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Abstract: This work describes a method to characterize
the spatial noise and non-uniformities present in high-
resolution medical displays and a technique to solve the
problem. We designed a medical display with built-in
compensation for the spatial noise at pixel-level and we are
able to demonstrate improved image quality.
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1. Introduction

More and more LCD replaces traditional CRT displays for
medical imaging. LCD technology has improved a lot in
the past years and has important advantages over CRT.
However there are still some aspects of LCD that raise
questions on the usefulness of liquid crystal displays for
very subtle clinica diagnosis. One drawback of modern
LCD displaysisthe existence of spatial noise [3] expressed
as messurable stationary differences in the behavior of
individual pixels. This type of noise can be described as a
random stationary image superposed on top of the medica
image being displayed. It is obvious that this noise image
can make subtle structures invisible or add non-existent
patterns to the medical image [1, 2]. In thefirst case, subtle
abnormalities in the medica image could remain
undetected while in the second case it could result into a
false positive,

2. Method

A 5 Mega Pixel monochrome LCD-panel with 1024 levels
of gray is used for our research. For the characterization of
the spatid noise we use a digital high-resolution cooled
CCD-camerawith very good linearity.

The calibration of the camera is extremely important for
achieving an accurate noise map. We calibrate the camera
with a flat fidd and a dark field image. The dark field is
used to compensate for the response of the camerawhen no
light is present and is generated by taking a camera image
in a dark environment. This self-response of the camerais
caused by the creation of eectron-hole pairs in the CCD
even in absence of incoming light. The dark image depends
on the integration time and the temperature of the CCD;
this dark image is subtracted from the future acquired
images. Theflat field is used to equali ze the response of the
CCD-pixels of the camera. This is achieved by taking an

image of a very uniform light source (integrating sphere).
Thisimage isthen normaized and inverted and the result is
multiplied with all future camera images after dark-field
correction.

In a first step we characterize the spatia noise present in
the display by measuring the luminance value of each
display pixel by means of the camera. This is achieved by
displaying a specific video level over the complete area of
the LCD display and taking detailed images of al display
pixels. For each display pixel an according luminance value
is obtained from the images resulting in a map of
2560x2048 luminance values. The spatial noise map for
that video level is then obtained by subtracting the mean
luminance value from the luminance map. We used 14-bit
guantization of the camera luminance values to guarantee
sufficient precision of the noise map. When comparing the
spatial noise patterns for several video levels we noticed
significant variations and therefore the characterization
process was repeated for multiple video levels.

A second step comprises of calculating appropriate
correction values for each of the display pixels and this for
al video levels. These correction vaues are eventually
added to the actual pixel data and are selected so that all
display pixels show the same luminance value when driven
with the same video level. Thefina output luminance of al
pixels after correction is equal to the mean luminance value
over dl display pixels before correction. In that way there
is no drift in mean output luminance because of the
correction applied. The correction is performed on a pixel-
by-pixel basis so there is no spreading of noise to
neighboring pixels and the full-resolution of the display is
retained. After calculation of the correction values the
precorrected images are displayed on the LCD and the
accuracy of the correction is verified with the CCD-camera.

Figure 1 shows an example of the correction process. pixel
data is precorrected before being sent to the LCD pandl. If
no uniformity correction were used then the overall result
perceived by the user would approximately look like the
precompensated pixel datashown in figure 1.

Specialized hardware in the display (caled PPU or Per
Pixel Uniformity) performs real-time and user-transparent
reduction of the LCD spatia noise based on the caculated
correction map. Each pixel value that is sent to the LCD-
panel is first precorrected as described above in order to



obtain a uniform output and to remove the spatial noise
between the individual LCD-pixels. The correction
algorithm is implemented in a gate array because of the
large computational requirements and fast processing
requirements. Also note that the correction values need to
have a 10-bit precison in order to have a sufficient
improvement of image quality. Using lower precision
correction values can even reduce the image quality: 8 bit
correction values introduced contouring and other visua
artifactsin the final image.
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Figure 1. Correction principle

To measure the effect of our noise-compensation
objectively we used several image quality metrics. A first
metric is the RMS-noise before and after compensation:
RMS noise expresses how strong the average noise is
compared to the image signal. Another metric we used is
luminance uniformity. The luminance uniformity is
caculated as L_dark divided by L_bright, where L_bright
isthe luminance of the brightest part of the areaand L_dark
is the luminance of the darkest part of the area In
datasheets of medica LCD pands one usualy distincts
between Iuminance uniformity of adjacent areas
(uniformity within a circular area of 10mm placed
anywhere on the screen) and screen total luminance
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uniformity (uniformity over the entire screen area). Finaly
we also examined the NPS or noise power spectrum of the
display. The noise power spectrum is obtained by applying
a Fourier transform to the map of pixel luminance values.
The NPS is very important because it clearly indicates how
strong the image noise is at different frequencies and this
both for horizontal and vertical directions. The NPS was
measured for the LCD display with and without the
uniformity correction.

3. Results

We first analyze the nature of LCD spatial noise. Figure 2
shows two detailed areas of each 256x256 display pixels of
a non-compensated LCD. In absence of LCD noise these
images would show a uniform white picture. The images
clearly show that the LCD noise has two distinct
components: there is the typical gaussian noise and on the
other hand there is a non-gaussian noise component
present. This non-gaussian noise, also caled systematic
noise, introduces phantom artifacts that can take various
shapes:. circles, dlipses, lines, crosses ... The systematic
noise component is the most dangerous component: the
human eye is highly trained to detect systematic (noise)
patterns and because the systematic noise can take any
shape it can be easily confused with real signa patterns
present in the medical images.

256%256 pixels

Figure 2. Detailed picture of 256x256 pixels

Especially in mammography radiologists look at small
image features and also use the shape of objects to base
their diagnosis on. It is therefore easy to understand hat the
systematic noise patterns of the LCD can reduce reliability
of medical diagnosis[4].

We now evaduate the performance of the Per Pixel
Uniformity technology. A first performance metric is
luminance uniformity for the complete area of the display.
Figure 3 shows the results for video levels 32 (3.125%
DDL), 128 (12.5% DDL) and 1000 (97.66% DDL). The
left hand side shows the uniformity without PPU and the
right hand side with PPU. The plots clearly show that the
spatial noise patterns severely depend on the video level.
That is why it is necessary to use different correction data
for different video levels. Without correction the overall



luminance uniformity is typically around 70% while after
correction this is increased to over 95% and this for all
video levels. Note that the European Standard for Digita
Mammography requires a luminance uniformity of at least
90%[5].
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Figure 3. Uniformity before and after correction

Figure 3 only shows globa non-uniformities whereas we
indicated that especiadly the high-frequency non-
uniformities (systematic noise) are important. Therefore we
also analyzed a detailed area of 256x256 pixels before and
after the uniformity correction. Figure 4 clearly shows that
before the correction systematic noise is present: the lower
part is darker and the upper right side shows a bright stain.
After correction on the other hand, there is only pure
gaussian noise vishle al systematic noise and phantom
structures have been removed.

2562256 pixels 256x256 pixels with PPU

Figure 4. 256x256 pixel area without and with PPU
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The reason why there is still noise present after correction
is the noise floor level of the measurement equipment. As
with any measurement device there is a smal noise signal
present in the images taken by our cooled CCD camera.
This results in a smdl remaining noise pattern in the
compensated LCD but because the remaining noise is
purely gaussian it is much less a problem for medica

displays.

A second performance metric is the RMS noise. Figure 5
shows a statistical anaysis of the LCD luminance output
per pixel and this for the complete display area (top) and a
256x256 pixel area (bottom). The left hand side shows
results for the uncompensated display and the right hand
side for the same LCD with PPU. The metric used in figure
5is“videolevels’.

The complete uncompensated display has a minimum value
of =149 meaning that the darkest point of the display was
149 video levels below the mean luminance of the display.
At the same time the brightest point was 93 video levels
above the mean luminance value resulting in a peak-to-
peak noise of 242 video levels. The standard deviation for
the complete display area was 12.6 video levels for the
uncompensated LCD and this was decreased to 2.4 video
levels by enabling the PPU technology. Also looking at the
histogram makes clear that the non-uniformity has been
significantly reduced. It is interesting to see that for the
uncompensated LCD even the small 256x256 pixel area
(appx. 4x4 cm?) has peak-to-peak noise of over 28 video
levels and the standard deviation is about 3.4 video levels.
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Figure 5. Statistical noise analysis

The results presented in figure 5 also indicate that it has no
use to increase the number of gray scalesin modern LCD
displays without at the same time performing noise
reduction at pixel level [2]. Indeed, if the number of gray
scalesisincreased (for instance from 1024 to 2048) then



the difference between the gray scales becomes smaller and
therefore the rel ative strength of the LCD noiseincreases
accordingly.

Figure 5 contains information about the magnitude of the
noise patterns. Another very important aspect is the
frequency behavior of the LCD noise. The NPS (noise
power spectrum) is shown in figure 6 and represents the
noise strength at several spatia frequencies going up to
0.25 times the pixel frequency (noise patterns of 4 pixelsin
size or 0.66 x 0.66 mm?). A distinction is made between
horizontal and vertica direction and the NPS was measured
both with PPU disabled and enabled. The NPS was
caculated by performing a Fourier transform on the spatia
Nnoise images.
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Figure 6. NPS without and with PPU

Both the vertica and horizontal NPS show a significant
decrease in noise by activating the PPU technology and this
for the complete frequency range. The stronger noise at
lower frequencies can be explained by the strong
luminance fall-off near the borders of the uncompensated
display. An important conclusion is that the PPU
technology is aso able to reduce the very high frequency
noise. In particular this high-frequency noise can easily
interfere with small image features that are important for
instance in mammography.

4. Conclusions

We presented a method to characterize the spatial noise and
non-uniformities present in high-resolution medica
displays and a technique to solve the problem. A medical
display with built-in compensation for the spatia noise at
pixel-level was developed and we were able to demonstrate
improved image qudity.
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Especially for very subtle clinica diagnosis such as
mammography the described methods could be an
important step forward because the noise-compensation
completely removes al systematic noise patterns from the
display and therefore reduces the risk of false positives and
increases the probability of detection of subtle true
structures in theimage.
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