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Summary

This report sets out the investigation into visual charatics of Liquid Crystal
Displays (LCD) in the form of six experimental repartsluding warm-up behaviour,
screen spatial non-uniformity, colour constancy and spleehalysis, the gamma
functions and the primary independence, spatial indepeadarnttemporal response.
The aim of this project is to measure the characiesisif the LCD that are important
for generating different types of visual stimuli and twmpare such characteristics
with Cathode Ray Tube displaysRT). It was found that theCcD exhibits similar
warm-up characteristics to that of thBT but with slow convergence. The screen of
the LCD is not spatial uniform. Spectra of the sameary colour measured from the
LCD and the CRT are different in shape. The chraritgtcoordinates and spectra of
the LCD are not constant when varying its luminanamporal response given by
the LCD is much better than the CRT to be used adrepdu/siological visual
stimuli. There are several factors that affect thelityuaf temporal response of the
LCD including the backlight, level of the driving input sig@ald the white point of
the monitor.



Introduction

For over 20 years the mainstay of the visual sciencedtdry has been the Cathode
Ray Tube display. This ubiquitous device offers a singakition to the need to
create spatially variant images for use as visual stiniiie characteristics of the
display are well understood and, for some of themwesie matched to the primate
visual system. However low cost flat panel displdyguid Crystal Displays (LCDs)
for instance, have gradual displaced CRTs in every daycapiphs to the extent that
manufacture of low cost CRTs has ceased. There amestanumber of flat panel
alternatives which have been designed to replace CRTsnamy different
applications. Although designed to replace CRTs these agisphave different
temporal, spatial, and spectral characteristics to <Rihich are not well
characterised for applications in the Vision Scienberatory.

The aim of this project is to identify the charact#ssof LCDs that are important for
generating different types of visual stimuli, place atable limits upon them and to
measure these characteristics. Typical applicationsligplays as visual stimulators
and factors that would make a display suitable for digpy those stimuli are taken
into consideration. Such characteristics include, wapnbehaviour, screen spatial
non-uniformity, colour constancy and spectral analybes,gamma functions and the
primary independence, spatial independence and temporal sespon

A series of experiments were designed and performedeah different LCDs.

Electronic devices for example a photocell with an afeplwas created. Special
pieces of software were written in Matlab to disptafferent stimuli on the LCDs.
The CRS VSG System was used to control the LCDs.
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Experiment 1

Warm-up Characteristic in CRTs and investigation into the presence
of similar effect in LCDs

When a CRT displays an image, luminance and colour chaitig¢ime. But after a
sufficiently long period of time, the luminance and coladrthe image then stay
relatively constant giving a desirable condition for visstahuli. This is believed to
be as a result of differential characteristics he thermal-equilibrium of the high-
voltage cathodes and control grid accelerators of ea&amnel in CRT (Metha,
Vingrys and Badcock, 1993). This experiment studies this belraino3 different

LCDs.

Objectives:
1. To characterise the warm up behaviour of a CRT.
2. To investigate the similar effect in the LCDs.
3. To examine the ‘hot’, ‘warm’ and ‘cold’ warm up behaviottlze LCDs.

Hypotheses

1. There is a ‘warm up’ period in the LCDs.

2. The warm up characteristic is constant from day to day

3. Switching off the LCD for a period of time after itsheeen through its warm up
period has an effect on its consequent warm up behaviour.

Apparatus:
1. CRT — SONY Trinitron
2. LCD — NEC MultiSync LCD 1510+
3. LCD - DELL E196FP
4. LCD - Philips 170BCS
5. ACRS ColorCal
6. A Minolta CS-200 chromameter

Methods:
Using the ColorCal with the CRT:

1. Execute a Matlab program to display a full gray scraethe CRT which is
still switched off.

2. The intensity used is half the maximum output range repredeby the
colormap index of 128. The reason for using such intensitiais the half
maximum intensity (128) would allow the greatest dynamicgearof
modulation.

3. Place the ColorCal on the centre of the screen aratddehe luminance then
switch on the CRT. Carry on measuring until the measenésnbecome
constant.

Using the Minolta chromameter with the LCDs:

1. Set up the apparatus with followings conditions:

- Viewing distance 100 cm,

- Inadark room with minimal surrounding illumination,

- Temperature of the room is to be observed during the nerasuts.



- Measurements are to be taken automatically with mewsunierval of 10
seconds until the measurements become constant.

2. Execute the program to display plain grey screen withdWatblormap index
of 128.

3. Start the Minolta chromameter and switch on the L&fdp measuring when
the measurements become constant.

Results and Analysis:

1.1 ‘Cold’ Warm up Characteristic of the CRT

The warm up characteristic of the CRT is illustratadterms of luminance and
chromaticity coordinates in figure 1.1 and 1.2 respectivédy. the cold conditions,

the CRT was left switched off over one night befdre éxperiment. The luminance
reaches a peak value in about 5 minutes after the CRT kasolpe it then drops

constantly and approaches an asymptote. The luminance l®celatg/ely constant

after about 40 minutes of the monitor’'s warm up periodoimtrast, the chromaticity
coordinates are almost instantly constant.

Figure 1.1

The variation of
luminance of the CRT
over time

Figurel.?

The variation of
chromaticity
coordinates of the
CRT over time



1.2 ‘Cold’ Warm-up characteristic of the LCDs

The luminance variations of the Philips LCD and the D&D are shown in figure
1.3 and 1.5 respectively. In comparison with the CRT,luh@nance of the LCDs
varies with a similar pattern to that of the CRT kbutdanverges more slowly. The
luminance for Philips LCD becomes constant after ald®@@® minutes of warm up
whereas for Dell LCD it takes as long as about 120 minutes

Figurel.z
The variation of
luminance of Philips
LCD over time

Figurel.4
The variation of
Chromaticity
coordinates of Philips
LCD over time



1.3 The hot, warm and cold warm up characteristic of the LCD

The Dell LCD was used to investigate whether its warnbeipaviour would change
with the duration it was temporarily switched off. Foold’ warm up, the LCD was

off over one night, for ‘warm’ warm up, it had been fon 2 hours and was then
switched off for 40 minutes and for ‘hot’ warm up, the LG&d been on for 2 hours
before it was turned off for 30 seconds.

Figure 1.5 shows that even thought the LCD has been thrtsiglarm up period,
switching it off for 40 minutes has a dramatic effect om Yhariation of luminance
when it is switched on again. The monitor in the ‘wacanditions follows almost the
same path as the ‘cold’ conditions.

For the ‘hot’ conditions, the luminance is almost indyaconstant, but its initial
value is higher than the final value before it wasdved off. It takes about 1 hour for
the luminance to approach the same value again. Hovtbeedjfference is negligible
which is only about 2 cd/m

Figurel.t
The variation of luminance over time of Dell LCD in 3es;
‘hot’, ‘warm’ and ‘cold’ warm up conditions.



1.4 Day-to-day effect on the warm-up characteristic of the LD

The Dell LCD was used in this experiment and 2 sets a@fsarements were carried
out 2 days apart. There was a difference in luminaf@bout 15 cd/fmbetween the
two sets of measurements because the viewing angle usesliglatly different. In
order to compare the pattern of the two variationstwtesets of luminances were
normalised by their own maximum value and they were swated up as shown in
figure 1.6. It can be seen that the two warm-up curves bBawost the same shape.
Therefore, the variation in luminance over time of k@D is constant from day to
day.

Figurel.€
Day-today variation of warm-up characteristics of €D



Conclusions

LCDs as well as CRTs exhibit similar warm-up charastes. The variation is
mostly due to change in luminance instead of chromatcioydinates.

It takes longer for luminance to become constant in.@i@s than the CRT.

Switching off the LCD for 30 seconds after its luminance b@en constant does not
reset the monitor to warm up again. However, when thetoroisi switched off for a
longer period e.g. 40 minutes, it undergoes the warm up peribdt agms turned off
for one night.

The warm-up characteristic of the LCD is constant fday to day.

Note:
More information on the conditions of the experimsath as temperature variation
during the measurement can be found inXppendix A



Experiment 2
Screen Spatial Non-uniformity

Objective: to investigate the extent to which luminance and coloeicanstant
across the screen of 3 different LCDs.

Hypothesis:
The luminance and chromaticity coordinates are not aohsatross the screen.

Apparatus:
7. LCD — Philips
8. LCD - Dell
9. LCD - Samsung
10.A CRS ColorCAL
Method:
1. Ensure that the display has been on for about 1 hourebiking
measurements to allow the warm-up characteristic teegégible.
2. Measurements should be done within a short period offomihe warm-up
characteristic to be negligible.
3. Display a full-screen white image at 50% driving leveb{b colormap of
128) on the LCDs and using the ColorCal measure the lunereardt
chromaticity coordinates at different positions ongbeeen.

Results and observations

The light emitted by the 3 LCDs is most intense atce@re of the screen and drops
off quite significantly at more peripheral locatiorsscan be seen from figure 2.1 to
2.3. The maximum drops of luminance relative to the camge7%, 16% and 15%
for Philips, Dell and Samsung LCD respectively. Theooaticity coordinates are
relatively constant across the screen.

Figure .1
Spatial non-uniformity across the screen of Philips LCD
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Figure .2
Spatial non-uniformity across the screen of Dell LCD

Figure *.3
Spatial non-uniformity across the screen of Samsu@ig L

Conclusion

If the LCDs are to be used a visual stimulus, the effespatial non-uniformity could
be significant if extended images are displayed ondfreen. For best results, it is
recommended that images should be restricted to sntbflyanmmetrical regions
around the centre of the screen.
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Experiment 3

Colour Constancy and Spectral analysis

Objectives:
1. To investigate if the LCD displays a constant colouemvhrightness varies.
2. To examine the colour constancy of the LCD by analysiegtsa.
3. To compare the spectra of each primary displayed by érerft LCDs.

Hypothesis:
1. The chromaticity coordinates remain constant with veyyirightness.
2. The shape of the spectra of a colour displayed by tHe tebnains constant
with varying luminance.
3. The shape of the spectra obtained from the 5 diff&rf@€dis is the same.

Apparatus:
11.CRT — SONY Trinitron
12.LCDs including Dell, Philips, LG, NEC and Relisys
13. A Minolta chromameter
14.A CRS SpectroCal spectroradiometer
15.The CRS VSG system

Method:

4. Ensure that the display has been on for a while beé&iieg measurements to
allow the warm-up characteristic to be negligible.

5. Display full-screen red, blue and green images separatdlgienultaneously
to produce a white image. For each colour, the luminanten varied by the
user specifying the digital driving input (0 — 256).

6. Use the chromameter to measure the luminance and dicityneoordinates
and use the SpectroCal to obtain the spectra.

Results and observations

3.1 Chromaticity coordinates analysis

The luminance of the LCD varied from the maximum tonimum value by
decreasing the digital driving signal sent to it. It isvehan Figure 3.1 that the
chromaticity coordinates of all primaries are not @etlfy constant across the whole
range of digital driving input. The deviation of both x ancbprdinates become more
significant as the digital input decreases.

The chromaticity diagram (figure 3.a) and the Macadaipsellmethods are applied
to find the minimum input that produces colour differena th not noticeable by the
human eye. The ellipses in the diagram of which axpesent standard deviation
(sd) from the target colour. The distance from 2 gegiof an ellipse is 2sd. It is
suggested that 3 sd is equal to the just noticeable difie(@htD)!.

Reference [1] www.fis.unipr.it/~fermi/PagintetnEnglish/GCA_Color_Theory.html
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The minimum digital input at which the colour differengroduced is not
distinguished by the human eye is about 72 for the red prin@& for the green
primary, 80 for the blue primary and 40 when all 3 primary aggesimultaneously to
produce a grey image.

Figure 3.¢
Chromaticity diagram with the Macadam ellipses plottethe CIE 1931 (X, y)
E.F.Schubert, Light-Emitting Diodes (Cambridge UniverBitgss)

The gamma correction was not used in this experiment bedaeid CD has different
gamma functions to normal CRTs so it was concernedthiegatinearisation by the
VSG system would not be accurate. As a result, th® Lgave original low
luminances at low digital driving signals.

Taking account of the fact that the gamma correctias mot used in the experiment,
the chromaticity coordinates were plotted against lungealt is believed that this

gives a better picture of how variant the chromatistguld be if the gamma

correction was used. The graphs are illustrated that fi§y@re
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Red

Green

Blue

Figure 3.:
Chromaticity coordinates variation with digital driviimgout of the Dell LCD
displaying pure red green and blue images
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Red

Green

Blue

Figure 3.
Chromaticity coordinates variation with luminance
of the Dell LCD displaying pure red green and blue images
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Figure 33
Chromaticity coordinates variation with digital driviimgout of the Dell LCD
displaying red green and blue images simultaneously

Figure 34
Chromaticity coordinates variation with luminance of Bedl LCD displaying
red green and blue images simultaneously

There was an issue raised as to whether the measuremehromaticity from the
Minolta chromameter would be reliable at low luminancéscording to the
specification, for measuring angle of 1°, slow measunteyval, room temperature of
23° and relative humidity of 65% max, the accuracy ofyjxcoordinates at low
luminance ranges from 1 — 10 cd/is + 0.004. However, the conditions of the
experiment were 29 °c room temperature, measuring ang@2of and AUTO
measuring interval, therefore were not exactly thenesaas the manufacturer
specifications but it is believed that the accuracyxfy] coordinates should be
similar to £ 0.004.
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3.2 Spectral analysis

The same experiment was repeated with the CRS Spettapé&aroradiometer. The
spectra of each primary were obtained as shown in figr¢o33.7. The units of
radiance arewatt per steradian per square metre

Figure 35
Spectra of Red primary displayed on Dell LCD
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Figure 36
Spectra of Green primary displayed on Dell LCD
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Figure 37
Spectra of Blue primary displayed on Dell LCD



19

Discussion on how to analyse the spectra

There was a question as to how the colour consistegncype seen from a number of
different spectra. If the colour is constant over rtéwege of digital driving input or
luminance, the shape of the spectra should be the $amall the input level.
However, it is not appropriate to compare the sintjfaof the shapes of the spectra
directly obtained from the measurements because thence of the same primary
increases with increasing luminance and at low luminanbesspectra are too small
to compare with that of high luminances.

It was suggested that comparison could be done with needakpectra; each
spectrum is normalised by its corresponding primary peak Valugstance, a red
spectrum is normalised by the value of the red peak locatdteilong wavelength
region. However, this could result in exaggeration obe® and magnification of
unwanted data.

Figure 38
Normalised Spectra of Green primary displayed on Dell LCD

In figure 3.8, the unwanted magnification of noise and exagiga of minor peaks
can be clearly seen. The red and blue peaks at low luogisazre dramatically
smaller than the green peak at high luminances whereadbélceyne similar at low
luminances, by normalising similar values the red and blu&spaee excessively
magnified at low luminances but are even more attenwtbdyh luminances. As a
result, comparison can be very difficult. Howeveormalising can be useful to
compare spectra at similar luminances. This method walsinsection 3.3.

An alternative way of comparing the spectra is to usacegrdogarithmic axes. The
spectra at high luminance and low luminance become closeach other. Thus the
shapes of the spectra can be compared more easily witinaag to be modified.
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Analysis of the spectra

It can be seen from the logarithmic graphs that the eshbp spectra for all 3

primaries become variant at the digital driving levebd and below relative to the
spectrum at maximum level (256). This suggests that the odikplayed by the Dell

LCD is not constant over the range of luminance. Hmwnethe analysis of spectra
cannot provide the limit of digital driving level in whicheth.CD displays a colour

difference that cannot be perceived by the human eyespéctral analysis, however,
enables us to conclude that at low luminances the coloplaged by the LCD does

change.

A further analysis on the spectra could be carried@uginforce the conclusion and
define the boundaries in which the LCD should operate tawalighest colour

constancy. This method is to convert the spectraeqtavalent (x, y) chromaticity
coordinates so that further analysis can be performed.

3.3 Spectra variation across 5 different LCDs

The 5 different LCDs mentioned in the Apparatus sectierevused to display full-
screen red, green and blue images. The maximum digrkaigitevel (256) was sent
to the VSG system before the LCDs displayed the isagjbe spectra were then
measured and a number of graphs are plotted to seariagon across the LCDs.

Normalisation was used to manipulate the spectra foctimaparison can be done
more easily. It is justified to normalise the valuesadose all the LCDs were
operating at the maximum digital driving level of 256 so thag similar luminance.
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Figure 39
Normalised Spectra of red, green and blue primaries
displayed on 5 different LCDs

It can be seen from figure 3.9 that the spectra producedl the 5 different LCDs are
very similar. This leads to a conclusion that specteacanstant from one LCD to
another.
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Comparison with the CRT

The same experiment was carried out with the CRT iomed in the apparatus
section and the spectra were obtained and are shdvguria 3.10.

Figure 31C
Normalised Spectra of red, green and blue primaries
displayed on 5 different LCDs

The CRT gives a different set of spectra becausgpisating mechanism is different
from the LCDs.

Conclusions

1. The chromaticity coordinates of the LCD stay quiteastant at high and
medium luminances but vary as the luminance approaehes For gray, red,
green and blue image displayed by the LCD, the chrometioydinates move
towards the same point as the luminance decreasesto zer

2. The shape of the spectra of a colour displayed by the t€Pains quite
constant at high and medium luminances and varieshasluminance
decreases.

3. The spectra obtained from the 5 different LCDs argiroflar shape.

Note: More information on the effect of the SpectroCal the measurement of
spectra can be found in tA@pendix C.
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Experiment 4
Gamma functions and Primaries Independence

Objectives
1. To obtain the function of luminance and digital drivingun of the LCD.
2. To investigate whether the gamma functions would hold filaynto day.
3. To investigate whether the 3 primaries (red, green and ahleelndependent
of each other.

Hypotheses:
1. The luminance has a non-linear relationship with théaligriving input.
2. The gamma functions remain unchanged from day to day.
3. The primaries are not independent of each other. Tdresef
1. The calculated gamma function of the white image, dasemeasured
gamma functions of red, green and blue primaries, is ®osdme as
the measured gamma function of the white image when ialapes
are operating simultaneously.
2. The gamma function of one primary is changed when opgratith
the other two primaries.

Variables declaration:

Independent variable: Digital driving input

Dependent variable: Luminance (gamma function and pramandependence)
Control variable: Viewing distance = 100 cm, constant wigvangle

Apparatus:
1. LCD Dell
2. LCD Philips
3. A Minolta CS-200 Chromameter

Methods:

1. Write a Matlab program to display a full-screen pure pmdge green, pure
blue and white (all 3 primaries together) of which lumeeand be varied by
the user. The digital driving input ranges from 0 — 256.

Allow the LCD to warm up before taking measurements.

Measure the luminance as a function of the digital dgivinput of each

primary separately and all primaries operating together.

4. With 2 primaries fixed at maximum and half maximum opegalavels, vary
the digital driving input of the other one and measure thénlme.

wn
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Results and Observations:
4.1 Gamma functions of the LCD and its day-to-day variation

The gamma functions are illustrated in figure 4.1. Tihetions are non-linear with
some degree of distortions on the curves. It can be obyiowasiced that there are
some saturations at upper level of the digital driving ifigarh 248 to 256. The same
experiment was done on a different LCD (Philips) andvés found that the
saturations are also present at upper driving levels.

The identical experiment was carried out on the nextadaly it was found that the
gamma functions are almost exactly constant as cam $&en from figure 4.1 that the
two sets of curves more or less exactly coincide.

Figure4.1
2 sets of Gamma functions of Dell LCD measured orparsg¢e days
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4.2 Primaries Independence

The gamma functions of each separate primary were umehsso the gamma
function of a grey image, when all primaries are worksngultaneously, can be
predicted by adding the 3 gamma functions together. Tdmoneof doing this is to
compare if the calculated function will be the sansetlae measured one. The
luminance of the grey image was then measured as adiirdtdigital driving level.

It was found that the experimental values are highen the predicted ones as
illustrated in figure 4.2. This suggests that when 3 primarigk wimultaneously,
more light is emitted than when each one is operaeparately. As a result, the
primaries are not independent of each other.

Figure 4.
Comparison of experimental and calculated luminance as &durt Digital Driving level

To reinforce the conclusion, the gamma function of ga@hary was measured in 3
different conditions. For instance, for the gamma fiomcof the red primary, the
levels of green and blue were fixed at 3 different valumetuding 0%, 50% and

100%. The level of red was then varied by varying the aigitiving level and the

luminance was then recorded. In order to obtain theesponding gamma function of
the red primary in the 50% and 100% green and blue conditlen&jminances were
subtracted by the initial luminance — the luminance whenenesl is 0%. The results
are shown in figure 4.3.

It can be seen that the gamma function of red primamgases with the operating
levels of green and blue primaries and the same concappigd to green and blue
primaries. Therefore, the primaries are not indepenafezdé.ch other.
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Figure 4.
Gamma functions of red, green and blue primariesar8ttifferent conditions.

Conclusions

The luminance has a non-linear relationship with theadigriving input.

The gamma functions remain unchanged from day to day.

The primaries are not independent of each other. Tdrerehe gamma function of a
primary is changed by the operating level of the othergraries.
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Experiment 5

Temporal response of LCDs

Objectives:

4. To measure and analyse the response of LCDs to the dsigingls.

5. To examine the effect of backlight to the response.

6. To investigate the effect of driving level and the leveRetl Green and Blue
on the monitor on the response.

7. To measure the decay of each primary.

8. To compare the response of different LCDs in terntb@fise time, the decay
time and the shape of the response.

Apparatus:
16.LCD-Samsung
17.LCD — NEC MultiSync LCD 1510+
18.LCD — DELL E196FP
19. A Photocell with an amplifier
20.An oscilloscope

Control conditions: the LCDs are allowed to warm-up for about 1 hour leefor
starting the measurements.

Measuring the response of the LCDs

The LCD is controlled by a program written using the Q®&lab toolbox with the
VSG system to display a cycling sequence of full-scre&ximum black and
maximum white images. The duration of the images is tebermined by the user.
The photocell with an amplifier is connected to theilmscope which is controlled
by the computer to measure the light from the LCDs.

Effects of the backlight to the waveforms of the LCDs

The aim of this measurement is to prove whether tlotuddions on the response are
caused by the backlight.

The oscilloscope is used to measure the light variatibthe LCD displaying a
stationary full-screen maximum white image.

Primary decay

The cycling page program is used to produce a series ofcfels red or green or
blue image alternating with a maximum black image. The kegtthe coloured
image is 0.5s whereas that of black screen is 1s. Therrdar using these durations
is to allow the LCD enough time (0.5s) to fully respotesé¢he driving signal before
the light decays after the driving signal is set to @ s easier to detect the decay
part of the response when the ‘off’ state is long (1s).
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Results and analysis:
5.1 Response of the LCDs to a square wave driving signal

The response of the LCDs can be grouped into 2 categArrasher smooth response
without the information of the frame rate was obtdifmm Samsung, LG L1730B
and NEC 1510+ LCDs whereas a response with peaks due tfbathe rate is
obtained only from the Dell LCD. The shapes of the raspaare illustrated in the
figure 5.1to 5.4.

Figure .1
The response of the
Samsung LCD

Response time
claimed by the
manufacturer is 8 ms

Figure £.2
The response of the
NEC LCD
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Figure .3
The response of the LG LCD

Response time claimed by the
manufacturer is 16 ms

Figure .4

The response of the Dell
LCD

The fluctuations frequency
is 60 Hz which is the frame
rate.

Response time claimed by
the manufacturer is 8 ms.
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LCDs The rise time | The decay time  Backlight
(ms) (ms) frequency
Approx. Approx. (kHz)
Samsung 25 20 6.3
NEC 48 60 -
LG 48 36 2.6
Dell 60 20 -

Figure .5 The rise times and the decay times of the L***

For this experiment all of the LCDs operate at then&arate of 60Hz and the
resolution of 1028 x 768. It can be seen from the respoaphgthat the contribution
of the frame rate is only represented on the Dell L&Dsignificant fluctuations.

However, there are some small fluctuations on theradt@Ds which reflect the

operating frequency of the backlight. This will be disedss topic 5.2. The presence
of the frame rate on the Dell LCD reflects how dstive matrix circuits operate
differently from the other three LCDs. This introdus#seps in the response which
effectively increases the rise time dramatically upabmut 80 ms. In contrast; its
decay time is short because the discharging of théretkss is completed within one
frame rate, so the decay reflects the switching cheniatit of the liquid crystals

(20ms). Amongst the four LCDs, the Samsung LCD givesfdktest response to the

driving signal.

The photocell is placed roughly at the centre of theesttherefore there is a time
delay before the graph rises due to vertical scan fregudine response appears to
be almost synchronous with the driving signal when thequad is placed at the top

left corner of the screen as shown in figure 5.6.

Figure %6

Graphs from the oscilloscope with the photocell plaatatie top
left corner of the screen measuring the response @¢hdleft)
and NEC (right) LCDs.

Note: *** The rise time was measured from the moment the respuses to the
level at which the luminance becomes first constame. ialues in figure 5.5 can only

be very rough approximations.
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5.2 Backlight effects on the shape of response

Apart from The Dell LCD, it is possible to vary theckbght level by adjusting the
brightness on the display. The results from all ISGCiDe consistent; as the brightness
decreases the modulation of the signal becomes nmmsieus and significant. The
result from the Samsung LCD as an example is showigure 5.7.

Figure &7

The graph from the
oscilloscope measuring
a stationary white
image on the Samsung
LCD at 100%

backlight level

At 100% backlight level, the luminance appears to beivelg constant regardless
the presence of the sinusoidal modulation at the frequeingy8 kHz which is due to
the operating frequency of the backligRtCFLs, used to backlight LCD displays,
typically operate at 30 kHz to 70 kHz with measurable harmommntent into the low
MHz regiont™

The brightness is then lowered to 50 percent and theét issshown in figure 5.8. It
can be seen that the mean value is lower and the at@iubecomes very significant
which results in flickers at a high frequency of about 370MHich is not perceived
by the human eye. However, this modulation due to thelightks not synchronous
with the frame rate e.g. 60Hz. It is then unlikely ttke number of ‘peaks’ will be
perfectly constant from one frame to another whichlresa variation of luminance
across the frames.

Figure £.8

The graph from the
oscilloscope measuring a
stationary white image on
the Samsung LCD at 50%
brightness level

Reference
[1] www.linear.com/pc/downloadDocument.do?navlid=H0,C1,C1154,C1009,C1028,P1219,D4300 - 21 Aug 2006
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Figure £1C
The response to a driving signal at the frame ratpifnecy (60 Hz) seen on
the Samsung LCD at 100% (up) and 50% (down) brightneds leve

From figure 5.10, it shows that the response seen on @ik is continuous at the
maximum backlight level but the degradation of the respahse to 50% level
manifests itself in a series of high frequency flick&80(Hz) which is fortunately not
resolved by the human eye.



33

5.3 The effects of Red/Green/Blue level (white point) adhe monitor and the level
of driving signal on the response

As a result of the presence of the frame rate stefiseoresponse of the Dell LCD, it
was suggested that the steps could be removed if the drivimg dower than
maximum level, say 50%. An experiment shows that ewveuagh the driving level is
halved or lower, the steps are still present on thsorese.

The same experiment was carried out on the Samsungall@ih initially gave a
very smooth response to the driving signal at maximwel.lén figure 5.1 and 5.11,
it can be seen that the response degrades as the dewvelglécreases.

Figure L11
The response of the Samsung LCD to the driving siana0% (left) and 25% (right)

The presence of steps due to the frame rate on the sespbtine Dell LCD can be
eradicated by fully increasing the level of Red/Green/Bkiing on the monitor.
From figure 5.11 and 5.12, it can be seen that the resvétgpbnse improves
significantly; the rise time becomes dramaticallyrééiowhereas the decay time is
constant.

Figure £12

The response of the Dell
LCD with RGB setting at
factory default

Rise time ~ 60 ms
Decay time ~ 20 ms
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Figure £13

The improved response of
the Dell LCD with RGB
setting at 100%

Rise time ~22ms
Decay time ~ 20 ms

Measurements were performed to examine the effect wihgrsignal level on the
response when Red/Green/Blue level is 100%. It was fouetdthle steps become
more noticeable as the driving signal level decreassiaasgn in figure 5.14.

Figure 5.1.

The response of the Dell
LCD to the driving signal
at 50% level with the RGB
setting at 100¢

It can be concluded that the LCDs give the best regptinthe driving signal when
the Red/Green/Blue setting is set to the maximum kenelwhen the driving signal is
high or maximum.
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Comparison with the CRT

The response to the step driving level of the CRT isvaha figure 5.15. Due to the
raster scan of the CRT, an image is refreshed dtahe rate in this case 60 Hz. The
luminance peaks at the beginning of the frame time andysedown until the next
frame. Therefore, the response is not continuoush&edsponse of the LCD.

Figure 5.1
The response of the CRT to the step driving signkdrajth 0.1s
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5.4 Primary Decay

Figure 5.1
Primary decay of the Dell
LCD

There are 3 primary colours in a pixel of an LCD includied, green and blue. They
are produced by different light filters. The 3 curves igufe 5.16 have been
normalised by their initial luminance level in order tompare their decay
characteristic. It can be seen that all 3 graphs have ordess the same shape. This
suggests that the decay characteristic is independehe dype of primary but it is
determined by the active matrix circuits and the switchimayacteristic of the liquid
crystals.

Conclusions

Amongst the four LCDs, the Samsung LCD gives the besponse to the driving
signal because it has the shortest rise time anshiveest decay time. The time delay
for which the pixel response to the driving signal dependherspatial location on
the screen; the response is more or less synchrondusheitriving signal at the top
left corner but the longest delay takes place at thtetmaright corner.

In the factory default conditions, the Dell LCD isetlonly one that presents the
artefact on the response due to the frame rate. Tieqaent steps on the response
give a discontinuous rise in luminance and slow downrige time significantly.
Despite its rapid decay time, it is undesirable to bed use visual stimuli in
electrophysiology unless its Red/Green/Blue settingtisosmaximum level and it is
to be operating at the maximum driving level.

The backlight has an impact on the response. The bleslacklight level is 100%, at
this level there is hardly any modulation that wouldulteis flickering. The dramatic
modulation represented on the response at 50% backlightatialso be perceived
by the human eye. However, in electrophysiology, thdutation is not desirable.

It is concluded that different colour filters have naeeté on the decay characteristic
of the Dell LCD. The decay purely reflects how fast #ttive matrix circuits of the
LCD operate and how fast liquid crystals can switcimdelves.

Note: More information and graphs are in thppendix D
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Experiment 6
Spatial Independence

In CRTs, the luminance at one point of the imageften affected by changing the
luminance elsewhere on the image. Does this effect hapjple the LCD?

Objective: to examine the change in luminance of a small ar¢laeatentre of the
screen of LCDs etc. when the background luminance surrauitdihanges.

Hypothesis: There is spatial independence in the LCD; the luminaace
chromaticity of the image are not affected by changingrance and chromaticity of
the area surrounding it.

Apparatus:
1. LCD - Dell
2. achromameter
3. a ColorCal light measuring device

Method:
1. Write a program to display a small maximum white squatbeatentre of the
screen and another program to display a full maximum vghiteen.
2. The size of the square should fill the view circle oé tbhromameter.
However, it should not be too small or else flarerfrather parts of the screen
would affect it. In this experiment the square is pixel

3. Set the viewing distance to 30 that the small square appears to be large
enough to fill the viewing circle of the chromameter.

4. Display the small the white square and measure the lmegna

5. Display the full white screen and measure the lumieariche same point.

Results and observations:

Chromameter:
Luminance (cd/sg m) (x,y) chromaticity coordinates
Averaged value
The small white square 92.36 (0.3294, 0.3307)
400x400 pixels
The full white screen 92.59 (0.3294, 0.3307)
ColorcCal:

Luminance (cd/sq m) (x,y) chromaticity coordinates
Average value

The small white square 104.9 (0.316, 0.333)
200x200 pixels

The full white screen 105.2 (0.316, 0.333)
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Analysis

The measurements were done using the ColorCal so Waseno effect of ‘stray’
light produced by the screen itself.

There is a very slight increase in luminance of theasared point when the black
background screen is replaced by white screen. This ispisobecause of flare from
other part of the screen or an unequal power drain onsupely under the 2

measuring conditions.

There is no change in chromaticity of the point

Conclusions

There is some degree of spatial dependence on the sdrdenLCD; the luminance
at one point on the screen slightly increases wheninance of surrounding points
increase. However, this increase in luminance is insggmt and cannot be

noticeable by the human eye.

The colour is spatially independent.
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Appendix A

Warm-up Characteristics

LCDDEII cold warm up and hot warm up

Date: 28 July 2006

Cold warm up

Conditions
- Chromameter placed at 100 cm apart from the Dell LCD
- Chromameter calibration = CHOO (default factory catiiorg
- Colormap index = 128 with gamma correction
- Experiment was done in a dark room with minimal strglgtli
- The LCD, the Chroma meter and the VSG were lefttched off for 1 night

before used.

- The luminance of the centre of the screen was measure

Hot warm up

Switch off the LCD for 30 seconds and restart measuring.

Temperature variation

Cold warm-up Hot warm-up
Time Temperature (°c) Time Temperature (°c)
10.00 29 14.15 30
10.30 30 14.45 30
11.00 30 15.15 30
11.30 30 15.45 30
12.00 30 16.15 30
12.30 30 - -
13.00 30 - -
13.30 30 - -
14.00 30 - -

Constancy of warm up characteristic from day to day

Date: 31 July 2006

Repeat the experiment again to see the extent to wheclwvdhm up characteristic of
the Dell LCD varies from the experiment done on 2§ 06l

Conditions

- Chromo meter placed at 100 cm apart from the Dell LCD

- Chroma meter calibration = CHOO (default factory calibrgt

- Colormap index = 128 with gamma correction

- Experiment was done in a dark room with minimal strgigtli

- The LCD, the Chroma meter and the VSG were leftchweil off for 2 days
before used.

- The luminance of the centre of the screen was measure

- The viewing angle is more ‘vertically perpendiculad the screen than
before.***

Temperature variation: the temperature remained at 29 °c through the experiment.



40

Appendix B

Screen Spatial Non-uniformity

The data in the tables below shows the variatiommiiance and chromaticity
coordinates across the screen.

Gray screen (Matlab colormap = 128)
LCD Philips using the ColorCal

L = 55.5 cd/m2] 60.3 66.8 65.3 59.2
X=0324 |0.324 0.322 0.323 0.324
Y=0326 |0.324 0.324 0.326 0.328
547 __ ,/60.6 66.8 65.2 59.7
0.324 0.323 0.322 0.323 ¥ 0.324
0.326 0.326 0.326 0.326 0.327
57.0 63.0 72.1 66.9 60.1
0.326 0.323 0.322 0.322 0.325
0.326 0.325 0.327 0.327 0.328
56.7 63.4 70.7 67.3 60.8 Y
0.324 0.322 +— |0.321 0.322 *+—|0.324
0.327 0.327 0.328 0.328 0.329
58.8 66.8 L=77.7 68.8 61.0
0.325 0.322 X=0323 |0.324 0.325
0.328 0.328 Y=0328 |0.327 0.329
v
57.1 65.5 75.4 66.7 61.2
0.324 0.323 0.322 —0.323 0.324
0.328 0.328 0.328 0.325 0.330
60.3 66.1 725 68.5 63.9
0.323 0.322 0.322 0.323 0.324
0.326 0.326 0.327 0.326 0.328
58.6 650 o |721 68.0 633
0.324 0.323 0.323 0322 <«— |0.323
0.325 0.325 0.325 0.327 0.330
60.0 63.4 69.0 68.2 65.5
0.323 0.322 0.321 0.322 0.322
0.325 0.324 0.324 0.324 0.326
60.0 v |640 70.0 68.2 65.5
0.323 0.322 0.321 —»|0.322 0.323
0.324 0.326 0.327 0.325 0.327

Note: The £'and 2° sets of measurements are distinguished with thse?
highlighted. The 2 sets were done in about 15 minuteshEd?tset, measurements
started from the top left corner across the scredrf@lowing the arrows to the
bottom right corner.
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LCD Dell using the ColorCal

L =59.4 cd/m2| 55.7 53.8 52.0 52.2
X =0.310 0.311 0.311 0.312 0.312
Y =0.321 0.321 0.323 0.323 0.323
59.5 61.5 59.2 58.4 55.6
0.310 0.311 0.311 0.311 0.313
0.322 0.321 0.323 0.324 0.322
60.0 66.0 65.2 62.5 57.4
0.309 0.311 0.312 0.312 0.312
0.325 0.322 0.322 0.322 0.324
62.2 66.5 66.0 64.9 58.8
0.308 0.309 0.310 0.310 0.310
0.324 0.322 0.321 0.323 0.323
64.5 60.8 58.9 58.8 58.6
0.308 0.308 0.309 0.309 0.307
0.319 0.317 0.318 0.321 0.320
LCD Dell — purcjiSED

L =23.67 cd/m2 | 22.45 22.35 21.9 22.1
X =0.630 0.630 0.630 0.630 0.631
Y =0.343 0.343 0.343 0.343 0.343
24.5 26.2 25.7 25.2 23.8
0.627 0.630 0.630 0.632 0.629
0.347 0.345 0.345 0.343 0.346
25.0 27.8 27.7 27.2 24.6
0.629 0.630 0.631 0.631 0.630
0.347 0.345 0.344 0.344 0.345
25.2 27.0 27.1 26.9 24.5
0.629 0.631 0.632 0.629 0.633
0.346 0.344 0.344 0.346 0.343
26.5 25.3 24.8 23.7 23.2
0.628 0.631 0.632 0.632 0.636
0.347 0.344 0.343 0.342 0.338

Comment: The luminance and especially (x, y) values wemgstable with time
compared with the values of the gray screen which wecéuthting over time.
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LCD Dell — pure green

55.0 52.1 50.0 48.2 48.9
0.251 0.250 0.251 0.250 0.251
0.637 0.638 0.637 0.637 0.637
54.5 54.9 55.3 55.1 51.7
0.251 0.251 0.251 0.251 0.250
0.637 0.637 0.638 0.638 0.638
56.5 59.5 61.0 59.5 54.5
0.251 0.250 0.250 0.250 0.251
0.639 0.638 0.639 0.638 0.638
56.3 61.3 61.9 59.6 54.7
0.249 0.249 0.249 0.250 0.250
0.640 0.640 0.640 0.639 0.639
59.7 55.8 54.3 53.8 55.4
0.250 0.250 0.250 0.249 0.249
0.639 0.638 0.639 0.639 0.639

Comment: The luminance of the green screen was daugea#r time to a more
stable figure whereas (X, y) values were very stable.

LCD Dell — pure blue

6.9 6.6 6.2 5.9 6.1
0.149 0.149 0..149 0.150 0.150
0.066 0.066 0.065 0.065 0.066
6.8 7.4 7.2 6.9 6.5
0.149 0.149 0.149 0.150 0.150
0.066 0.066 0.066 0.066 0.066
7.0 7.8 7.8 7.4 6.9
0.149 0.149 0.149 0.149 0.149
0.066 0.066 0.067 0.066 0.067
7.2 7.8 7.7 7.6 6.9
0.149 0.149 0.149 0.149 0.149
0.066 0.066 0.066 0.066 0.066
7.8 7.3 7.1 6.8 7.0
0.149 0.149 0.149 0.149 0.149
0.066 0.066 0.066 0.066 0.066
Comment:

The stability of the measurement of the ColorCal is as th®llowing order:

More stable >> Less stable
Blue >> Red >> Green >> Grey.

This is also the order of increasing luminance.
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LCD Samsung using the ColorCal

The ColorCal measured at 15 different positions as shmlaw.

0.304 0.306 0.308 0.310 0.311
0.349 0.349 0.352 0.355 0.354
102.2 105.8 109.2 110.0 106.8
0.308 0.308 0.310 0.313 0.314
0.350 0.350 0.351 0.354 0.355
100.6 109.4 118.0 116.3 107.8
0.306 0.306 0.308 0.311 0.312
0.349 0.349 0.350 0.353 0.354
100.1 108.1 113.9 115.2 103.5
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Appendix C

Effects on measurement due to the SpectroCal

1. Effect of viewing distance to the measurement of the 8gtroCal

The spectra obtained from the viewing distances of 1@0em and 53cm are exactly
the same. The minimum viewing distance specified by theufaaturer of the

SpectroCal is 20cm. But from the experiment, it can l@s $bat even though the
viewing distance is shorter that 20cm, the SpectroCal gtles the same

measurement.

Note: the units of theadiance arewatt per steradian of square metre
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2. Time taken by the SpectroCal as a function of digital inpulevel

When the spectra of the LCD were measured, the @kentby the SpectroCal was
recorded as a function of digital input level. The v#oiais illustrated above.

3. Accuracy of the SpectroCal measuring at low luminances

Noise is present at very low digital input. So the meaxment is not accurate at very
low luminances. However, the CRT was not gamma caudesb it gave very low
luminances close to total-black screen at low digmaut (1-8), so the measurement
was more or less of total-black screen.
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Spectra and Colour constancy of the CRT
The spectral colour constancy experiment was carriedvihtthe Sony CRT. The

spectra of different luminances were measured and lastrdted in both linear and
logarithmic axes below.

Red spectra of Sony CRT parameterised by digital input
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Green spectra of Sony CRT parameterised by digital input
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Blue spectra of Sony CRT parameterised by digital input
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Spectra of the CRT operating at high luminance

It was concerned that the CRT would not give a congtalatur at high luminance
due to misconvergence of the electron guns. Spectra opeactries were measured
when the CRT operated at high luminances.
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Note: the units of theadiance arewatt per steradian of square metre
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Appendix C
Temporal response

Time delay due to ‘Raster Scan’ of Sony CRT

Top left corner Bottom right corner

Time delay due to ‘Raster Scan’ of NEC LCD

Top left corner Bottom right corner
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Backlight Effects on the response of NEC LCD

Top left corner Bottom right corner

100% backlight 75% backlight

50% backlight 25% backlight
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Effect of amplifier of the photocell on the rise and demy time of temporal
response of the LCD (LG LCD)

Amplifier off Amplifier On

It can be seen from the graphs that the amplifiertehsithe measured decay time.

Amplifier off Amplifier On

However, it cannot be concluded that the amplifieraases the measured rise time
because the rise time above is only rough approximation.
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Appendix D

Measurement of Luminance and contrast ratio of DelLCD

In some applications, a high luminance and high contaist monitor is needed. This
experiment sets up the measurement and analysis intordecide if LCD etc. can be
used to substitute CRT for these particular applications.

Objective: To measure maximum and minimum luminance and conagtso that
comparison with desirable values for applications can be.do

Methods:
1. Display the full-screen maximum white on the LCD, maise the brightness
on the screen and measure the luminance.
2. Display a full-screen black on the LCD and measurduimnance.

Results:

Measured values Manufacturer values
Maximum Luminance (cd/m2) 279.36 300
Minimum Luminance (cd/m2) 0.45 -

Maximum Contrast Ratio 620.8:1 500:1
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