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ABSTRACT

With LCD displays, each pixel has its own indivilusansistor that controls the transmittance oft tpael.

Occasionally, these individual transistors will ghor alternatively malfunction, resulting in a defive pixel that
always shows the same brightness. With ever incrgaesolution of displays the number of defectefixper display
increases accordingly. State of the art proceseesapable of producing displays with no more tlae faulty
transistor out of 3 million. A five Mega Pixel medi LCD panel contains 15 million individual sulxglis (3 sub pixels
per pixel), each having an individual transistdnisTmeans that a five Mega Pixel display on avewitidhave 5 failing

pixels.

This paper investigates the visibility of defectipixels and analyzes the possible impact of defeqgbixels on the
perception of medical images. JND simulations wawae to study the effect of defective pixels on ite&dimages.

Our results indicate that defective LCD pixels ozask subtle features in medical images in an ureegly broad area
around the defect and therefore may reduce theitgjuafl diagnosis for specific high-demanding areash as
mammography. As a second contribution an innovatolation is proposed. A specialized image proogsalgorithm

can make defective pixels completely invisible amokeover can also recover the information of theateso that the
radiologist perceives the medical image correcllis correction algorithm has been validated witbthb JND

simulations and psycho visual tests.
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1. INTRODUCTION

With LCD displays, each pixel has its own indivititransistor that controls the transmittance ot fhizel (see figure
1). Occasionally, these individual transistors wsfiort, or otherwise malfunction, resulting in dedtive pixel. There
are two phenomena which characterize a defectixel:pa “bright” defect pixel, which appears as ameseveral
randomly-placed red, blue and/or green pixel elémen an all-black background; or a “missing” oeéd” defect
pixel, which appears as a black dot on all-whitekigaounds. With ever increasing resolution of digplthe number of
defect pixels in a display increases accordingtsteSof the art processes are capable of produispdays with faulty
transistor no more than one part per 3 millionifgxthe transistor itself is currently not possibfeer assembly. This
means that for example a 5 mega pixel medical ayspystem with five million pixels (and thereforg million sub
pixels) will have on average 5 defective pixels.
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Figure 1: principle of active matrix displays

Defective pixels are often very annoying to thersisd a display system and for many applicatiorchsas LCD TV,
digital cinema and desktop monitors; the existeafadefective pixels can seriously degrade imagdityua

There exist corrective measures such as “killinglegective transistor using a laser [1, 2]; howetlgis technique just
turns a “bright” pixel into a less visible “darkiixel. For demanding applications such as medicalgimg all “bright”
pixels therefore can be systematically transforimeadl “dark” pixels using this laser technique. Anet method that
can be used for critical applications is storing #xact location of each defective pixel inside diplay [3]. This
information then can be retrieved automaticallypprdemand of the user and the exact location df datective pixel
can be visualized for the user of the display (&gR). Providing the user with knowledge on thestrice and exact
location of defective pixels can avoid that thecoute of the task is influenced by the defects. dialagist could for
example request a visual map describing all pixdects of the display. If the radiologist then emters a subtle
image feature in an area where a defective pixeprssent then the image could be shifted to avaig a

misinterpretation due to the defective pixel. Tlededtive pixel map is also a useful tool for QA pleothat need to
check display quality.
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Figure 2: visual map of defective display pixels

2. IMPACT ON IMAGE PERCEPTION
There are several underlying reasons that sugggtsatdefective pixel could influence a wide aneauad the defect.

A first obvious reason is that the images of neaghiy LCD pixels projected onto the retina typigalverlap due to
the limited visual acuity of the human eye. Visaaliity is the spatial resolving capacity of theuaissystem. This may
be thought of as the ability of the eye to see @ieil. Visual acuity is limited by diffractionbarrations and
photoreceptor density in the eye [9]. Apart froragh limitations, a number of factors also affesual acuity such as
refractive error, illumination, contrast and thedton of the retina being stimulated. Figure 3vehthe concept of



visual acuity: if two stimuli are separated sufficily then the human observer will perceive thegegtimuli as being
separate entities (left). However, if the two stiiname separated less than the visual acuity oétreethen these two
stimuli will be perceived as being one entity ane€it appearance will be the combination of the stmmuli (right).
Therefore if a user looks at a display from a sigfitly large distance then individual pixels witht be visible
anymore. A defective pixel will influence the peptien of neighboring LCD pixels since the imagetbea retina of
those pixels will also show decreased luminanceeiadHowever, this effect can only influence perapof pixels at
limited distance from the defective pixel itself.

e

Figure 3: visual acuity

A second and more important reason is to be fonnld pre-processing in the eye itself. The sigregslting from

light falling on the photoreceptors of the eye moé sent directly to the brain but are instead firecessed in a number
of ways by a variety of interactions among neuneiibin the retina. Each output neuron receivestakaiy input from
an overlying photoreceptor as well as inhibitonguhfrom adjacent photoreceptors. It is this ldtgrgpread inhibition
that gives "lateral inhibition" networks their nanBecause of this lateral inhibition [8] the stragignal resulting of the
defective pixel can influence several neuronslimaad area around the central location of the defdds concept is
shown in figure 4: on the left hand side no latérhlbition is present while the right hand side leteral inhibition.
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Figure 4: effect of lateral inhibition (left hand dde without and right hand side with lateral inhibition)

In case of a defective pixel this defect will ceeatvery strong signal (strong decrease in lumi@pon one or more
photoreceptors. Due to lateral inhibition the defecpixel will however also generate a strong nseesignal to
neighboring photoreceptors. If a subtle image festare present in the neighborhood of the defegiixel then the
lateral inhibition could render these subtle feesuinvisible. Indeed: the strong inverse signal tduateral inhibition
will be much larger than the signal due to the leuibbage feature and make this subtle signal todbew the visual
threshold.

In order to model the effect of defective displéyefs we use mammogram images containing micrafitons.
Pairs of images are created where the only differdretween these intra-pair images is the presmmalesence of a
defective pixel. Since defective pixels are fixég@duction-time of the LCD we cannot control thexistence or
location and therefore we simulate defective pikgisnserting completely black pixels in the mammawg images.



This approach results in the exact same visuaties$iace a true “dead” display pixel always ishie black state. To
analyze the actual visibility of these defectstfar human observer we use JNDmetrix [7] to genexrdfdD-map. This
JND-map describes the perceptual difference farraan observer between the pairs of images andftinerene
perceptual effect of defective pixels since thiswee only difference between the intra-pair imayés simulated a
five Mega Pixel grayscale display adjusted to krighs 500 cd/mz, the viewing distance was set tnb@nd the room
ambient light level was set to 1.0 cd/m2, the digphas calibrated to the DICOM standard.

Figure 5: example mammogram

Figure 6: example pair of mammogram images

Figure 5 shows an example of a mammogram that sed in this study. The mammogram contains a clasgter
calcifications with subtle spiculation and alsolaed calcification in innocuous background as redri the image.
Figure 6 shows a detailed area of an example pamages that was used as input for INDmetrix. Nlo&t the only
difference between the images is the presencealefextive pixel near to the cluster of calcificato

In figure 7 a resulting JND map is shown that diéss how a defective pixel is actually perceivedh®sy human
observer. The JND map (left hand side) corresppias-wise to the original image (right hand sid&)very important
and rather unexpected conclusion from the JND malpat the defective pixel has a significant effatta very broad
area around the defect. In an 11x11 LCD pixel areand the defective pixel the perception of ttepldiy image is
clearly influenced by the defect. In this areadh® analysis shows that the effect is clearly peed#e (JND values
much larger than 1 JND) by the human observer.Hroader area of up to 32x32 LCD pixels the defeqpixel
influences image perception however in this caseIttD values are smaller (between 1.0 and 1.5 J&imswill
require a more trained observer to see the difteren



Figure 7: IND-map describing the effect of a singldefective pixel

These results have important consequences. Thealjgrazcepted idea until now was that defectiveels are not that
harmful because it is very unlikely that a clinlgaklevant feature coincides exactly with the défe pixel. However,
the results presented here suggest that eachigefpotel has significant impact on at least 121x{11) LCD pixels in
the area around the defect. An average of 5 de&eptkels therefore would result in over 600 LCRgi$ that are
perceived incorrectly by the human observer. Ieeen broader 32x32 LCD pixel area around a deffrecdND
differences still exceed 1 JND influencing the p@ton of those LCD pixels to a lesser extent. €we more than
5000 LCD pixels show changed perception becauseaelatively small number of defective pixels. Alttgh the
present results do not prove that the changed piooeof the area around a defective pixel canalytchange the
outcome of clinical diagnosis, it would not be wisdgnore this possibility. Especially in mammaging radiologists
look for subtle features of often only a few pixelsize. These types of tasks are very sensibiwven small changes
in image perception. Further research is requiveattually determine the effect of defective pixatsreliability of
clinical diagnosis.

3. COMPENSATION ALGORITHM

The optical system of the human eye comprises tma&a components: the cornea, the iris and the (& figure 8).
The cornea is the transparent outer surface oéyke The pupil limits the amount of light that rees the retina and it
changes the numerical aperture of the optical Bystiethe eye. By applying tension to the lens,aje is able to focus
on both nearby and far away objects.

Figure 8: main components of the human eye

The optical system of the eye is very complex hatgrocess of image formation can be simplifiedubing a “black-
box” approach. The behavior of the black box caméscribed by the complex pupil function [4]: Pix,exp[-i(2 /)
W(x,y)]. In this formula i stands fd#1 and is the wavelength of the light. The pupil functiconsists of two parts:
the amplitude component P(x,y) which defines thapsh size and transmission of the black box; amdwhve
aberration [5] W(x,y) which defines how the phaséhe light has changed after passing through thekidbox.



Once the nature of the light that passed throughbtack box (in this case the eye) is known, thagenformation
process can be described by the point spread &m@SF). The PSF describes the image of a poimtedormed by
the black box. This can be represented by projgaim exceedingly small dot of light, a point, thybua lens. Even
with a perfect lens system this image will not bpaint. This is because the lens system has fiiiteensions are
therefore diffraction of light takes place at thiges. Moreover, most lenses, including the humas, lare not perfect
optical systems. As a result when visual stimudi passed through the cornea and lens the stimdérgo a certain
degree of degradation or distortion. One typicarddation effect is the introduction of blur. Th&RPof the eye can be
calculated using the Fraunhofer approximation: RYF(= K FT{P(x,y) exp[-i(2 /) W(x,y)]} 2where FT stands
for the two-dimensional Fourier transform, usualgnoted as F(x',y’)= FT{f(x,y)}, and K is a constarThe
represents the modulus-operator. In case of theahuwaye, the PSF describes the image of a pointsaur the retina.
Figure 9 shows some examples of typical PSF fodlgm@il size (1mm) and for multiple degrees of agis of the
eye. The right hand side of figure 9 shows ano#xample of a measured PSF of a human eye thisitiraa older
subject with more aberrations. This last exampleshthat very often the PSF is not point-symmedrnid therefore
difficult to model analytically.

Figure 9: examples of point spread functions of auman eye

Based on the PSF of the optical system the respongxpected response of the eye to a defectivel gian be
mathematically described. Therefore the defectivelds treated as a point source with an “erranilance” value
dependent on the defect itself and the image dwtaghould be displayed at the defect locationhat time. For
instance if the defective pixel is driven to hauainance value 23 but due to the defect it outhuténance value 3,
then this defect is treated as a point source &itar luminance value —20. It is to be noted thé error luminance
value can have both a positive and a negative v8lupposing that some time later this same defegtixel is driven
to show luminance value 1 but due to the defestilltshows luminance value 3, then this same difepixel will be

treated as a point source with error luminanceeval2.

As described above, this point source with a speeifror luminance value will result in a resportdethe eye as
described by the PSF. Because this response tatlypnot a single point, it is possible to usegéxand/or sub pixels
in the neighborhood of the defective pixel to pdevisome image improvement. These neighboring piedscalled
masking pixels and can be driven in such a wayasihimize the response of the eye to the defegiixel. This is
achieved by changing the drive signal of the magkiixels such that the superposition of the imafgthe masking
pixels and the image of the defective pixel resulta lower or minimal response of the human eye.this paper we
used a 5x5 pixel area to demonstrate the perforenahour algorithm. The defect pixel is locatedhe center of this
area and around the defect we used 24 pixels t& thasdefect. To evaluate the visual performarfaguo algorithms
we always drive the defect pixel with value zem t@tally) off and use the masking pixels to mdkie tlefect invisible.

To make the mathematical computations somewhaereas assumed that the user has a perfect eyeQ(2&®n).

This means that the PSF is regularly shaped anthea@asily analytically described by means of fiffeadtion-limited
PSF. The PSF of a diffraction limited optical systis given by (in polar co-ordinates):

Jur)
PSHr'") = ZXQ where J1 is the Bessel function of the first kind & is given by
r
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X and where D is the pupil diameter, f is the foealgth and is the wavelength of the light.

As example figure 10 shows typical correction valneeded for the masking pixels. Remember thatéhter pixel is
the defect and therefore we assigned it value &.0ther pixels are masking pixels, a value -0.4rfstance means that



the masking pixel should be driven with 40% timles &rror luminance less luminance to compensatéhodefect.
Note that both negative and positive correctiom@alare required for high-quality masking of théede

Figure 10: example correction values for masking piels

4. PERFORMANCE OF THE COMPENSATION ALGORITHM

Figure 11 shows the theoretical performance ofoasking algorithm applied to a five Mega Pixel thsp(2560x2048
pixels and 21 inch diagonal) and for diffractiomiied PSF and viewing distance of 30cm-60cm. Ondfiehand side
is the original eye-response (image projected enr¢tina) of the pixel defect without any correntidhe right-hand
side shows the eye-response with our masking éfgorapplied. The plots also indicate that our dthors are able to
mask the defects very well. Note that the top tesuhere obtained for viewing distance 30cm, whictery close and
represents a worst-case situation. When we incréeseviewing distance to a more typical 60cm thea tenter
positions of the masking pixels as projected orréima will be twice as close to each other. Milsalso mean that it
will be much easier to compensate for the defedhase will be more overlap in the projected PSREhef masking
pixels and the defect.



Figure 11: theoretical performance of compensatiomalgorithm

A JND analysis was also performed to analyze tfecebf the compensation algorithm. Figure 12 shthesresults
when a defective pixel on a uniform grey backgroahdideo level 128 was studied both with and withour
compensation applied. In this figure each squgreesents an LCD pixel and the luminance of the ijumlicates how
large the perceived difference for that particylizxel will be compared to a defect-free situati®he left hand side
shows the perceived effect of the uncompensatezttied pixel while the right hand side shows thesalefect but
with our compensation algorithm applied. In thisigtion we used a 5x5 LCD pixel neighborhood to pensate for
the defective pixel. The left and right IND map édéve same scale (both in dimensions and greydeselthey can be
directly compared to each other. It is obvious fritwa results that the correction algorithm was éblsignificantly
reduce the area influenced by the defect and &swolg reduce its visibility. The largest remainipgrceivable
differences are located exactly on the defectixelptself. Also note that the compensation pixakmselves are not
introducing any artifacts of their own. These siatidns were done for a five Mega Pixel display, 680m? luminance
and 1 cd/m2 room ambient light.



Figure 12: IND map describing the impact of a defdive pixel before (left) and after (right) correction

To verify the performance of our algorithm a snpeslycho visual test was performed. Test patterns wsleown to a
group of 11 people on a 21 inch high bright colispthy with resolution 1600x1200 pixels and brigégs 300 cd/m2.
The display was calibrated to DICOM GSDF. The pedterns consisted of a background and a centtngle of
slightly higher grayscale value (see figure 13)toital 24 test patterns were shown to each usettasith a random
order. The gray scale values of the rectangles setro 16, 32, 64, 96, 128, 160, 192 and 240 otisply. For each of
these grayscale values three test images weredreate image that did not contain a defectivelpome test image
that contains an uncorrected defective pixel argltest image that contains a defective pixel thatbeen
compensated using our algorithm. The location es¢hdefective pixels was chosen randomly withircdreral
rectangle. People were asked if they could sedextilee pixel inside the rectangle or not (yes oramswer) when
looking from a distance of 40 cm. There was no tiimé to answer. These psycho visual tests wergedn normal
office lighting conditions.

Figure 13: example of test pattern used for psychasual test

Results of the psycho visual test are shown inréigld. This graph shows how often users reportatighdefective
pixel was visible and this for the three situatigne defect present, uncompensated defect presetitcompensated
defect present). It can be seen from figure 14 ttexte are false positives (people think that &def present while
this is not the case). We observe a false posftiaetion of around 5%. For the test images wherrethwas an
uncompensated defective pixel present, people tegp@round 65% of these defects. On the other hastjmages
with our compensation algorithm applied resultedtih visible defects in only around 12% of thesea. The error bars
are also shown in the graphs.
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Figure 14: defects reported (average all video lels

It is to be expected that the compensation algorit¥ill have the biggest effect for mid-tone grayssaReason is that
for low grayscales defects just will not be visiblecause they don't differ a lot from the actughal. Indeed: a dead
pixel on a dark background will be very hard to.<ee the other hand, for the highest grayscalesdngpensation will
not be as effective anymore since it is not possiblincrease the driving signal of the maskingelshoutside the
available dynamic range of the display. Therefoeealso made the same analysis where we excludgdioserand
very high grayscale values. These results are shofigure 15.
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Figure 15: defects reported (video levels 64-192)

Even with the very limited psycho visual user t@she with a group of 11 people the results areadirestatistically
significant if we exclude lowest and highest grayss. If we would increase the number of test sutbjand number of
images then the error bars would decrease accdyding also the results where all video levelsiackuded would be
most likely statistically significant. A more extne psycho visual test will be performed in thamfiture.

Results for individual video levels are shown igufie 16. As could be expected, for low video levaiy a limited
fraction of defective pixels can be perceived eifemo compensation is applied. This is normal sifmelow video
levels the difference between a defective and refeative pixel is very small. The higher the videwel the higher the
fraction of uncompensated defective pixels thaeported. If we look at the compensated defectixelp then we see
that the compensation works extremely well for ladeo levels, mid range video levels and even higleo levels.
For video levels lower than 160 not a single tesfect reported a compensated defect. For vides 80, about 12%
of the compensated defective pixels still are peerkby the users and this increases to around far%ideo level
240. As already indicated with the very high videwels it is not possible to provide the optimahmpensation
anymore because the neighbors of a defective pamhot be driven higher than video level 255. Havethe overall
conclusion is that the proposed compensation dlguorclearly reduces the fraction of defects that loa perceived by
the user of the display.



Figure 16: defects reported for individual video leels



5. CONCLUSIONS

Producing displays without defective pixels or iiepg defective pixels is technically not possilakethis moment. This
paper has shown that defective LCD pixels can @nfte perception of medical images in a broad ayetaining
several tens of pixels around the defect and thexahay reduce the quality of diagnosis for spedifgh-demanding
applications such as mammography. The presentsesiggest but do not prove that this changed pgoceof the
area around a defective pixel can actually chahg®titcome of clinical diagnosis. It would be wie to ignore this
possibility until further research and clinicalteehave been performed.

This paper also presented a totally new approackotee the problem of defective pixels: a specslizmage

processing algorithm makes these defects complételyible and recovers the information of the dé¢fso that the
radiologist perceives the medical image corre®lyth theoretical simulations and a psycho visust bave shown the
effectiveness of the proposed algorithm.
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