beam currents resulting from the analog
voltages and generating beam current measurements;

color measurement means for generating fristimulus . value
measurements of the displayed images, and for transmitting the tristimulus
value measurements and the beam current measurements to the processor
means which divides the ftristimulus value measurements by the beam
current measurements to obtain normalized tristimulus value measurements;
and

memory means connected to the processor means for storing the
normalized tristimulus value measurements and the current measurements
transmitted by the color measurements means.

2. The system for accurately displaying color images on a computer
display means according to claim 1, wherein the analog video signals
comprise Blue, Red and Green primary color components.

REPLACEMENT Sicei |
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(Xr Yg Zb - Xg Yr Zb- Xr Yb Zg + Xbo Yr Zg + Xg Yb Zr - Xb Yg Zr) + (Xc (Yg
Zb' - Yb Zg))/! (Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + XbYr Zg + Xg Yb Zr - Xb Yg
Zr) G ((-(Xr Yb) + Xb Yr) Zc)/ (Xr Yg Zb - Xg Yr “ ml WIHIIXb Yr Zg
+ Xg Yb Zr - Xb Yg Zr) + (Yc (Xr Zb - Xb Zr))/ (Xﬂ lIH m Xr
Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr) + (Xc (-(Yr Z¥®) £ Yb Z4))Y (Xr Yg
Zb-Xg Yr Zb- Xr Yb Zg + Xb Yr Zg + Xg Yh4Zr - Xb Yg Zr) B= ((Xr Yg - Xg Yr)
Zc)! (Xr Yg Zb-Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)

3. The system for accurately displaying color images on a computer

display according to claim 2, wherein the analog voltages drive
corresponding electrodes in the display means.

4, The system for accurately displaying color images on a computer
display according to claim 2, wherein the current sensing means generates
a current measurements for each of the analog primary color components.

5. The system for accurately displaying color images on a computer
display according to claim 1, wherein the color measurement means is a
spectraradiometer for generating the fristimulus value measurements of the
images.

6. The system for accurately displaying color images on a computer
display according to claim 1, further comprising memory means for storing
the color measurements and the current measurements transmitted by the
color measurement means.

7. The system for accurately displaying color images on a computer
display according to claim 1, wherein gamma values are computed based on
the current measurements of the display means, and are stored in the
memory means.

8. The system for accurately displaying color images on a computer
display according to claim 7, further comprising memory means connected
to the processor means for storing gamma values of the display means.

9. A calibration system for accur’étely displaying color images on a
computer display, comprising:

processor means external to the computer display for generating color
digital video signals; REPLACEMENT SHEET
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+ (Yc (-(Xr Zg) + Xg Zr))/ (Xr Yg Zb - Xg Yr Zb -_Xr Yb Zg + Xb Yr Zg + Xg
Yb~Zr -+ Xb Yg Zr) + (Xc (Yr Zg - Yg Zr))/ (Xr Yg Zb-Xg Yr Zb- Xr Yb Z + Xb
Yr Zg + Xg Yb Zr - Xb Yg Zr) where Xc, Xr, Xg, Xb imm m ullmll
Zg and Zb are the tristinmulus val ues of r, g, and Ilzed

to the first beamcurrents; and R G and B are the flrst beam®currents for
each primary. 17. The net hod for accurafgely displaying color on a conputer
di splay according to claim 14, further conprising the step of storing the

cal cul ated first Wapldy dirdl MEdrRéxtéfidl & thecompBaler RishlayP BndBRh¥cted
to the processor means for receiving the digital video signals and

responsively generating analog video signals;
analog control means connected to the display control means for
receiving and amplifying the analog video signals and therefrom generating
analog voltages, and connected to said processor means for receiving a gain
control signal and responsively controlling the gain of amplification by the
analog control means;
display means connected to the analog control means for receiving
said analog voltages and responsively displaying video images;
current sensing means including
current sampling means connected between said analog control
means and said display means, for measuring beam currents resulting from
the analog voltages and generating beam current measurements, and
analog to digital conversion means connected between the
current sampling means and the processor means, for receiving the beam
current measurements from the current sampling means, for converting the
beam current measurements to digital current measurement signals, and for
communicating the digital current measurement signals to the processor
means which responsively adjusts the gain control signal for calibrating the
- control means; and
color measurement means for generating tristimulus value
measurements of the displayed images and for transmitting the tristimulus
value measurements to the processor means which normalizes the
tristimulus value measurements With respect to the beam current
measurements.

10. The system for accurately displaying color images on a computer
display according to claim 9, wherein the analog control means comprises

separate channels for each of Red, Blue and Green video channels, for
REPLACEMENT SHEET

transmitting analog signals to the display means.
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16 18. The mef hmyhf @@; | y di spl ayi ng col Oth’ﬂrg_ﬂpU,—————“”C“Spl ay
according to c| aFm 1A§,EM\A ralrérg'i?:l F he step of adjusti e corrputer-i‘:nerat ed
r

g

video signals fufther conprises fthe steps of repeatjj ough
(e) until a depifed2&8T W97 ifs jachi eved. 109. Thet\mﬂlmﬂﬁlﬂ““nlu Mately
di spl ayi ng colfr{ on a conputer{ di spl ay according to %l & m-14" wherein the
di splay conprijses a video anprli fijier for $nverti ng the conputer-generated
vi deo signal s #e-beam-currents, fand wherefn the video signal conprises a
signal for caegtrokin LA i d.he. Vi | LEier at
adj usting thgbi'corrg{[}%e e?’-'%gﬁ‘e?%ﬁ)égéq}??é%q@?@%ghao?&g? z'g‘a%? 661'313559? gﬁ)&%’h
anpl i ficati odisplay hecorditep taraaint 1ewhersi theecslby rhéssurennt adhebhs iepm

currents. 20., A nethad for ac_cura_teI{| di spl ayi ngi cqQl or on a conputer
di spl ay photometer for measuring tristimulus values of th

e images.

12. The system for accurately displaying color images on a computer
display according to claim 1, wherein the normalized fristimulus value
measurements are stored in the memory means prior to transmission to the
processor means.

13. The system for accurately displaying color images on a computer
display according to claim 1, wherein the display means is a CRT.

14. A method for accurately displaying color on a computer display having
individual display electrodes, comprising the steps of: |
a) determining first white point beam current values for the
computer display during use, including the steps of
)] measuring a first beam current applied to one of the
individual electrodes to produce a first beam current measurement;
. i) measuring ftristimulus values of light produced by the
computer display;
iii) calculating normalized tristimulus values by dividing the
tristimulus values by the first beam current measurement;
iv) repeating steps (i) through (iii) for each of the remaining
individual electrodes; and
V) calculating the first white-point beam current values from
the normalized tristimulus values;

- b) applying computer-generated white point video signals to the
computer display for producing second beam currents at the individual
display electrodes, said video signals generated by a host computer system
external to the computer display;

() measuring the second beam currents to produce second white



conprising the steps: a) determ ning first beam current values and ganmma

values for the conputer display, said first beam current values cateul ated

using nornalized tristinulus val ues correspondi ng iﬂm,mﬂ“mmn iggdi spl ay;
b) appl yi ng conput er-generated video signals ha | '! cont ent
to the display for producing second beam current val ués at #%nas vi*dual

di splay el ectrodes, said video signals %Eperaft ed by a host conputer system
external to the conputer display; c) asuring the second beam current

val ues pr oduggigt %ahh%uﬁbﬁﬁﬁ'le%{s@l?é}hégtsd) conparing the neasured second

beam current” values to the determned first beam current val ues and gamm
val ues; and e) dyj uscomgatihe tbe spcored white poirtddam dewent meassrententsoduce
new to the determined first white point beam current values; and

e) adjusting the computer-generated video signals to produce new
second white point beam current measurements approximately equivalent to

the determined first white point beam current values.

15.  The method for accurately displaying color on a computer display
according to claim 14, wherein the method for determining the white point
beam current values further comprises the steps:

i) applying a beam current to an individual electrode of the display
sufficient to drive the electrode; |

i) measuring the tristimulus values of the display image produced
from the driven electrode;

iii) normalizing the tristimulus values by dividing the tristimulus
values by the beam current;

iv) repeating steps of (i) through (iii) for each of the display
electrodes; and

V) calculating white point beam current values from the tristimulus -
values of each of the electrodes.

16. The method for accurately displaying color on a computer display
according to claim 14, wherein the method for calculating the first white point
beam current values from the tristimulus values further comprises solving the
following set of equations:

The defining formulae:

Xc = (R Xr) + (G Xg) + (B Xb) [ REPLACEMENT SHEeT |
Yc = (R Yr) + (G Yg) + (B Yb)

2
Zc + (R Zr) + (G Zg) + (B Zb) L_ 2 ocT 19977

Y |

z
T et tnatias crasempnd



measur ed second beam current val ues appr oxi rratSIg%/_e_qy,uLaJ_e—mft—vTh
determ-ned first beamcurrent values. 22 OCT 1 nmet hod for
accurately displaying color on a conmputer displ ‘m\(ﬁﬁ%\‘ ai m 20,
wherein the nmethod for determning the white pom nt *val ues

further conprises the steps: i) applying a beam*cufrent to an individual

el ectrode of the display sufficient to ve the electrode; ii) nmeasuri ng
the tristinulus values of the display i e

Solutions for R, G and B:
R =
((Xg Yb - Xb Yg) Zc) /
(Xr Yg-Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)
+ (Yc (-(Xg Zb) + Xb Zg))/
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)
+ (Xc (Yg Zb - Yb Zg))/
(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)

((-(Xr Yb) + Xb Yr) Zc)/

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)
+ (Yc (Xr Zb - Xb Zr))/

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)
+ (Xc (-(Yr Zb) + Yb Zr))/

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)

((Xr Yg - Xg Yr) Zc)/

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg.Yb Zr - Xb Yg Zr)
+ (Yc (-(Xr Zg) + Xg Zr))/

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)
+ (Xc (Yr Zg - Yg Zr))]

(Xr Yg Zb - Xg Yr Zb - Xr Yb Zg + Xb Yr Zg + Xg Yb Zr - Xb Yg Zr)

where Xc, Xr, Xg, Xb, Yc, Yr, Yg, Yb, Zc, Zr, Zg and Zb are the tristimulus
values of r, g, and b primaries, normalized to the first beam currents; and R,

G, and B are the first beam currents for each primary.

17. The method for accurately displaying color on a computer display
according to claim 14, further comprising the step of storing the calculated

first white beam current values in a calibration memory. REPLAGERENT SHEET

22 OCT 1997




produced fromthe driven electrode; iii) normalizirg—the Tristinul us
vatues by dividing the tristinulus values by th WHNd iv)
repeating steps of (i) through (iii) for each Oi\‘ﬂﬁm “Mﬂmﬁct rodes;

and v) cal cul ating white point beamcurrent v tomtie 'ristinmulus
val ues of each of the electrodes. 22. The nethod for accurately displaying

color on a conputer display according t | ai m 20, wherein the step a) of
determ ning the gamma val ues further coﬁlgfi ses nmeasuring the second beam

currents for%ariw ﬁééﬁéas fa(YdLHiSfélf @ngt?&aP%noé g}ﬁu@g diéﬂ%guter

el ectrodes or accuratery playi ng co or on a co

gl tSIOI ay agccuwdm‘ ingCtodlaimm 20whénein the steprgfradjustingtthe comgguter-genenated) t he
et erm ne
video signals further comprises the steps of repeating steps (c) through (e)

until a desired accuracy is achieved.

19. The method for accurately displaying color on a computer display
according to claim 14, wherein the display comprises a video amplifier for
converting the computer-generated video signals to beam currents, and
wherein the video signal comprises a signal for controlling the amplification
of the video amplifier, so that adjusting the computer-generated video signal
of step (e) adjusts the amplification of the video amplifier, and thereby the
level of the beam currents.

20. A method for accurately displaying color on a computer display
comprising the steps:

a) determining first beam current values and gamma values for the
computer display, said first beam current values calculated using normalized
tristimulus values corresponding to the computer display;

b) applying computer-generated .video signals having a known
color content to the display for producing second beam current values at
individual display electrodes, said video signals generated by a host
computer system external to the computer display;

c) measuring the second beam current values produced by the
video signals; |

d) comparing the measured second beam current values to the
determined first beam current values and gamma values; and

e) adjusting the computer-generated video signals to produce new
measured second beam current values appnfoximately equivalent to the
determined first beam current values.

REPLACEMENT SHEET

22 OCT 1997




first beamcurrent values and the gamma values in a calibration nenory.

REPLACEMENT SHEET 22 OCT 1997 \ |!|‘“cl mlu “l'!‘ “l‘sl “\!“
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21. The method for accurately displaying color on a computer display
according to claim 20, wherein the method for determining the white point
beam current values further comprises the steps:

i) applying a beam current to an individual electrode of the
display sufficient to drive the electrode;

if) measuring the tristimulus values of the display image
produced from the driven electrode;

iii)) normalizing the tristimulus values by dividing the
tristimulus values by the beam current; and

iv) repeating steps of (i) through (jii) for each of the display
electrodes; and

v) calculating white point beam current values from the
tristimulus values of each of the electrodes.

22. The method for accurately displaying color on a computer display
according to claim 20, wherein the step a) of determining the gamma values
further comprises measuring the second beam currents for various values
of video signals at each of the individual electrodes.

23. The method for accurately displaying color on a computer display
according to claim 20, further comprising the step of storing the determined
first beam current values and the gamma values in a calibration memory.

REPLACEMENT SHEET |

| |
22 OCT 997 !
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METHOD AND SYSTEM OF ACHIEVING ACCURATE WHITE POINT
SETTING OF A CRT DISPLAY

ABSTRACT

A system and method achieve and maintain an
accurate white point setting of a CRT display in a
computing system. The CRT is initially calibrated by
individually driving the individual color cathods and
by measuring tristimulus wvalues and cathode beam
current for each of the three primary colors. The
tristimulus wvalues are normalized by dividing each
value by the beam current producing it, and the
normalized wvalues are then stored in a calibration
memory contained in the display unit. A table of
gamma values representing beam current as a function
of video drive voltage is measured and also added to
the calibration memory. Calibration of the display is
implemented by driving the display controller with a
white point wvalue and c¢¢ .culating the cathode beam
currents from the stored tristimulus values, required
to produce an accurate CRT representation of the
signal sent to the display controller. The beam
current is sampled through a digital feedback loop.,
and adjustments are made to the color drive circuitry
of the display controller to produce the required beam
currents for a given white point. Alternative images
can be also used instead of white point images for
making periodic recalibrations, by derating the beam
currents for a given image according to wvalues stored

in the gamma table.

FIGURE 2



