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Abstract

Image quality issues for high resolution TFTLCDs are
discussed.  For text, very high resolution is needed.  For
color images, the intrinsic color quality of TFTLCDs has the
potential to exceed CRTs.  As the spatial resolution
TFTLCDs increases, the number of gray levels can be
reducedwithout degrading image quality.  This will reduce
the bandwidth required to drive these displays.   

Introduction

Thin Film Transistor Liquid Crystal Displays (TFTLCDs)
used in notebook computers, are appearing in the deskto
monitor marketplace at prices currently a factor of two
greater than similar CRT displays.  Cost reduction for
desktop TFTLCDs is linked to manufacturing volume and to
the number of display panels which can be made per sheet of
mother glass. Compared to CRTs, TFTLCDs are thinner,
lighter and require less power.  They donot flicker, produce
less glare, and have low susceptibility to electromagn
interference.  TFTLCDs are now beginning to provide
image quality which exceeds CRTs.       

The largest performance drawback of TFTLCDs has be
the narrow acceptable viewing angle for TN-mode liquid
crystal (LC) cells.  This is important for large-area deskto
displays, where the corner-to-corner subtended angle for a
single user can be large.  However, dramatic improvemen
in viewing angle have been achieved with in-plane-switchin
cells1 and vertically-aligned LC cell modes,2,3 and there is
continued development of compensation films for all
modes.4,5,6 The viewing angle of desktop TFTLCDs will
continue to improve, not only for gross effects such as image
reversal, but also for subtle aspects of luminance gamma and
color fidelity.

Another problem area for TFTLCDs is video quality, which
is generally recognized to be poorer than CRTs.  There is
little agreement on the severity of the problem.  Different
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scan conversions required for each type of display provide
different quality video signals to the display,resulting in
noticeably different image quality.  DVD video on TN-mod
notebook computer displays looks good.  

The reconstruction of continuous motion and flicker are
mutually exclusive characteristics.  The fast response an
decay of CRT phosphors causes flicker, which requires a
high frame rate to hide.  The slow response speed of LC
cells and pixel latching leads to low flicker. Frame rates as
low as 20 Hz have been applied to notebook TFTLCDs in
our laboratory to reduce power consumption, witho
objectionable flicker.  The slow response of LC materia
however, does reduce the contrast of moving portions of the
image sequence, and needs improvement.  This is
particularly true for wide-viewing-angle technologies su
as in-plane switching.  Improvements in LC materials and
data protocols will lead  to improved video on LC display

Recent comparisons of TFTLCDs and CRTs are given in
reference 7, which can be updated by the developm
mentioned here.  TFTLCDs can economically provide ver
high pixel densities within adigital drive environment.  This
is a strong advantage over CRT technology where similar
features are prohibitively expensive or impossible.  CRTs
have high quality color,8 but there are aspects of TFTLC
technology which suggest that even this quality can be
exceeded.  For example, it has been proposed to utilize hig
pixel density to accurately render colors with a limited
palette,9 potentially important for web-based commerce.  

Pixel  Density and Pixel Count

For many computer applications, displaying more
information on a single screen10 improves user efficiency
and utility.  Information content can be in any form, such as
text, numbers, graphics, or images.  The maximum
displayable information content depends upon screen size,
pixel density, pixel independence, color gamut, pixel
architecture, number and spacing of grayscale levels, pea
brightness, and contrast.  Some of these factors affect the
cience, Systems, and Applications       100
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amount of data on the screen, others affect the visibilit
this information.  Applications include text and docum
processing, engineering design, command and con
medical imaging, insurance processing, pre-publica
review, and web-based commerce.  The highest pixel de
and pixel count in a display to date has been achieved
prototype TFTLCD from IBM11,12  This display has a pixe
pitch of 0.126 mm, corresponding to 201 dots per inch (d
and a 16.3” diagonal.  The format is QSXGA (2560x20
corresponding to 5.24 million color pixels, or 15.7 milli
subpixels, with 18-bit color.  For comparison, the standa
image format on a Kodak PhotoCD is 3072x2048, ne
adequate to faithfully render 35mm film images.13 The Sony
DDM-2802 28” CRT has a pixel format of 2048x2048, 
pitch of 0.31 mm (82 dpi), luminance of about 80 cd/m2, and
weight of about 230 pounds.  Hitachi 21” monitors have
1600x1200 format with a smaller dot pitch of 0.22 mm (115
dpi). CRT dot pitch is not a particularly meaning
parameter, since the beam spot size can be a factor o
larger than this.  

Displays are needed that can render two full pages of
(and images) with paper-like quality.  With increas
information content,  productivity improvements in t
range of 20 to 30% have been obtained in CAD draw
tasks by simply reducing the amount of scrolling a
zooming necessary to perform a specific task.  The image
quality of characters rendered with CRTs is poorer than
paper,14 and this causes reading speed to be less with C
than paper for small fonts. As the CRT pixel den
increases, reading speed increases.14  Letter-counting and
reading tasks have also been used to quantify differenc
subject performance and preference using TFTLCDs with
different pixel densities as compared with CRTs.15 The
effective acuity of the display is determined largely by p
density and sharpness, and this also correlates with su
preference for high pixel densities for displayed text.  Sm
letters can be rendered much more sharply on a 
resolution TFTLCD than on a CRT. However, the disc
nature of TFTLCD pixels creates “jaggies” in letters when
the individual pixels can be perceived by the viewer.  A
some font designs may have a thin appearance when
rendered with discrete and high density pixels, since the
widths can only be integer multiples of the pixel widths.  
large fonts, the fuzziness of CRT pixels actually amelior
these kinds of problems.  However, for smaller fo
discrete TFTLCD pixels are at a distinct advanta
provided the pixel density is high enough, because the
also blurs the pixels.

The preferred viewing distance depends upon a numb
factors, of which image quality is only one.  The application
and other ergonomic factors play a large role in determi
the viewing distance.  Newspaper print sizes have evo
so that there is about a factor of two safety margin, tha
typical newspaper fonts are just legible when the paper is
The Sixth Color Imaging Conference: Color S
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held at a distance about a factor of two larger than typ
reading distances.16  For color prints viewed at 25 cm, it h
been estimated that 250 pixels per inch are sufficien
high-quality continuous tone prints, or 250 lines per inch
with 10x10 microdots for halftone prints.17  Surprisingly,
there is no simple mathematical framework by which
compare what can be observed in high quality prints 
high-definition RGB stripe pixels in a display.  Given 
demand for higher resolution in print technology, it
dangerous to underestimate what can be distinguished 
image, particularly by the younger population, having
average visual acuity of about 20/16.  A person with 20/20
vision can resolve features which subtend about 1 minu
arc, but vernier hyperacuity is about a factor of ten sha
than this, as demonstrated by the vertical lines in Figu
The vertical line to the left has a displacement or “ki
which can be perceived more easily than a dot of the same
size, to the right.

Figure 1. Jaggies and vernier hyperacutiy.  At a distance of 
cm, these letters appear as 12-point letters would at 50 cm on
and 200 dpi displays.  At 100 cm, the line displacement and
subtend about 40 arcsec. 

A number of display sizes, formats, and pixel densities h
been simulated using a screen capture and print appr
Figure 1 illustrates the jaggies which appear for two p
densities.  Although small letters can be rendered much
more sharply on a high resolution TFTLCD than on a C
pixel densities exceeding 200 dpi may be required to
eliminate visible jaggies at preferred viewing distanc
Another problem is accurate kerning for WYSIWYG, which
depends on the number of horizontal bins available for l
placement.  An SXGA display, which contains 1280
columns, is insufficient to properly kern a page of text.18  If
8.5” wide paper were divided into 1280 bins, this would
correspond to 150 dpi.  Horizontal pixel counts of at lea
factor of two larger than this are needed to render a s
page of text without noticeable kerning artifacts.  

Very high resolution displays will not provide greater util
to the user, however, unless other system aspects
improved as well.  The display drive architecture must be
suitable and both operating system and software applic
improvements are needed for proper icon and font sca
High resolution displays are best characterized by sc
size and pixel density just as printers are today.  Dis
formats, such as XGA, SXGA, etc. lose utility when 

pitch exceeds 130 dpi.  
cience, Systems, and Applications       101
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Luminance and Gamma

Most of the information content in an image is containe
the spatial luminance signal.  This characteristic of human
vision forms the basis of data compression schemes, su
JPEG, and television broadcast bandwidth allotment. 
display transfer function, the relationship between sc
luminance and applied digital level, can dramatically a
the appearance of images.  If a plot of log luminance ve
log level follows a straight line, then the slope is define
gamma.  In most applications, however, the transfer fun
deviates from this power law, usually at low intensity lev
Before color quality can be seriously considered, 
luminance characteristics of the display must be thorou
understood  and optimized.  The luminance-volt
characteristics of liquid crystal displays are different t
CRTs, but the luminance to digital level relationship may or
may not be similar. 

For CRTs, the phosphor luminance results from the cu
of the electron beam impinging on the phosphor.  The b
current-voltage relationship generally follows a triode 
power law, where the voltage on the electron gun
determined by the combination of the electronics in 
display adapter card contained within the computer and
voltage amplifiers contained within the display.  All of 
signals in the path from the display adapter card to the
are analog.  The digital levels from the computer 
converted to analog voltages, usually in a linear fash
with an offset, i.e. a digital level of zero results in a non-
analog output.19,20 The amplifiers in the CRT need not 
linear, either. Although much of the CRT gamma
relationship is determined by the electron gun, the ov
display gamma is a function of all components, including
display adapter card.  

For TFTLCDs, the pixel transmittance depends on 
polarization state of the liquid crystal layer, which depe
on the RMS ac voltage across the cell.  For normally white
TN-mode cells, the transmittance follows an inver
“S-shaped” curve.  Typical structures are fully transmit
(bright) for a pixel voltage of 1 V or less, and fully opaq
(dark) for a voltage of about 5 V.  The relationship betw
digital level and data voltage applied to the columns in
array is determined by the set of reference voltages sup
to the driver chip.  These are set by a resistor chain with
voltage taps.  There is a nonlinear relationship betw
digital level and data voltage.   For 6-bit column drivers,
first 3 bits are determined by 9 reference voltage values
remaining 3 bits are done by linear interpolation.  
reference voltages control the luminance-level relations
which can be chosen over a wide range.  For note
displays, these values are chosen largely to opti
operating characteristics rather than the quality of 
images.  For example, it is desirable to achieve maximum
brightness, and minimal mouse cursor disappearancewith
The Sixth Color Imaging Conference: Color
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movement. Typical notebook TFTLCDs have gamma va
between 3 and 4, much larger than CRTs.  Diffe
computer manufacturers have adopted different C
gammas; for PC, Macintosh, and SGI, the standard gammas
are 2.2, 1.8, and 1.0 respectively.   Considering all facto
human visual characteristics, computer and display system
environment and practice, a gamma value for TFTLCD
2.2 is a reasonable choice.17,20,21  If needed,  the gamma
could be changed in the display “on-the-fly” for image d
files which have been created for a particular compu
environment but are being displayed in another environm
Given the current variability and evolution of TFTLC
characteristics, some form of ICC monitor profile a
operating system specification  is needed.

Another important area of concern for TFTLCDs 
luminance contrast.  Under bright ambient conditions,
contrast ratio of TFTLCDs is much higher than CRTs, 
to differences in screen reflectivity and peak brightn
However, under dark viewing conditions, CRTs h
dimmer dark states, and the contrast ratio of CRTs ca
very large.  This contrast can be utilized to better re
images which contain detail in dark areas of the im
Optimal rendering of images on TFTLCDs viewed in d
ambients will require improved dark states.  The white state
luminance can be increased by increasing the back
intensity, commonly done for avionic and milita
applications.  This will not improve the contrast ratio in d
ambients, but it does improve apparent color satura
peak brightness and contrast in bright ambients.  P
brightness is important for rendering image highlights. 
avoid image artifacts due to additional TFT photoleakag22

improved black matrix structures are needed in the a
The black state can be improved by cell structures that d
contain spacer balls, with better cell gap uniformity, 
improved compensation films.  For TN-mode cells, 
spacer balls leak light in the dark state.  On average, th
about one spacer ball per pixel.  A variation in cell 
de-tunes the optimal extinction ratio in the black st
Crossed linear polarizers typically have an extinction r
of about 600, which falls off for viewing angles far from
normal incidence.23

Color Gamut, Stability, and Fidelity

The color gamut of TFTLCDs  is determined largely by 
backlight spectral power distribution, which is matched
the color filter absorption characteristics.  For many
notebook displays, the color gamut has been intention
reduced by broadening the spectral transmission throug
color filter.  This makes the colors less saturated, 
increases battery life.  Any light absorbed in the color filter
represents a loss in efficiency that raises the backlight
required to reach a desired brightness level.  For des
TFTLCDs, the color gamut can be increased, since pow
not a major design consideration.  One way to improve the
 Science, Systems, and Applications       102
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color gamut of TFTLCDs is to replace present cold-cath
fluorescent lamps (CCFLs) in the backlight w
light-emitting diodes (LEDs).  LEDs emit a narrower ba
of wavelengths compared to phosphors. Recent mate
advances have led to the development of blue and g
LEDs with chromaticities close to the corners of the spe
locus, as shown in Figure 2.  The color gamut of LED
primaries is considerably larger than CRT P22 phospho
the phosphors used in CCFLs.24  LEDs can also be rapidl
switched, enabling field sequential color operation with
color filters.24

In spite of the good color performance of CRTs, 
advances made in calibration and color managem
surprisingly little use is made of CRTs in situations wh
accurate color is required.  Some of the problem has t
with viewing ambient, the color temperature of the monito
and other fundamental problems with comparing emis
display images with printed paper. Due to the hig
reflectivity of phosphor materials, changes in the view
environment can have a large effect on CRT dark colors
image quality.  CRT colors drift over time, due to change
the analog and high voltage electronics, and to phosp
aging at different rates.25 The color stability of TFTLCDs is
potentially better than CRTs since the spec
characteristics of color filters and LC are stable.  
phosphors used in backlights are similar to CRT phosp
and exhibit the same aging properties.  Most importantly
drive environment for TFTLCDs can be made larg
digital, which is inherently more stable than analog. 
major factor limiting most TFTLCD monitors is the use
an analog signal path to preserve CRT compatibility.  
digital signals for TFTLCDs need only be converted
analog at the driver chip outputs on the glass, located 
to the edge of the array.  

Another important monitor characteristic is the chromina
shift of the primaries and gray point with drive level.  T
chromaticities of a typical notebook computer TFTLCD 
shown in Fig. 2, as a function of drive level.  In tristimu
XYZ color space, if all gray colors (R=G=B) from black 
white lie on a line through the origin, then these gr
project to the same point in the xy chromaticity plane.
with printing, this characteristic is desired to avoid hue s
in light and dark regions of the image.  For the prim
colors, chromaticity values shift from the saturated value
level 256 down to the black point of the display, at lev
(0,0,0).  If the luminance of black is negligible, then 
chromaticity of a primary will slowly converge to th
chromaticity of the black state.  Brighter black states re
in faster convergence.   Crosstalk between neighbo
sub-pixels, correlated with drive level, will result 
deviations from a linear locus in the xy chromaticity plan

The rate at which the chromaticity values converge tow
the black point can make accurate rendering of dark co
The Sixth Color Imaging Conference: Color S
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difficult, but differences in dim colors are difficult 
perceive.  For properly adjusted CRTs, the chromaticit
primaries shift very little until the level falls below about 
out of 256, with little chrominance shift of the gray state26

For TN-mode TFTLCDs, there is a wide range of behav
primariliy due to designs optimized for notebo
applications.  Generally, there is a chrominance shift for
gray state with level, due to different transmiss
characteristics of the primaries.  The hue shift for 
primaries is consistent with capacitive crosstalk in the a
TN-mode pixel chromaticities fall much more rapid
toward the black point than CRTs due to brighter bl
states.  This rapid shift can begin to occur for levels as 
as 120.  This characteristic is a veiling gray effect: the
primary colors loose saturation as the level is redu
These chrominance shifts degrade the color performanc
dark colors, however, with suitable corrections 
perceptual color error can be reduced to acceptable val26

As the dark state luminance is decreased, this problemwill
diminish.

Figure 2. Chromaticities of primary and gray colors of a typi
notebook TFTLCD, for all drive levels.  Shown are CRT prim
chromaticities (O) and the color gamut for LED primaries (*).

One characteristic shown in Fig. 2 which can occur is a 
in the chromaticity locus for the blue primary, correspond
to a peak in z or Z occuring below level 256.  This i
consequence of a cell gap thickness which is optimized
green pixel operation and minimal power.  The Gooch-T
criterion is met only for a narrow band of wavelengths, 
this guarantees that the transmission-voltage character

of all three primaries will not be exactly the same.27 

Utilizing High Resolution to Improve Color

High resolution TFTLCDs can accurately render colors
natural images by dithering a limited color palette.  T
reduces the size of the data file required as spatial reso
increases and reduces system costs.  Dithering to o
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intermediate colors works because as dot density incre
the eye’s ability to resolve individual pixels diminishes.  T
limiting resolution of the eye acts as an averaging filter
becomes possible to generate colors missing from the 
palette by dither with the limited palette and subsequent
filtering by the observer’s eye.  

The major web browsers have adopted a minimal color
palette of 216 RGB triplets, but questions remain regar
what spatial resolution will be required with this palette 
dithering to produce all colors without introduci
noticeable artifacts in the rendered image.  It has b
proposed9 that spatial dithering with the browser-safe col
is a good strategy for images at spatial resolution of 150 dpi
or greater. Experimental validation of this approach 
done using a prototype 157 dpi SXGA TFTLCD from
IBM,28 TN-mode, with 6 bits/color.  Three different
grayscale spacings were tried: geometric, linear, and p
law with an exponent of 2.2.   

Calibration

The luminance of each primary was measured at all 6
levels, and the chromaticities for each of the primaries
their combinations at maximum and midpoint drive levels
To remove the veiling grayeffect from the experiment, fo
each primary, the minimum drive level was chosen such th
the luminance was 4% of the maximum.  Although 
strictly true, it was assumed for image processing that
chromaticity did not change with drive level.  This resulte
in 51,50, and 62 useable levels for the red, green, and
primaries.  The 7 digital images used in the experiment 
translated to luminance images by assigning the minimum
luminance for each primary to digital count 0, the maximum
luminance to 255, and the remaining values as if they had
been generated for a Macintosh computer, with a system
gamma of 1.8.

Stimuli

Four natural images and three computer-generated im
were used.  Three of the four natural images w
digitizations of photographs, chosen to have qualities 
as light and dark regions, smoothly-varying, and hig
textured regions. Two of the computer-generated imag
were built from digital-count rampsof color mixtures, one
with smooth corner-to-corner shading over a square, an
other with four horizontal strips with ramps 
black-to-white, blue-to-yellow, green-to-magenta, a
red-to-cyan. The third computer-generated image was a
passage of ramped text, where both the text and backg
were ramped black-to-white.  The resulting text had high
contrast in the upper right and lower left corners, bu
opposite polarity, and no contrast on the upper left to lo
right diagonal.  All seven images were 500x500 pix
originally expressed in 8 bits/color (256 levels). 
The Sixth Color Imaging Conference: Color 
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For the standard, high grayscale resolution images, F
and Steinberg error diffusion was used to dither to 
actual, calibrated luminances.  For the test images, with
lower grayscale resolution 2-16 levels per primary, 
images were similarly dithered in luminance, but 
attainable luminance values were chosen in the follow
ways: 1) Linear luminance values, by dividing the luminan
range into equal steps.  2) Power-law luminance value
which equal steps in fractional drive level were raised to
power 2.2, multiplied by (Lmax-Lmin), then added to Lmin.  3)
Geometric luminance values, in which the steps dep
logarithmically on luminance.  In all cases, the clos
calibration values to the ideal values were used.  The li
steps are large in the dark portion of the range and sm
the light region.  The geometric and power-law steps
small in the dark portion and large in the light region

Procedure

A Method of Adjustment procedure was used to determ
threshold grayscale resolution  for each of the seven im
rendered with each of three spacings, viewed in a 
ambient, at distances of 50, 62.5, and 75 cm.  There w
observers, with normal (corrected) vision.  Images were 8
cm square, centered on  a gray background, and fu
masked to produced a diffuse surround.  The presentati
stimuli was controlled using the computer keyboard.

For each image at a given distance, the observer was told to
search for the image in a sequence that looked “just g
enough”, by increasing or decreasing the number
graylevels until the threshold number of levels w
determined.  Each adjustment began at a random positi
the sequence.  The image was presented for 3 seconds, af
which the observer chose whether to increase or decrea
leave unchanged the number of gray levels until the im
threshold was determined.  Three replications in a row fo
each image were performed, and the entire data
replicated over days.

Results

The shallow ramps were markedly different from the ot
images, requiring more grayscale levels at all view
distances.  The averaged results of the two ramp image
shown in Fig. 3.  At the shortest distance for these stim
only the full resolution images using over 50 levels 
primary were “good enough”.  At all other levels for the
stimuli the observers could see objectionable artifa
These were typically banded regions, possibly Mach Ba
that appeared.  The results for other images are shown in
Fig. 4.  Geometric spacing yields lower or equival
grayscale levels relative to all other spacing for all stim
used in this experiment. This suggests that geom
spacing of luminance (logarithmic spacing of levels) is b
Science, Systems, and Applications       104
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Copyright 1998, IS&T
as expected from Weber’s Law.29 At the near distance th
minimal number of levels that on average looked “go
enough” was 20, or 4.3 bits for geometric spacing.  Line
spacing is clearly inferior to the other spacing rules in th
requires more levels to look “good enough” for all stim
and all viewing distances.   

Figure 3. Minimum number of grayscale levels for shallow ra

images, averaged over three observers. 

Figure 4. Minimum number of grayscale levels for natural and 

images, averaged over three observers.

Conclusions

The potential for TFTLCDs for high image quali
applications has been largely ignored due to the known
viewing angle and video problems inherent in t
technology and the high cost of flat panel displays.  Both
these problems are rapidly diminishing, and the inhe
advantages of TFT-LCDs for high resolution and pi
count, pixel sharpness, brightness, and improved color

50 55 60 65 70 75
0

5

10

15

20

25

30

35

40

N atural Im ages & Text

Equivalent dots per inch
235196157

 linear
 power
 geom etric

T
h

re
s

h
o

ld
 N

u
m

b
e

r 
o

f 
L

e
v

e
ls

 

V iew ing D istance (cm )

50 55 60 65 70 75
0

5

10

15

20

25

30

35

40

Shallow  R am ps

Equiva lent dots per inch
235196157

 linear
 pow er
 geom etric

T
h

re
s

h
o

ld
 N

u
m

b
e

r 
o

f 
L

e
v

e
ls

 

V iew ing D istance (cm )
The Sixth Color Imaging Conference: Color Sc
d

it
i

p

t

now emerging for desktop monitors.  Given the current 
of cost reduction and performance improvement 
TFTLCDs, this technology may soon dominate the  high-
monitor market.  As higher resolution devices begin
appear, the bandwidth required to address these display
also increase.  The results of our experiment show that a
savings is possible by reducing grayscale resolution 
dithering as spatial resolution increases.  It is once a
confirmed that geometric spacing is best.  However, 
traditional power law spacing is only slightly inferior 
logarithmic spacing, so no change in the conventional po

law spacing seems warranted.
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