Chapter 6

Colour FPN Correction

6.1 Introduction

In the previous chapter, the nature of colour, its captueecgption and interaction with imager sensors
was detailed leading to the adoption of a perceptually umifoolour error metric. However, this dis-
cussion did not include the effects of the three main souo€esror - model error, residual FPN and
quantisation noise along an imaging chain - on colour acyurét assumed a perfect response model
and an ideal manufacturing process without due considerédr device mismatches causing fixed pat-
tern noise as well as its correction. This is particularlgvant for logarithmic sensors, which suffer
a stronger impact from uncorrected fixed pattern noise ttetitional linear sensors. However, results
from chapter 4 showed that the absolute contrast error figtadynamic range monochrome image from
a logarithmic sensor would be at least 5% over 4 decades waibdat 5 decades would be covered at be-
low 2% if the relative contrast error were considered. lhiswever, unclear how these figures translate
to our understanding of colour and specifically in the pregesand reproduction of colour images.

As a result, one of the questions addressed in this chaplemigo relate the absolute and relative
contrast errors discussed in earlier chapters toMBg; error measure. This will emphasise thinking
of image quality after fixed pattern noise correction in teroh a perceptual model with three degrees
of freedom, rather than as a one-dimensional attributeatBelto this is the effect of the fixed pattern
noise correction method on colour quality, and whether thdeherror arising from the two parameter
model extraction technique is significant to acquiring tblar image standard of less thatB7g units

adopted in section 5.3.1. This is important because it shiowits of the correction procedure and the
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effects of quantisation on colour quality.

The effect of contrast error on the quality of colour imagedirist investigated by evaluating the
visual effect of different changes on RGB values of the Milregdours of section 6.2. The distinction
between absolute and relative contrast in relation to eagoaiso discussed. With encouraging results and
sufficient background to the way colour information is manéped, auATLAB simulation is executed on
1,232 displayable Munsell colours through a logarithmic sensection 6.3.1 - to simulate the effects
of model error on colour quality. The effect of the two paréenextraction routine on the position of
the colour within a standard CIE colour gamut is investidaieer 10 decades of illumination at specific
points of interest - section 6.3.2. For a better understandf the visual effect on colour perception,
these results are then shown as changes in the perceptanédtiynu CIELAB colour space. BothhEg
andAEgyg units are shown for comparison. Following the low percelptumars in the mid regions of the
illumination range, analysis explaining the validity ofghesult is then detailed in sub-section 6.3.3.

However, to model the effects of the imaging processes ooucaccurately, the other sources of
noise have to be added to the simulation. In section 6.4,ehdts of modelling fixed pattern noise are
presented against CIELAB units. Similarly, th&;g andAEgg units are shown to provide a comparison
of the results. In section 6.4.2, ADC quantisation noisdge acluded in the discussion. As in the case
with monochrome images, the effect of the analogue to digitaverter on the user’s ability to perceive

colour quality is evaluated at different bit sizes in aduitto residual FPN.

6.2 Colour and Contrast

So far, image quality has been discussed in the context ofseparate scenarios. When considering
monochrome images, the just noticeable difference of thmamuvisual system was initially used to
describe an absolute contrast error when logarithmic semgput was used to estimate a photocurrent
from the pixel imaging a scene. This was modified to a relatwatrast error in accordance with the
adaptive properties of the HVS, which leads to insensititdt absolute illumination. However, once
colour images are captured it is necessary to consider theagy with which these colours are captured.
The AE7g error measure which takes into account the visual speesglnse to the three primaries was
then adopted in the last chapter as a measure of accuracy.

As a result when fixed pattern noise was corrected in monaohiimmages, the results of employing
the two parameter extraction procedure yielded at leasti&86late contrast error or below 2% relative

contrast error. This means that for colour images, it is iptesto say that each of the red, green or
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blue primaries imaged through the same correction schemnid bave up to 5% absolute or 2% relative
contrast error respectively. Itis difficult to tell what aomt of colour error will result from this amount of
residual model error in the individual primaries. The impace of being able to quantify the relationship
between contrast error and CIELAB error is that we can rgligddl the expected colour quality without
including all the other processes that limit colour fidegtyen further.

Before an investigation into this relationship can comnegricis vital to understand the interplay
between relative and absolute contrast with regard to coWhile the relative contrast error meant that,
in monochrome images, it did not matter if an estimated phwtent at a pixel location was incorrect
as long as the estimated photocurrents at other locatiors systematically incorrect, the same might
not be entirely true for colour images. When the estimated skot and red components of a sample
colour all change, or are incorrect relative to each othgg bonstant multiplicative factor, the chroma
component of the sample colour will stay the same since tiesrbaetween the bands will be unchanged
- that is the xy component (chroma) of the xyY space is constad the dominant hue is left unaltered.
However, the lightness component and therefore the oyeeadeption of colour will have been distorted.
Therefore, at best relative contrast preserves chromavauall it has little significance in maintaining

colour fidelity of an imaging process.
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Figure 6.1: A simple illustration of model error and the smrpolarity of the possible estimated pho-
tocurrents and absolute contrast error.

To study the effect of absolute contrast in each of the piigsaf a colour’s perception, a simulation
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was performed where errors were progressively introduzétetred, green and blue bands of the Munsell
colours and the CIELAB error units calculated. First, afi tfton-displayable colours of the Munsell set,
that is those whose red bands are negative, were removeel GHELAB is a perceptual space. In
deciding the amount and polarity of the error to be insertethé bands, experience in the modelling
of logarithmic pixels and figure 2.8 show that absolute @msiterrors of about 5% can be reasonably
expected. In addition, the estimated red, green or blueasinerrors usually fall in the same region of
the absolute error curve and are commonly of the same sigactatftributed to the low ratios between
the colour components as illustrated in figure 5.6.

Figure 6.1 shows the two parameter model superimposed avexaggerated logarithmic response
curve with the estimated photocurrents represented asubabd red dotted lines intercepting the model
response while the actual photocurrents are shown as bleesk &t is clear that these estimated currents
usually create either all positive or all negative absotatetrast errors depending on the region in ques-
tion. This follows from the low ratios between the colour Barexhibited by the sample colours in
section 5.4.1. The RGB band errors therefore tend to follohe same negative direction, are low
and close together in the linear region but have large pesdtirors in the dark and moderate inversion

regions.
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Figure 6.2: The effect of different combinations of the sajrthe contrast error, created by introducing
errors in RGB, on the meakE;g CIELAB error.

As a result, the simulation involved either subtracting ddiag the same 1%, 2%, 3%, 4% and 5%

108



CHAPTER 6. COLOUR FPN CORRECTION

errors in the red, blue and green bands of all the displaydhlesell colours. This was done one band at
a time and then on all the three to show the different comizinaiof positive and negative errors and thus
the worst combination or highest CIELAB error. Figure 6.2wh the different permutations against the
meanAEzg error of all Munsell colours where a positive absolute casitis designated by a “plus” and

the converse represented by “neg” suffixed to the colour band
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Figure 6.3: The effect of different combinations of the s@drthe contrast error, created by introducing
errors in RGB, on the maximuhEzg CIELAB error.

The figure reveals that the polarity of the error is insigaificwith respect to colour error unlike the
magnitude of the error itself. This follows from equationl®). In fact, as the contrast error increases
in the RGB bands, the perceived colour quality drops promaatly. This is thought to arise from the
fact that for very small changes, the definition of CIELAB tdies a linear perceptual relationship,
equations (5.7) - (5.9). Inspite of this, the worst case CABLerror occurs when the green channel is
changed while the rest are kept constant; possibly, bedaaseye is most sensitive to green changes.
Interestingly, the lowest colour error is achieved wherttadl colour bands have error of the same sign
introduced in them. This is because, the human visual sysierwhich the Munsell colour convention
is based, is an opponent colour system hence colour is eegiisas differences between red and green,
blue and and yellow and finally black and white. The diffeesbetween errors in all the bands then lead
to lower perceptuahE;g units. It is therefore reasonable that since all the banelslaifted during FPN

correction and that for contrast errors of up to 5% in RGBrage perceptual errors of about-P units

109



CHAPTER 6. COLOUR FPN CORRECTION

can be expected. The same logic is applicable in the resufigure 6.3, except for the higher values
since the maximum error is registered in this case. Even thehabout 2\E7¢ units are obtained as the
maximum error when an absolute contrast of 5% is presentibaimds.

Generally, it can be expected that the absolute errors ob &34 are tolerable in the photocurrents
estimated in the purely logarithmic region of the illumioatrange, leading to about-12 AEzg units.
This level of accuracy is similar to the accuracy that is wigtd with typical FPN correction. Therefore,
these simulations offer a good indicator of probable cobxguracy and provide a basis to undertake a

detailed model of the effect of model error on colour accyrac

6.3 Colour and Model Error

6.3.1 Matlab Simulation

To fully investigate the impact of the contrast error on colguality over a wide dynamic range, a
MATLAB simulation using the Munsell colours is performed over 16adkes of illumination. With the
intention of mimicking the parameter extraction procesagithe two parameter model, a function was
developed that accepts RGB Munsell colour values that atetonaged. Thus, by comparing the
CIELAB values of the Munsell colours before and after par@mextraction at all illuminations, it is
hoped that théEzg colour errors will show whether the target colour accuraay been achieved.

In this simulation, only 1232 colours of the Munsell data set were used since it is rgitdb to
include non-displayable colours in a calculation involyi@|ELAB, which is a perceptual measure.
However, the first problem is that CIELAB requires a refeeentite colour to determine colour error.
None of the colours in the Munsell set is white. Secondly,ligletness component of colour is only a
low dynamic range representation of the amount of luminangarticular colour is inherently associated
with (section 5.4.1). Therefore the transformation of tH@BRcolour values over a high dynamic range
would require the linearisation of the colours ofda- 1] scale leading to colours at the mid to lower light
levels being misrepresented.

To combat these problems, an equivalBB5/2 white colour was added to the Munsell colour set.
The choice 0ofD65/2 lighting is solely because it most closely matches dayligh environment in
which sensors are usually operating in. The addition of aevtblour also meant that by viewing all
colours at every illumination, it was possible to refereattecolours to the brightest possible colour at

that illumination and therefore have[@— 1] range, required for making colour space transformations.
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In other words, to represent all the colours in a HDR contiéxteant simulating a logarithmic pixel as
being illuminated by all the colours relative to the brigdtterhite colour for each photo-illumination.

As discussed in earlier chapters, two carefully chosengq@ustents and responses at those currents
are required in the parameter extraction procedure. ltésdlparameters that are used to acquire the
estimates of the initial photocurrents. First, to creatdgh ldynamic range response, a logarithmic
pixel was simulated from & 10 16Amps to 1x 10-6Amps in Q1 decade intervals. This was possible
using typical characteristic values of the offsgt gainbj, leakage current; and inversion current
d; parameters discussed in chapter 4. Furthermore, to createldsest possible match to a typical
logarithmic pixel response, Gaussian noise with statibficoperties equal to the difference between
CADENCE simulation$ and the response of the four parameter model, was added.thgittnowledge
of the photocurrents and tleg andd; parameters, the offset and gain parameters of the pixel there
extracted using two well-chosen data points< 10-*3Amps and 1x 10-°Amps.

Now, with a total of 1233 colours, the pixel was assumed to capture one colouiratat each illu-
mination for all the colours. Thus a red, green and blue photent was generated for each colour from
1 x 10~6Amps to 1x 10-8Amps. Using the offset and gain parameters, extracteceedtiie estimated
red, green and blue photocurrents from using the two pasmeidel response were determined. These
RGB estimates of the photocurrents for all colours afteapeater extraction, were then normalised us-
ing the equivalent red, green and blue photocurrents of thitevilluminant so as to produce a standard
[0— 1] low dynamic representation. This allowed for standaréisahut mostly permitted transformation

to the xyY and CIELAB colour spaces for comparison.

6.3.2 Simulation Results

By comparing the xyY values of the colours before and afteriyapg the two parameter extraction
routine on the typical high dynamic range response, it isipdesto know how colour accuracy is affected
by model error. This is possible when the chromaticity coidfits are calculated from the respective
XYZ values and the subsequent positional shifts are obdeymea chromaticity diagram.

In figure 6.4, a random sample of 50 Munsell colours are shawa ohromaticity diagram identi-
fied at 1x 10~ *Amps which corresponds to a decade before the dark currghtedbgarithmic pixel.
Each line represents a shift in chroma where the initial bdwtlis the previous colour position while

the “cross” is the position after applying the two-paramet@del on the Munsell colour in question.

1The difference between the four parameter model and typioallated responses per illumination was found to be approxi-
mately gaussian with a near zero mean but a standard devidtiosx 10°.

111



CHAPTER 6. COLOUR FPN CORRECTION

05 T T T T
= DG65/2 illuminant
, = Equal energy point
/ s
0.45 | g ’ E
/ / ;
| e 4
7
\ ! 7 7 -
\ , - B
04 | * P T p
/ o *
I
N -
% I ~
£035 Sk O K o~ T 4
¢ e I
— X B — o — % ==
8 5
> - I . _ —————
0.3 ’ i’ ? ) o
. x K
X
; 7 XX
X i |
PN i
025+ .7 7 , N E
i
4 /
7
0.2 4 I L I 1 ! !
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

x co-ordinate

Figure 6.4: The effect of the simple model parameter extraatn the hue of a sample of 50 Munsell
colours, one decade away from the leakage current photuiiiation (1x 10-**Amps), shown as part
of a chromaticity diagram.

It is clear that at this illumination, most of the colours bav severely distorted chroma hence the per-
ception of the original colours will be substantially diféat. It can also be comfortably deduced that
the ratios between the colour bands that determine the @dmhue have been altered by imaging the
colours through the two parameter model for this illumioatiThese hue shifts can be explained by the
inaccuracy of the two-parameter model in a region wheredgalcurrents are significant. Since the two
parameter model is inadequate for modelling logarithmleavéour at this illumination, the estimates for
the red, green and blue colour components are equally mésepted and hence the poor rendition.

In spite of the varying chroma shifts, all the fifty coloursidieto theD65/2 white illuminant which
is represented on the same figure. The direction of the shifittated by the fact that at this dark photo-
illumination all the red, green and blue photocurrent eaten are registered closer to each other or as
more similar values - figure 6.1. This is close to a gray or @kitlour. However, as the chromaticity
diagram is independent of lightness, the shift towards thigencolour at the dark current, actually rep-
resents a reduction in the saturation of the colour and atdvifards the darkest shades of gray on the
lightness plane orthogonal to the chromaticity diagranthitnextreme case and because of the very low
sensitivity of the pixel at very low illumination, the pixeltput is constant for all colours leading to the

same output which is black but will appear as B@5/2 illuminant point in the lightness independent
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Figure 6.5: The effect of simple model parameter extraatiothe hue of a sample of 50 Munsell colours
at an illumination in the purely logarithmic region 110~ **Amps), shown as part of the chromaticity
diagram.

chromaticity diagram.

When the positions of the same fifty colours are evaluated dtuamination in the middle of the
purely logarithmic region, ¥ 10~ *Amps, the shifts in chroma appear almost insignificant asvahio
figure 6.5. Understandably, the two-parameter model atalyrpredicts the typical logarithmic pixel
response thereby correctly estimating the red, green areddbiotocurrents. This inevitably leads to very
low absolute and chroma errors. The residual model erranseesufficient to cause significant hue
differences in the sampled Munsell colours.

An investigation of how the colours are affected at high photrents reveals a different result. At
a decade before moderate inversiow, 10 8Amps, the two parameter response is invalid for predicting
accurate pixel response. The resulting high absoluteepmduce random colour shifts as shown in
figure 6.6. The pattern appears to be that the colours inelieasaturation, as evidenced by their shift
away fromD65/2 white. This is wholly attributed to the use of a two paraméigarithmic model in a
region where, as discussed in chapter 3, a square law redatpbegins to take shape. Consequently, the
steep slope in this region leads to the red, blue and greeniccbmponents being altered differently for
different colours.

Although all the figures in this section show differencedia throma that occur after the application
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Figure 6.6: The effect of simple model parameter extraatiothe hue of a sample of 50 Munsell colours
at an illumination one decade from moderate inversion{08Amps), shown as part of the chromaticity
diagram.

of the two parameter model, a measure of how perceptuaflrdiit the colours appear is not represented.
This is because the chromaticity diagram is a perceptualhumiform space [3]. Consequently, it is
not possible to determine whether the shifts that appeasraslines are actually significant perceptual
colour shifts. Subsequently, the effect of absolute enassto be evaluated in CIELAB if the true effect
of residual model error are to be determined.

Figure 6.7 shows the distribution E7¢ values of all the colours over the entire illumination range
While the vertical axis shows the Munsell indices of only tligpthyable colours, the horizontal axis is
representative of the photocurrent a white reference ithamt would generate in a pixel. The figure also
confirms previous findings in figures 6.4 - 6.6 that suggestatidolour errors at the lower illumination
range are higher than those in the middle range and but nadadthe high current end. In fact, the
very high errors at the lower illumination are witness toltyss of colour accuracy, with CIELAB values
often greater than 50 units and not confined to particulas lagesvidenced by the even spread along the
Munsell index.

However, from this figure it is difficult to tell the precisevtds of colour accuracy for the vast majority
of photocurrents especially in the mid current region. Thisecause most of these values broadly fall

under 2QA\Ezg units, and illuminations under which smaller colour ermoiy exist are not readily visible.
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Figure 6.7: A representation of th&E;6 CIELAB error range and distribution after two parameter
extraction over the entire 10 decade illumination range.

Figure 6.8 shows the cumulative distribution functionsh&fAE7¢ errors at specific photocurrents along
the illumination range. From about110-14 Amps until 1x 108 Amps, it is possible to see that at least
50% of the Munsell colours yield under XE7¢ units, with the least colour error experienced in the 3
decade region from & 1012 to 100x 1012 Amps. Here, nearly all the colours have less thakEzg
units.

Nevertheless, to find out the precise dynamic range overiwadceptable CIELAB errors may
result from the application of the two parameter model, tleamcolour error values per photocurrent
were determined and presented in figure 6.9. This figure sho@s\E7¢ andAEqg errors that represent
the worst and best case metrics respectively. In both c#sesolour error profile follows that from
figure 6.7 and for approximately 5 decades of illuminatiomdel error accounts for less than 3 error
units. This is considered hardly perceptible colour gyaliable 5.1 and section 5.4.2. It is also sufficient
for average natural scenes and a variety of commercial osindl scenes but ultimately implies that the
residual absolute contrast values when employing the @varpeter model during logarithmic imaging,

are indeed manageable.
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Figure 6.8: The cumulative distribution function of th&zg errors at different photocurrents along the
illumination range.

6.3.3 Error Analysis

The very lowAEzg error units obtained during the investigation of colouruecy in section 6.2, fall

within the predictions of the earlier simulations in seot®2. They may be further understood by taking
an analytical approach, based on the definition of the CIElcABur space components. Itis possible to
express the model error in any of the estimated red, greeblaaghotocurrents in terms of the absolute

contrasto

Al ot — lest
a = _ = —

I lact

lest = lact(1—0) (6.1)

wherelegt is the estimate of the actual photocurrépt, after applying the two parameter model to the

pixel response for each primary. After transforming the R@®tocurrents to XYZ and then to the
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Figure 6.9: The meafAE; andAEgy CIELAB error values for perceptual accuracy oveR32 dis-
playable Munsell colours. ThAEzs measure is considered the worst case while the latter isgbe b
measurable option.

CIELAB colour space, the lightness componekriefore and after parameter extraction, can be written
in terms of absolute contrast by applying equation (6.1)dbegjuation (6.2); where the subscripts
andw designate the Munsell colour and tB€5/2 illuminant respectively. Note that only the first part
of equations (5.7) - (5.9) that i&(t) > 0.8856%, has been taken into consideration from the CIELAB

equations (5.7) - (5.9) , since most colours in averagalyrihated scenes fulfill this condition.
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ak represents the RGB absolute contrast error transformdukiiXlY Z space whilexyy represents the

same measure of the reference white colour. Similarly, dumess-greennessplus the yellowness-
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bluenes® components of the corresponding colour can be written as;

1 1
XKact) 3 (YKact) 3
= 500 —
Bt <X\Nact Yivact

1 1
Aiest \ 3 Yicest \ 3
. xWest YWest

00| (@m0 ) * (-0 Yaa |}
= 50 <(1GW)XWact> ((1GW)YWact> ] (6.3)

and

begt 200

1 1
(YKest) o <ZKest) 3
YWest ZWest

200[((1_GK)YKact>%_((1_GK)ZKact)%] 6.4)

(1— ow)Ywact (1— aw)Zwact

Now, the residual absolute contrast errors as seen in aghapéege from very low values in the purely
logarithmic region to very high values in the leakage and enatd inversion regions of illumination. In

the mid current range, contrast error is in the rangé&96. Here, an approximation of the binomial series

_— nx_ n(n—1)x* n(n—1)(n—2)x°

1+x)" = 1+ 1 + o + 3
can be applied to simplify the expressions for the estim@tdelL. AB components. Sincax << 1 and
ow << 1 the higher powers of the bracketed terms involving theresierror, in equations (6.2), (6.3)

and (6.4) can be ignored to get

(1-ak)® _ 1-(ak/3) 6.5)

T 1-(aw/3)
Thus, despite the different but low varying valuesopf and ay from the separate colour bands and
white respectively, equation (6.5) tends towards unity.otimer wordsLesi — Lact, @est — @act and
best — bact. As a result the calculation of colour difference using eiuna(5.10), then reduces to very
low AE7g values sinceAL — 0, Aa — 0 andAb — 0 in this region. The estimated photocurrents
have been correctly predicted and the colour ratios betweehands kept almost constant. Conversely,
outside the purely logarithmic region, the contrast valareshigh since the model inaccurately predicts
the estimated photocurrent hence the simple binomialsagproximation cannot be used. The distorted

lightness and chromatic components of CIELAB vary signiftsafrom the original values thereby
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leading to highAEz¢ colour error.

6.4 Colour and Noise Simulation

The simulations above have shown that by using the two pdesraetraction technique in a logarithmic
colour sensor, the residual model error leads to negligibleur error in the purely logarithmic region of
illumination. However, the simulation needs to be exteniecbver the potentially degrading effects of
noise. Various sources of noise cannot be all accuratelylated, but the addition of the most prevalent

can highlight the most likely outcome when characteriseggg togarithmic colour sensors.

6.4.1 FPN Effects

The dominant form of noise that adversely affects logaritheensor performance is spatially varying
fixed pattern noise as extensively discussed in previougtetm It is therefore imperative that FPN is
added to the analysis of colour error if conclusions thataoee meaningful are to be drawn. Therefore,
the simulations detailed in section 6.3.1 were extendeddoide FPN noise using typical characteristic
values of the variation of offset, gain, leakage and moeeratersion parameters, obtained from a real
logarithmic sensor - table 4.1. The mean value of each oktpasameters (determined by non-linear
optimisation) as well as their variation was replicated &nydomly adding a Gaussian noise distribution
to the responses of Q00 pixels in an effort to mimic fixed pattern noise.

The same 1232 Munsell colours as well as a reference whitaicalere applied to each of the
different pixels, one colour at a time over the entire 10 decélumination range. Again the offset
and gain parameters were first extracted, this time for ehtteaifferent 1000 pixel responses at the
same two calibration points. These extracted offset and gafameters were then used to obtain the
estimated red, green and blue photocurrents for each cata@ach pixel and at each illumination. After
normalising the estimates of the primaries against theematerence colour in the set, the CIELAB
values before and after parameter extraction and FPN d¢mmegere obtained.

Figure 6.10 shows the result of the simulation, with the eartevealing the meahE;s and AEqy
errors over all pixels and overall 233 colours compared with those without any fixed pattersenef-
fects. TheAEgg error curves have lower error than th&;g ones but without a significant difference.
In all cases however, more accurate modelling in the pucggiithmic region still creates lower colour
error than outside the mid-current region. It can be notatiftir both error metrics the results of intro-

ducing FPN, and subsequently correcting for it, gives teghht are nearly the same as when no fixed
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Figure 6.10: Results of a high dynamic range simulation efdblour performance of a logarithmic
imager after modelling fixed pattern noise correction.

pattern noise effects was applied. The very close resuttsipurely logarithmic region are no surprise;
but outside this region the CIELAB error arising from the gg@stimated photocurrents is known to
overshadow the colour error caused by the uncorrectedtiiearsan the leakage and inversion current pa-
rametersg; andd; respectively. This means despite adding typical variatiorall the four parameters
to mimic FPN, the correction procedure accurately removissnaitch leaving only the model error that
was previously simulated. The inference is that the offedtgain variations are all but eliminated while

the variations in the; andd; parameter lead to insignificant colour error.

6.4.2 Quantisation Effects

The digitising process of the analogue to digital conveaterays introduces quantisation noise that af-
fects the precision of the signal output of the pixel. The ammf noise associated with this process in
any sensor depends on the chosen bit length and output sigimej. For typical logarithmic pixels, low
light responsivities of about 300mV total voltage swing make number of bits at the ADC, the prime
determining factor for the amount of quantisation erroeljkto be encountered by the sensor.

Thus, in addition to model and residual fixed pattern noise gffects of the quantization process at
analogue to digital conversion have to be considered intkie.AB simulation in order to gain a more

complete understanding of the effects of the two parametateinon colour accuracy. As before the
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responses of the, @00 pixels were modelled to include the same typical fixedepatnoise variations
and at the same levels as in previous simulations. This tometber, the pixel responses were rounded off
to 0.2mV, 0.4mV, 0.8mV, and 16mV during each simulation. These values reflect the steys ¢imt are
required when a typical 50mV/decade logarithmic pixel sensxperiencing 100mV peak to peak fixed
pattern noise is employed with either an 11, 10, 9 or 8 bit AB§pectively over a six decade illumination
range. Two-parameter fixed pattern noise correction wasdhgied out on the rounded values to obtain
the estimated red, green and blue primaries before detiegrtime AE;¢ CIELAB values for the various

quantisation levels.
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Figure 6.11: An investigation of ADC quantisation effeais,the simulation of logarithmic imaging of
the Munsell colours. This simulation includes fixed patteoise effects as well.

In figure 6.11, the increase in analogue to digital convestiep size versus the detrimental effects of
colour perception after fixed pattern noise correctionghhghted. The figure shows that with a doubling
of the level of quantisation, there is a corresponding pridaal increase of thAEzg error units in the
purely logarithmic region. A doubling of step size fromithV to 08mV causes an approximate50
increase iNAEzg while a change in bit resolution from.8mV to 1.6mV leads to about &E7g unit
change. This can be explained using the link between cdranasCIELAB illustrated in figure 6.2.

The Q8mV step change in quantisation level equates to a maximumding noise margin of half
that step size. But because from quantisation theory themean square value is a factor ¢fl2 of

the step level, it is equivalent to only abou2BmV rms or approximately.1% absolute contrast for a
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50mV/decade logarithmic pixel sensor. From figure 6.2, jitdssible to see that the correspondixigyg
error could be up to a unit error - the same change encouritefeplire 6.11.

Coupled with the increase in colour error in figure 6.11, ¢hisralso a slight decrease in dynamic
range over which typical logarithmic behaviour can be ckdimfor a specified colour accuracy. For a
colour difference error of 1 unit and with a4dnV step size, 4 decades of logarithmic operation can be
claimed whereas at twice this bit size, only about 3 decarkeachievable at this accuracy. In table 6.1,
the relationship between the quantisation level and thaired bit length to cover a 4 and 5 decade
illumination range is highlighted. Note that the bit sizes &till based on a 50mV/decade logarithmic
pixel with and a 100mV fixed pattern noise range. Overallatitgmic sensors can achieve 5 decades of

illumination under 2AE7¢ units and even an extra decade if colour error und®Ef units is tolerable.

Dynamic | Quantisation| 0.2mV | 0.4mV | 0.8mV | 1.6mV
Range Level (11 bits) | (10 bits) | (9 bits) | (8 bits)

4 decades AEygvalue 15 15 15 2.0

5 decadeg AEz¢ value 25 2.5 2.5 3.0

Table 6.1: A comparison of the ADC bit length for particulareige colour quality levels and associated
degrees of quantisation.

The fairly low number of bits to accurately image a 5 decadeadyic range scene also emphasises
the logarithmic sensor’s main advantage in HDR imaging. éxample, to achieve average frame rates
of 30fps, an SVGA (80& 600 resolution) sensor having atnhV step size ADC will need a minimum
data rate of 144MHz. On the contrary, linear sensors attegpb achieve similar accuracy over five
decades without multiple sampling, will definitely requinere than 10 bits and a higher data fafEhis
is even without the extra cost of circuit considerationsdeekfor HDR imaging and achieving the level

of colour accuracy.

6.5 Summary

This chapter has extended the results of correcting fixegnpahoise in monochrome images to high
dynamic range colour scenes. Because these images corhpasest majority of user images, this study
was deemed significant if logarithmic sensors are to be ugefmany high dynamic range-imaging
applications.

Using basic but essential knowledge of colour reprodudtiom chapter 5, the link between contrast

error and colour quality was first investigated. By studyihg effect of absolute error in each of the

2Linear sensors are generally known to require over 10 bimmage about 3 decades of illumination at about 10% accuracy.
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constituent colour bands, the limitations of model errottmmoverall perception of colour were deemed
tolerable. This led to &1ATLAB simulation using the standard set of Munsell colours oved ddcade
range of photo-illumination.

A white reference colour was first added to the Munsell cosmiras a way of transforming RGB to
the perceptual CIELAB, but also as a means of normalisinthallcolours at any illumination. Using
typical values of theaj, bj, c; andd; parameters, the response of a pixel over the illuminatiogea
allowed for the extraction of offset and gain from the twograeter model. Modelling for colour assumed
all the colours imaged by a pixel one at time at each illuniamat Thus, using the extracted offset and
gain parameters, the estimated red, green and blue phogatsiwvere obtained for each illumination.
After referencing all the colours to the reference whitehat illumination, the estimated RGB colours
were converted to CIELAB before comparing to their origiRabB values.

By investigating the shifts in the positions of the coloursabchromaticity diagram at different il-
luminations, it was possible to begin to determine the ¢&ffe€ absolute error on colour. Less chroma
shifts were observed in the purely logarithmic region whiterse ones were present outside this region.
CIELAB values confirmed this trend with colour error fallibglow threeAE7g or AEgg units for most
of the photocurrent range. An analytical investigatiomitite low CIELAB values then confirmed ear-
lier predictions in section 6.2. Thus, residual absolutersrare actually manageable since they do not
adversely affect colour perception.

However, to mimic real sensor noise conditions, typicaldixattern noise variations were added
to the simulation over ;D00 pixels. Results revealed that the addition of FPN andexyent image
correction did not change the perception of colours oveetttee range. Then, ADC quantisation noise
effects were also added to thveaTLAB simulation to match the typical imaging process even closer
Digitisation noise was therefore added to the previous kitimns for the same, D00 pixels. As the step
size was increased, a corresponding drop in colour accwasyrealised. Inspite of this, a 5 decade
range was still obtainable at less thaAB;¢ units of colour accuracy for a 10 bit ADC.

Overall, this work reveals the very high potential for higgndmic range monochrome and colour
images from a logarithmic sensor that performs simple fixattiepn noise correction. The resulting im-
ages are perceptually indistinguishable over at least &dé=cmaking them ideal for most contemporary

high dynamic range image applications.
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Chapter 7

HDR Display

7.1 Introduction

The preceding chapters have shown that high dynamic ranagesncaptured with a logarithmic sensor
can be corrected for fixed pattern noise, achieving botrommity and perceptibility of colours at levels
comparable to that of the human eye. This is true for appratéiy 5 decades of illumination change
of the imaged scene for both monochrome and colour imagethebe high dynamic range scenes, the
preservation of feature and colour quality after image wapand processing is equally as vital. This is
because for the majority of applications, the display ofthienages is used for decision-making and / or
rendition purposes. Processes such as quality controbitias, machine and image manipulation for the
automobile industry and recognition routines for secusipplications, all rely on the best reproduction
of captured scenes on display screens. Thus, the imagersemsao longer be considered in isolation
but as part of an image handling chain, which has a role toiplaybsequent image display.

The delivery of images has mostly taken the form of screeplalsand print media although the
former is by far a more common output method. However, theadyo range of both visual and print
media is limited to a few decades, typically just above 2 desdecause of the inherent device physics
of display technologies. Consequently, displaying or forgnwide dynamic range images, sometimes
extending over 6 decades, commonly results in over saturafithe very bright parts of the scene and /
or the under exposure of the darker parts of the same sceiselo$h of detail in some parts of an image
is not desirable for any application that seeks high imagsifyd

In this chapter, the theoretical considerations that ageired to display high dynamic range log-
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arithmic images on standard 8 bits screens form the maiusksan. Because the literature detailing
approaches to displaying high dynamic range images st@mslinear sensors [102, 103], methods need
to be adapted to deal with the output from a logarithmic camén section 7.2, the limitation of the
dynamic range of standard displays is illustrated alondp wie difficulty of simple image processing
algorithms in reproducing perceptibility and detail. Socnerent approaches to displaying high dynamic
range images are also discussed, mainly exposing theiedqueadies at accurately reproducing colour,
image detail and scene features.

In section 7.3, tone mapping techniques that compress highndic range brightness information
to the dynamic range of standard displays, are briefly rexibWw he special feature of brightness rather
than luminance compression in most tone mapping algoritearticularly highlighted as well its direct
relevance to logarithmic sensors. This is followed by a nddRHolour representation that is suggested
in section 7.4. It is proposed that by separating the lumiaanformation from chroma, using the
difference between the logarithmic responses, the chioityadnd colour ratios are maintained. This
way, high dynamic range images become easier to tone mapfutdi render hue information and are
most importantly, well suited for pixel responses from ligtenic imagers. It is further proposed that by
using the green channel as the luminance-carrying chategé is a net computational benefit in terms
of reduced usage of processing resources for acceptalglegbeal and colour quality.

In section 7.5, the differences in CIELAB error between thiginal image and that produced when
the green channel as opposed to the usual luminance charoekimapped, is investigated. Using two
high dynamic range images of a desktop lamp and a memoriaticlseene, the tone mapping operator
reported by Larsoet al.[104], was employed to both scenarios. In this investigattbe logarithm of
the linearly captured image was employed to simulate thpututf a logarithmic sensor. After applying
the new high dynamic range colour representation, the tagoed results are then visually and quanti-
tatively compared to the originals using bdgz¢ CIELAB andAE7, colour error metrics. Finally, the
effect of colour quantisation on tone mapping the green icblkof an image are investigated; revealing a
trade off between the number of bits used to represent edstirathannel and the desired colour image

quality for low cost applications.

7.2 1mage Output

Most images from typical linear image sensors have low dyoaange and are displayed on standard

TV, computer, camera or advertising screens. Often theypanted on photographic paper or other
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material as a representation of the imaged scene. With trenadf HDR computer generated graphics,
coupled with better architecture and improved imaging égles in both linear and non-linear sensors,
a mapping problem has arisen. This is because most contargpisplays have limited contrast ratios
ranging from 100 : 1 to about 800 : 1 corresponding to justwedalecades of brightness compared to
the greater than 6 decades that some images might encomifiasss a result of the electron guns in
a cathode ray tube and other LCD and TFT technologies beipsgigdily limited in creating a greater
brightness range. Therefore, when high dynamic rangesegsd, the resulting scenes are not faithfully
reproduced on these media, with significant distortion aisd bf detail in both the very bright and / or
dark parts of the scene. A clear example is an image whereatsftadow and the bright sun are portrayed,;
it usually lacks clarity in both the dark and bright parts v image when displayed on typical screens;

thus yielding an image bearing no resemblance to the otigoemne.

(A) (B)

Figure 7.1: A high dynamic range image, approximate8/decades, displayed without any compression
or extra processing A( - courtesy of Martin Cadik [7]. Ing), simple histogram equalisation is applied
to the lamp scene creating a halo effect and undesirablepesal artefacts.

Similarly, dyes, pigments and paints in other output medahss lithographic, painting and printing
processes, can only create a white that is-30 times (13 decades) brighter that the darkest black [102,
105]. The reason a smaller range is encountered is primagitause of the subtractive properties used
to create the colours in these processes, unlike the agldities in displays. Inevitably, printing a high
dynamic range image displayed on a standard screen resulte isame, if not further reduction of
meaningful contrast. Figure 74), shows a high dynamic range scene illuminated by a veryhbrig
lamp. Spanning 5 6 decades, it is clear that the bright parts of the image age saturated while the

dark areas are under exposed resulting in overall poor pebiity of the scené.

INote that this and the rest of the high dynamic range imagesisrttisis will show less perceived contrast compared to
displayed version of the same image, for the reason that pridienmas less range than display media.
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To improve the visual perception of wide dynamic range insagelow contrast screens, two possible
solutions exist. One approach is to radically increase #rdviniare capability of the low range standard
displays to at least 6 decades. Leddal. [106], for instance, proposed a high dynamic range stereo-
graphic viewer that combined layered transparencieseateptics and strongly illuminated back light
to create contrasts of up to 10 : 1. However, in addition to suffering low resolutionistapproach
required that a user physically hold the HDR viewer to usethadechnique had only been successfully
tested using artificial static scenes. Nevertheless,igitzess has emerged from combining very bright
low resolution LED’s with high resolution low brightness DG to acquire contrast ratios of more than
100000 : 1 in a 16 bit display system [107-110]. Although thishtemlogy has improved to claim a
200,000 : 1 brightness ratio [111, 112], this display is still faam common and is likely to remain for
professional high-end use unless costs drop to compamgsito those of current displays.

The other solution to limited range is to reduce the rangéhefdaptured image whilst preserving
its perceptual quality. Such compression techniques asevikrio be cheaper, easier to deploy and are
suitable for existing technology. Their main downside hesvelies in maintaining perceptual and colour
quality during compression. Simple linear mapping aldgwnis such as mapping the mean or maximum
value of the image to that of the corresponding mean or maximalue of the display, and non-linear
exponential and interval scaling have all been tried. Nedess, they failed to match the viewers per-
ceptual experience of the real scene [103, 104] becausesahtite complex nature of vision. Even
standard contrast adjusting algorithms such as histograralisation [3] are known to be incapable of
preserving the natural features of the real scene. Tordtestthe scene in figure 74) has been his-
togram equalised to give figure 7&)( No significant improvement in perceptual quality is proeld and
yet visible artefacts such as the halo effect around the laawe been created making the image even
worse.

Similarly, other techniques to reduce the dynamic rangbebriginal image such as applying power
functions have not yielded better results since they laekhboretical meritin terms of conserving colour
appearance. For example, in order to examine whether giagléhe logarithm of the image, rather than
its linear representation, produces good rendition ondstahdisplays, both a low and high dynamic
range image were employed in this study. Figure 7.2 showsethéts of this experiment where no other
colour processing operation except gamma corretticas employed on both images. The figure shows

that, despite the reduction in perceived contrast for botgies, the actual colours are washed out, lack

2Gamma correction is a colour independent process where gispbnse values are adjusted to compensate for the non-linear
transfer function between the pixel intensity and the kirighs of the electron guns in display systems.
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clarity and are not faithfully reproduced when displayed Apor printed. This also implies that despite
the unsatisfactory colour, displaying images directlyrfrtmgarithmic cameras reveals details, such as

the door and the electrical cord in the figure B)2&nd ©) respectively, that are imperceptible to linear

imagers.

(© (D)

Figure 7.2: Examples of scenes where displaying the Idgariif an image is illustrated.A] is a low
dynamic range image of 2 decades - courtesy of Dani LasaHlsWwhile (C) is a high dynamic range
one of approximately B decades with the corresponding logarithm of the imagew:shio - (8) and

(D).

Unsurprisingly, some logarithmic sensor manufactiréia/e chosen to simply modify the image
to be displayed, in a bid to reduce the dynamic range of th&uoagh scene closer to that of a typical
display. Figure 7.3 is a diagram showing logarithmic coloapture, processing and eventual display
from a commerciaHDRC camera. No detailed record was available for the perforemahthis camera in
high dynamic range scenarios [1], there is an unspecifiathirent of dynamic range as highlighted in the

schematic. It shows each of the colour bands being modifieddifferent multiplicativeny term (where

SMost dynamic range compression from HDR imagers are actuatiypddressed by manufacturers but by the users of the
acquired images.
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k € (R G,B)) followed by gamma correction before display. Althouglsippssible these terms could be
corrective coefficients for white balancing, it is likelyethincorporate a factor that reduces the ranges
of each of the bands to lower values pre-display - in efféelding results similar to the unsatisfactory
images of figure 7.2.

Despite the fact that numerous image-processing opesasioch as spatial filtering can still be ap-
plied to different images to improve appearance and detedluiring a visual match with the original
scene always remains a difficult task. Therefore, otheragubres to rendering high dynamic range

colour information on typical displays have been sought.

HDRC®
Pixels

Log iy

Figure 7.3: A schematic showing how colour information isnipalated and displayed by the commer-
cial HDRC

7.3 ToneMapping

One means by which images from high dynamic range imagerbeagproduced on standard screens is
by employing compression algorithms called tone mappirigroe reproduction operators. By replicating
the viewers’ subjective feeling of relative brightnesshiitdifferent parts of a scene without actually
maintaining the original brightness levels, the perceptbhigh dynamic range in natural and artificial
scenes can be reproduced on standard displays withoutflee®ime features, details or perceptibility.
Tone mapping therefore takes advantage of the relativéimggs sensitivity of the human visual system,
a property discussed and employed in earlier chapters. Bljngcthe scene brightness levels to that

of the display, the ideal tone mapping operator seeks tdkatbe same visual experience of contrast
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when the user looks at the scene as when it is displayed wittmbually using the exact values. Ideally,
tone reproduction enable the completion of accurate higtaohjc range colour capture, processing and
display on a low dynamic range screen as shown in figure 7.4efeless, keeping all other factors
constant, the level of perceptual quality of the displayedde depends on how the tone reproduction

operator affects colour and other scene features duringaimpression of dynamic range.
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Figure 7.4: A schematic of the process of high dynamic rantggge capture, processing and output on
standard displays.

An overview of dynamic range compression algorithms shtwastone mapping is an active area of
research for several applications having many approablagsén be classified according to the way they
influence luminance levels within an image. Spatially glavainiformly varying operators transform all
the pixels with the same luminance in an image in the same me@spiective of their location. Conversely,
spatially non-uniform or local tone reproduction operattake into account neighbourhood pixel varia-
tions and regional differences within the image [113]. Eha® generally more computationally complex
and are better suited to images with widely varying feattinas warrant the extra robustness for satis-
factory rendition. As might be expected, many tone mappiperators have been intricately designed
to mimic human perceptual properties such as glare, colisiony foveal adaptation and visual acuity.
Although that level of detail is out of scope for this thedi$s interesting to review the approaches some
researchers have employed to underscore the depth of thentapping problem.

In attempting to preserve the overall impression of brigetnhin a displayed scene, Tumblin and
Rushmeir [114] used a brightness function based on the wdr&eperception model of the environment

to compress wide dynamic ranges to acceptable display sialM&athematical observer models of the
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HVS such as light dependent visual effects, were used to msaphe extreme lightning conditions in
a computationally easy manner albeit only monochrome imaggre considered. On the other hand,
Ward [115] concentrated on perceived contrast and the mgpgi just noticeable difference instead
of brightness. In the belief that making just discerniblminance differences in the real scene just as
visible on the limited display, a scale factor could be datliwising contrast sensitivity data to achieve
an appropriate compression. However, because the ligatingsphere had to be taken into account, the
raw image needed to be rendered in absolute radiance urkisgrthis method not easy for common
use.

Perceptual based operators have also been extended tddriche-dependent factors such as light
adaptation, making real-time tone mapping a possibilitgr iRstance Ferwerdat al. [116] included
rod and cone time-response characteristics to even outytie @daptation to the various light levels
as the scene changes, correlating this to the just notieatfiérence in his tone mapping algorithm.
Pattanailet al.[117] also developed an operator that computed retinardikponse signals for each pixel
in a scene, adding time dependent perceptual componentefwal and saturation effects to improve
visual adaptation at local neighbourhoods of pixel valugkorithms like these show the complexity
tone mapping operators have come to include.

One very important aspect of the tone mapping process isdlgealour information is handled while
trying to preserve scene perception and the fidelity of infagtures. Tone mapping processes primarily
compress the brightness values in the high dynamic ranggeinmaking the transformation essentially
a gray scale operation. The separation of the luminance apemt from the chromatic components in
the captured image then becomes essential in every tonedregiron process. In some of the earliest
colour tone mapping work, Schlick [118] extracted the luamce values by obtaining the Y values using
the RGB to XYZ conversion transformation. To preserve coioformation, he then kept the ratios
of the individual RGB colours to the luminance constant tigtwout the tone mapping process. Other
researchers have tried modelling the rod and cone respdapesding on the luminance level to capture
the differences in colour reproduction [116].

Despite the multitude of various other tone reproductichmégues [119-123] and their suitability to
particular applications or tasks, there is no clear ingustandard tone mapping operator or method of
assessment. However, the compression operator sugggstadsonet al. [104] has become one of the
more known tone mapping operators. By exploiting the faat the HVS adapts to & foveal adaptation
angle, clusters of pixels were subjected to a modified hiatogequalisation hence simulating rather than

maximising visibility. Interestingly, the global operatacluded models for glare, colour sensitivity and
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glare but remained computationally simple. Consequeittlyas been chosen as the operator for the
investigations in this work since the results are percdiytaaceptable while avoiding the more complex
algorithms.

For logarithmic sensors therefore, the interest in tonepimgpshould only be to compress the dy-
namic range of the captured image while preserving vigjbdind colour. This is contrary to the com-
puter graphics industry where both visibility and viewimygonments are important and from where the
above approaches are rooted. In addition, the process @htapping essentially involves manipulating
the human sensation of brightness of a scene so that the sgreseace is obtained from a display.
Considering that, brightness is determined as the logariththe luminance levels, logarithmic sensors
readily provide these brightness values for tone mappimbtiaerefore immediately eliminates compu-
tational burden at no extra cost. This suitability offeraqiical simplicity compared to linear sensors,
which have the added logarithmic operation during tone rimgpg-inally, the ideal solution for display-
ing HDR images from logarithmic sensors should be indepetnolethe tone mapping technique if they

are to be used in a vast variety of applications.

7.4 New HDR Representation

To take advantage of the suitability of logarithmic sendorstone mapping, the imaging system can
be viewed as one whole unit rather than as isolated compan€onsidering that good reproduction of
colour depends on its accurate capture @iAd, y(A), z(A) colour matching curves are most representa-
tive of any colour that can be imaged, it is possible to suggégpothetical colour capture scheme based
on ideal XYZ filters. This would ensure the precise capturalb€olours in the chromaticity diagram
and avoid the inadequacies of RGB filters in current sefisdiiserefore, by considering a logarithmic
sensor with these filters whose output is LogXYZ data, whitteei differences between the LogX and
LogY tristimulus coefficients and between LogZ and LogY ‘eslare taken, a new L& Z colour
representation is obtained, that offers a LogY luminan@nokl and separate Legand LogZ chroma
bands. Herex represents the ratio of theandy chromaticities while” is the ratio ofz andy chromatic-

ity coefficients. Using the following equations from colddchromacy, it can be shown that this new

colour representation is indeed akin to the xyY colour moRedwriting the chromaticity equations (5.6)

X Y Lz
TX1Y+2Z Y= Xiv+z TX+Y+Z

“Most sensor filters are RGB filters, but because they do natrately mimic ther(A), g(A), b()) functions, not all spectral
colours are fully captured. Colour matrixing has to be penied post capture to correct for this deficiency.

X
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it is possible to see that by maintaining the ratios betwéertristimulus values of XYZ, which in the
logarithmic domain are simple subtraction operations,gpecification of the hue in the colours will
remain unchanged since the ratios between the chromagitis stayed constant as well. Because the
LogY is still the luminance channel, it closely resembles kY colour space, which also separates the
chroma and lightness, and are both derivatives of XYZ. It tteam be shown that since tone mapping
occurs in the luminance domain only, this colour format wit affect the specification of the hue during
dynamic range compression; note that the LogY will reprebeightness values readily usable for the
tone reproduction operation. Hence, when the high dynaamge luminance image with luminance
channely, is compressed to a smallérchannel, then from equation (5.6), tkehromaticity coefficient

is first given by

X X
X = XY(V) > = 7% Y - (71)
Y(§+1+¢) (§+1+9)
Y (X
- (7.2
(¥ +1+9)
and after compression,
X+Y+Z

Hence the ratio of the energy captured byxtw) filter to the total energy, in other words the colour hue,
remains the same as before tone mapping. This is the sanfeefottier bands thus this colour represen-
tation enables an optimal way of managing tone mapping wh#taining the fidelity of colour hues.
Easy tone mapping of scenes from logarithmic pixels is jphssiecause the ratios of the chromaticities
are implemented with simple subtraction operations antltinéhance channel provides ready values for
tone mapping.

Nevertheless, this LogYZ colour format is based on idealistigA)y(A)z(A) colour filters. RGB
filters are still mainstream despite the inability of moddges and pigments to correctly replicate the
F(\)3(M)b(A) colour matching functions. In fact, current RGB filters seterbe a hybrid of ideal RGB
and XYZ curves, with any subsequent colour imperfectiomapensated for, post capture.

For the new colour representation to be used with the prettmiR GB filters, it is proposed that

the new format be modified to LogGh’ wherer’ represents the ratio of the red channel to the green
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colour band and the ratio of the blue colour band to the green [124]. This peab is based on
the fact that the human visual systems luminosity curve (@gu5@)) very closely matches the green
channel response - figure 5.1, and the relative brightnesgiéun is highest over the same green band
- figure 7.58). Therefore by tone mapping the green channel, which dotesi approximately 72% of
the full luminance channel, a trade-off can be made thatisvbie additional calculations in determining
the brightness values, LogY from LogRGB, while concurngiitying to achieve acceptable perceptual

results.
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Figure 7.5: Figure showing the human visual system'’s lugitgdunction in (a) and the relative bright-
ness functiong) over the visible spectrum [9].

By keeping ratios between the red to green and blue to graesiamt, the colour ratios are inherently
being protected before and after tone mapping hence piegerslour reproduction. This is supported
by results from psychophysical experiments in the field dbeoconstancy that show that chromatic
adaptation transforms from more stable colour ratios predsharper and better colour images than
those produced by less stable colour ratio transforms [lZ6, Therefore, it is expected that while the
chromaticity and colour hue will be the same over the tonepimgpprocess, the lightness component of
the colour definition will be altered by the compression psx In terms of visual perception, this means
although there will be a shift in tone or shade of the origitalbur during tone mapping, collectively
overall perception will be improved due to the reduced hgiss range.

To show that the chromaticity is preserved when the ratieskapt constant in this dynamic range
compression process, consider a colour sar@p& B; such that when passed through a tone mapping
process becomd®,G,B; where the ratios between the bands have been maintainec RpeB,; =

k[R1G1B1], wherek is a constant scalar. Subsequently, linear transformati@onvert RGB to XYZ

134



CHAPTER 7. HDR DISPLAY

can be done using ax33 matrixM, whereY; has been tone mapped¥pandM represents the standard

transformation matrix [98]. We can write the chromaticiyoedinates< andy of the colour before tone

mapping as
X1
XN=c—c——
R R 2y
B aR; +bG; +cB;
~ [Ri(a+d+g)+Gy(b+e+h)+By(c+ f+i)]
and
= X1+Y1+2;

dRi+eG + By
[Ri(a+d+g)+Gy(b+e+h)+Bi(c+ f+i)]

where XYZ= [M]-RGB and

a b c
M= d e f
g h i

Re-writing the chromaticity coordinates of the new colofteiathe mapping process gives

X2:7X2
Xo+Yo+ 2,
aR +bG; +cBy
[Ro(a+d+g)+Gz(b+e+h)+By(c+ f+i)]
k[aR1+ bG1+CBl]

k[Ri(a+d+9g)+Ga(b+e+h)+Bi(c+ f+i)]

=X1 (7.5)

and similarly

2= Xo+Y2+22
dR.+e&+ By
[R2(a+d+g)+Gyo(b+e+h)+Ba(c+ f+i))
k[dRy +eGy + By

k[Ri(a+d+g)+Gi(b+e+h)+Bi(c+ f+i)
=Y (7.6)
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Hence, the chromaticities of both the previous and final woldter tone mapping have the same hue
despite having different brightness. This lt&@b’ colour representation which preserves ratios between
the colour bands, therefore offers simplicity in terms @fdi#y available values for dynamic range map-
ping from a RGB filter based sensor. Figure 7.6 illustratescttmputational trade-off if ideal LogXYZ
filters were employed as opposed to regular RGB filters fdn boear and logarithmic pixel sensors. In
each scenario, the number of operational steps taken bycéisgpe of filter to display a captured high
dynamic range image is shown along with the typical function

The typical steps traditional linear sensors undergo amevston the far left of the figure, and the
typical process a logarithmic sensor would undertake, éstttond column. In both cases, the raw data
obtained from the sensor is first corrected and routineshli&ek level adjustment or automatic white
balance carried out, before any application specific pginggfor example number plate recognition).
However, if a high dynamic range image is to be displayed,hamce information from the LogRGB
data requires additional operations like exponentiati@nreeded before returning to the log domain,
making the process more demanding and costlier. In the duhdmn, use is made of the new colour
representation, where the ratios between colour bandseqtecknstant, except that ideal XYZ filters
are employed with the sole purpose of highlighting, everagesimplicity. Here there is no need for
exponentiation and then the inverse, just to acquire lundeanformation for tone mapping. Finally in
the last column, the trade off between accuracy and compntit highlighted where tone mapping the
green channel is seen to be even more convenient with a stephlan when using hypothetical XYZ
filters. While using RGB filters makes for less computationag® quality may be compromised since
the tone mapped green channel is not fully representatitiiedfiminance inherent in the original image.
However, proper tone mapping by itself changes the imageappce from its original, of which the

degree of compromise, remains to be seen.

7.5 HDR Output

In order to investigate any possible compromise in qualitgmwthe green colour channel is tone mapped
rather than the luminance channel, images captured using fti€rs are tone mapped using both ap-
proaches then visually compared before being studied Slad. AB error metrics. The resulting dis-
crepancy in CIELAB coordinates when the green channel is toapped as opposed to the full lumi-
nanceY channel indicates the extent to which image quality may teen compromised. In this study

two high dynamic range images are used; the same desk lange imdigure 7.14) of approximately
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sensors on high dynamic range images and the ease of tonéngappse images.
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e

Figure 7.7: High dynamic range scenes of the desk lamp an8tdr&@ord memorial church - courtesy
of Paul Debevec [10], shown at the left, along with their tomegpped versions, the middle ones having
been luminance tone mapped. The ones on the right had tleein gjands tone mapped.

5.6 decades dynamic range and an indoor scene of the Stanfondniaéchurch captured using ar®m
SLR camera covering approximatelyB4decade range [127]. Although these images were captured by
linear cameras using multi-exposure techniques, thearrldgns were used in this study to emulate what
would have been captured by logarithmic sensors.

In the first scenario, the image luminance was determined fhe RGB values of both images using
the CIE standard conversion formubM,= 0.21R+ 0.72G + 0.07B, before the ratios of the individual
colours bands to this luminandéwas calculated. Note that this was done following the proacks
scribed in the second column of figure 7.6. Tone mapping usingonet al.[104] histogram adjustment
operato?r was then performed on thi channel after which the transformed colours were re-obthin
from the constant colour ratios.

In the second scenario, the colour ratios were only detexdhiar the red and blue channels against

the green channel before tone mapping the green channegj theé same dynamic range compression

5In employing Larson’s tone mapping operator, the models faratiacuity, glare and colour sensitivity were excluded as th
prime interest in this study was replicating the compressfatynamic range.
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routine as above. Again, the colours were regenerated tisirgyatios to give images that had a smaller
dynamic range than the original scene. It can be seen fromefig, that the original images on the
far left show all the signs of saturation in the very brightlasery dark areas expected of wide dynamic
range images displayed on typical scréef®r example, the lamp and its surroundings are void of detai
while the rafters at the top of the church are too dark to pezcmeaningful features. The images in
the middle column, however, have better overall visibjlgguity and clearer features. The desk contents
in the upper lamp image are more vivid while the rafters inttpeof the church are also clearer in the
bottom image. The green tone mapped images on the right idkmgly similar to the luminance tone
mapped images. There is little to differentiate betweenttieeas the results are amazingly similar in
perceptual terms.

Figure 7.8, shows cropped portions of the two images (onegtibe top left corner of the lamp image
and the other being the middle section of the church imags)have been tone mapped using the two
methods described above. Here, both tone mapped images shthe scene were brightened by the
same percentage value to create more visibility. The imagebke left shows the result of tone mapping
the luminance channel while the ones on the right represeimage whose green channel has been tone
mapped.

Both sets of results show that the similarity between the toxapped images is still present even
at a detailed level. It is therefore difficult to perceptyalifferentiate the two images for any discrep-
ancies since the colours and features appear to have bdaategh equally in both cases. From an
analytical viewpoint, one would expect the red hues of thgimal image to be most visually distorted
followed by the blue colours while the green colours are etgmbto change least. This stems from the
fact that in using the green channel for tone reproductiomcontribution of the red colour to luminance
is not fairly represented as compared to say blue whoseibotitm to the luminance channel is less
significant. Furthermore, our eyes are more sensitive t@ lofieed than to blue ones therefore inad-
equately representing both would leave the reds more counsps. Nevertheless, most shades appear
visually matched. Although these results are far from aasice, tone mapping the green channel appear
to favour applications that do not require absolute coleproduction or inspection but need the high
dynamic range image displayed on a standard display with Bffort, such as automotive (vehicular
assistant) applications.

For a more scientific measure of the colour reproductiongperénce of a compression routine that

tone maps only approximately 72% of the luminance chanhelRGB values of the compressed images

61n all the cases, the displayed images were gamma correctedsloyoa bf 22.
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() (D)

Figure 7.8: FiguresA) and () show cropped images of the lamp and the Stanford memoriatchh
scene, luminance tone mapped whitd &nd @) show tone mapping of the green channel.

were converted to CIELAB space for perceptual colour matglagainst the CIELAB values of the
original images. Th&\Eyg errors of the green tone mapped images were then comparédge of
the luminance tone mapped image. It should be expectedhbet will be highAEz¢ errors in this
comparison since tone mapping primarily affects the scangnlance. Thus, the component in the
CIELAB error calculation is inherently changed althougé tbcation and spread of these errors should
highlight any weaknesses of tone mapping the green chasrad@osed to the conventional luminance
channel. In fact, by showing bothEz¢ and AE7; colour and chroma error metrics respectively, the
difference between the two forms of compression can be sedlgven better.

In figure 7.9, theAEz¢ errors between the original lamp image and the luminancegaseh channel
tone mapped versions are shown in the upper part of the imadthough the two mapped images

look visually similar and the errors appear to be distriditesimilar areas of the tone mapped images,
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Figure 7.9: Comparing thAE7¢ (top images) and\E;, (bottom images) colour errors resulting from
tone mapping the green band as opposed to the luminanceatharthe lamp image. The luminance
mapped images are on the left.

discrepancies appear when thE;; errors are shown in the bottom part of figure. Although nolyful
localised to the area around the red book in the original enétygs difference in error coincides with
this area, for reasons discussed earlier. Still, the géeena profiles remain closely matched for both
tone mapped images. Similarly in the comparison of the ¢hscene, the top half of figure 7.10, shows
negligibleAE7¢ visual difference while the bottom half highlights obvidliferences im\E4 units when
green is used to tone map the image. This time the differesmesd out over the image with generally
lower errors when green is used for tone mapping. The resedinsithat quantifiable differences exist
when the green channel is tone mapped but they are perdgptuiaute to offset any computational
benefits.

A further inspection of the result of tone mapping the greleanmel rather than the full luminance
channel can be undertaken using harsher and more obscuyesmbn figure 7.11, two additional un-
compressed images are displayed. The leftimage is a chavehwith windows that have the sun’s rays
sharply piercing through, with the rest of the image appeggadark and unclear. With a dynamic range
of over 6 decades, the overall image is not well rendered, @& parts are imperceptible. Similarly,

the right image shows a bright grove that appears saturatbddetails in the branches and the leaves
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Figure 7.10: Comparing th&E7¢ (top images) andE;, (bottom images) colour errors resulting from
tone mapping the green band as opposed to the luminanceeattadrthe church image. The luminance
mapped images are on the left.

obscured.

However, after tone mapping both images, in the first ingdoyoccompressing the luminance channel
and then later using only the green channel, more detailsrbeaisible in parts of the image as ex-
pected. In the church nave for example, the flags and windosaioe that were previously invisible are
clearer and more vivid - figure 7.12 while in figure 7.13 thevémaand smaller branches are now clearly
visible. More importantly, both tone mapped versions oftie images look very similar and almost
indistinguishable. As before, th&E7 colour errors, which should reveal any colour shifts alsowsh
little change between the luminance and green channel tappad images. This is more pronounced in

the grove image than in the nave one possibly because thiessisolour variations in the grove image
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Figure 7.11: Figure showing uncompressed images of a cimarghwith a range exceeding 6 decades (on
the left) and a grove encompassing approximatedydcades. Photos are courtesy of Paul Debevec [10].

and hence less visible shifts.

Overall, the visual results match the quantitative CIELABEs for a large part of the images leading
to the conclusion that tone mapping the green channel afeexcellent trade-off of image rendition for
ease of computation. It also makes for a strong argumengif iynamic range sensors are to be used
in applications where high dynamic range images are to lpagisd on a standard screens and not used
in colour inspection applications. This specifically fav®@logarithmic imagers whose overall dynamic

range capabilities place them at an advantage over lineabse

7.6 Colour Bit Length

In the previous section, it was concluded that visually Emdutput is more easily obtained by tone
mapping the green colour channel of wide dynamic range iséiggn with the traditional luminance
data channel. Thus, the HDR output from logarithmic imagers be suited for display on low range
standard screens. These screens, typically cathode rag,tu8Ds and TFTs, traditionally use RGB24
colour formats enabling 8 bits per colour. This has been aufie$tandard for both the CIELAB and
RGB device space, with researchers such as Stetkals[128] proving that approximately eight colour
bits per channel are required for imperceptible colouredéhces for low dynamic range pictorial images
while 10 bits per channel were required for computationatigon. This is known to be representative
of the extreme case where imperceptible colour differeacewital for the process in question.
However, with a moderate priority in image quality and thech&o optimise computational resources
in low power displays, technigues such as colour quantisatn be used to represent colour information

in smaller resolution devices. This is true for colour viewders for modern digital cameras and other low
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Figure 7.12: Tone mapped images of the church nave showneotothof the figure with the lumi-
nance tone mapped one at the top left while the green toneedappe appears at the top right. The
corresponding\E;, errors are shown at the bottom.

cost multimedia displays, which might use logarithmic seasis the potential imager. For instance Sharp
Laboratories UK proposed a digital display with multi-faticontent ranging from text and graphics to
video that would use only 6 bits per colour to represent irad#j29].

For logarithmic sensors to take advantage of such apmitgtiit is vital that in tone mapping the
green channel to compress the dynamic range of a HDR imager lt resolutions for low cost appli-
cations do not further degrade the quality of the displag@abhge. In figure 7.14, this is tested by colour
guantising the results of the previous section 7.5. Themalgropped image of the desk lamp is shown
on the far top left before it is progressively colour quagdisfter tone mapping the green channel and
gamma corrected. The number of bits per colour channel adugtly reduced from the original 8 to 3
and as shown, colour image quality drops gradually. As thelar of bits drops below 5, the contrast in
the image begins to become exaggerated since fewer shatifesanflours are precisely mapped, leading
to significant distortion. However, at 6 bits per colour themin image quality is not yet substantial
for large perceptible differences from the original imagbese preliminary results suggest that a simple
tone-mapping algorithm may be suitable for interfacinghhitynamic range cameras to low resolution

LCD displays such as those found in many consumer products.
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Figure 7.13: Tone mapped images of the grove shown on theftthg digure with the luminance tone
mapped one at the top left while the green tone mapped onaepaithe top right. The corresponding
AE7 errors are also shown at the bottom.

7.7 Summary

In this chapter, the challenge of displaying high dynamitgeimages from logarithmic imagers was
tackled. It was noted that although natural images and sdeoen other simulated or artificial sources
were capable of providing over 5 decades of illuminatioandtard output screens were not able to fully
display this dynamic range because device physics limitggub to just over 2 decades. The same
problem was present for other means of output such as pgimtir lithographic processes, resulting
from the inability of dyes and paints to create wide contvastations.

Despite the emergence of new technologies that enabldisamtly higher dynamic range, they are
still hugely expensive, largely untested and complex. gsathniques such as tone mapping, the com-
puter graphics industry has managed to develop a multitbdgraamic range compression techniques
that can be used to reduce the wide range present in somedrtagt of typical output displays. This
increased visibility over both the very bright and dark areghile enhancing scene details and features,
which were previously unclear.

Since the majority of the tone mapping operators were baselihear sensors, and because the

145



CHAPTER 7. HDR DISPLAY

Figure 7.14: Colour quantised, cropped image of the lampesg¢ghose green channel has been tone
mapped. The original cropped image is shown at the top léfrbgrogressively quantising it, row wise
from 7 to 3 bits per colour channel.

dynamic range compression technique essentially opesatbeghtness values, which are the logarithm
of the luminance, the manner in which HDR images from logamnit images were handled by tone
mapping operators was re-thought. A simpler more effediivieconvenient colour representation was
then developed, which specifically benefits logarithmicsses during convenient and easy tone mapping
while maintaining colour scene reproduction.

By taking the difference between the responses of the LogiM_.agY and the LogZ and LogY com-
ponents of hypothetica(A), y(A), z(A) filters, it was possible to simply maintain the dominant hitera
tone mapping while reducing the operational steps and ctatipnal load. This was equivalent to pre-
serving the colour ratios or the chromaticity coordinatesa@nstants; a fact that was analytically proven.
The new representation was then revised to match the faehtbet filters were actually(X), g(A), b(A).
With a Log’Gb' colour format, where the LogG is the tone mapped channelyan eomputationally
easier process was expected. Thus, contrary to the popadétidn of tone mapping the full luminance,
it was expected that compressing the range of the greenrcafouid certainly introduce some colour
error but possibly produce similar images in perceptuahser

Using four high dynamic range images, both the luminancegradn channels were tone mapped

and the results visually checked to see if noticeable variatexisted in the two approaches. It was noted
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that the results in both images were very similar and alnmuiscernible. A deeper study of two cropped
images from both scenes showed minute visual differencas &fter brightening the scenes. Finally, the
AE7¢ andAEZ, error values between the original and the tone mapped imagescompared. Inspite of
the fact that the individual error values were expected thibh because of the tone mapping process,
subtle differences showed in the distribution and valugb@grrors between the tone mapped images. It
was possible to conclude that the two methods actually texsinh very close or visually similar results
but which were marginally different.

Colour quantisation was then tried on a high dynamic rangegemafter tone mapping its green
channel to study the possibility of having displays for pbte and low cost applications or devices, that
would utilise less than 8 bit analogue to digital convert&sod perceptible results were obtained for up
to about 6 bits per colour band thereby making this tone nmgpgpproach feasible to some extent in low
cost devices. It was therefore safely concluded that higladyc range responses from a logarithmic
sensors could be green-channel tone mapped, to produdegiyrigood results, which are displayable

in standard screens for less computational effort.
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Conclusion

8.1 Summary

In the current electronic imaging market, both linear amghtithmic image sensors exist. Linear sensors,
composed of charged couple devices and active pixel sertsars high signal to noise ratios offering
good quality images. Both pixel designs have several maritsdrawbacks making CCDs the choice
for high end imaging while APS sensors have spanned manycagiphs due to ease of integration and
scalability. Although the cost of CCDs is still higher thdrat of CMOS APS sensors, at the expense of
better image quality, they both suffer limited dynamic rentypically about 70dB, when imaging natural
and commercial scenes often with greater than 120dB range.

Alternatively, logarithmic imagers, easily cover 140dBiwnfra-scene illumination while encoding
contrast information. This way, human vision is mimickedhsut the need for extra circuitry and
increase in costs. In addition to continuous operation egddr fast applications, the ease of tone
mapping and suitability for applications like colour carsty makes them better suited for low cost high
dynamic range imaging.

However, logarithmic pixel operation is stifled by low sigit@noise ratios caused by significant fixed
pattern noise. FPN poses the greatest challenge to thepwidesuse of these pixels with uncorrected
FPN creating illumination misrepresentation by factorfigs as 100. This thesis has discussed efforts
to alleviate FPN from high dynamic logarithmic imagers inrapde but efficient manner. By using the
human visual system as a reference, this work has proposatdetra very high standard of image quality

after FPN correction in both monochrome and colour images.
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8.1.1 Fixed Pattern Noise

The understanding of fixed pattern noise commenced by piageam existing model for the response
of a logarithmic pixel, which showed the constituents of dixgattern noise variations in the pixels of
a sensor. Apart from a spatial variation, these FPN compengare shown to have significant tem-
perature dependence hence requiring a simple and repeattiration process. Unlike some earlier
calibration schemes that were manual or had other drawhzdksge size (reduced fill factor) or high
power consumption, a self-calibrating procedure was dderaeessary especially in environments where
recalibration would be frequent.

The structure of a pixel circuit the can electronically bedited was also presented and its operation
discussed. Using data from the simulated pixel circuitgiesil in theCADENCE circuit simulator, prop-
erties of a typical pixel from a set of @00 simulated pixels were characterised as well as the ingfac
uncorrected fixed pattern noise.

Since previous fixed pattern noise correction routinesntedaheir residual FPN errors in different
and varying measures that have not been compared, a newhgibe based error measure was intro-
duced in section 2.4. It was a biologically inspired metiaséd on the performance of the human visual
system’s ability to discern an illuminance. It is the firshdé that the FPN correction is being referenced
to such as a high standard.

With the set of simulated pixels, previous offset corrattivethods were then benchmarked to this
target contrast error measure. The disappointing resdte explained using the model equation intro-
duced in section 2.2 and residual gain variations. Althouglage-processing techniques like median
filtering had been suggested to reduce the remaining nbiseyas deemed inadequate.

Simple offset and gain correction was then proposed toiatiegain mismatch on the assumption that
leakage currents were negligible since they only signiflgaaffected image quality in low illumination.
Using only two data points, the extraction of the offset aashgarameters was shown and the correction
for these forms of mismatch demonstrated at any photoduidmwever, because of changing sensitivity
along the photocurrent range and the need to attain thet tsogtrast, the choice of these two data points
had to be carefully selected. At the same time, numericareiiad to be minimised while covering a
wide dynamic range. Consequently, the two photocurrentsthide as different as possible with the
smaller current being at least 100 times larger thancthparameter. In empirically determining the
larger photocurrent, it was found that there was a higheres the photocurrent moved further from

the smaller photocurrent. Nevertheless, errors of about®¥ realised. This was lower than the ones
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reported in earlier studies in table 2.1.

Simple offset and gain correction was also benchmarkedjaldth the best offset and gain correction
method - the mean sum square optimisation method. It waglfthat the two methods were similar over
the same range and despite the absolute contrast error paivimg at high currents, the simple offset
and gain method was simpler, more convenient, and less datignal making it a more viable choice

for fixed pattern noise correction.

8.1.2 Moded Derivation & Parameter Extraction

It was noted that just as in the low illumination region ofgioperation, contrast errors were unexpect-
edly as high as at the high end of the current spectrum. Thssimeestigated and, as suspected, the
logarithmic transfer function becomes invalid in this mygsince the load transistor is being driven into
moderate inversion. A new square law relationship was shovexist between the drain source current
Ips of the load transistor and its gate source voltage. Thezefaodelling the response of a pixel using
a logarithmic transfer function is invalid.

To model logarithmic pixel response over the entire phat@eu region, a new four parameter model
based on thekv MOs transistor model was developed that smoothly represeréd pehaviour over
eleven decades of photo stimulus. The model was found to ara&ecurate fit with the simulated pixel's
response when the four parameters are extracted using essagr non-linear algorithm imATLAB.
Although the model errors from the fit were all belowb®1V, this method of extracting the parameter
was computationally demanding and thought to provide adyufdr real-time applications.

In order to reduce the effort and time consumed in the pammeatraction procedure, a different
approach was proposed. The method which focussed on spesifins of the photocurrent range,
helped reduce the four parameter model to a simpler formadbiald be used in the extraction of the
coefficients. Five conveniently chosen data points werel usehis procedure, resulting in a similar
fit to the function minimisation method, only for higher ar@t the high end, peaking at about 6mV.
Although this error was at least two fold in comparison todpé&misation result, there was a tremendous
improvement in computation time and effort. Principalhg tsimple extraction technique provided ease,
convenience and accuracy over a wide range that was nobpmgseviously. However, because of the
impracticality of measuring currents in real circuits riqd in the simple extraction approach, coupled
with the need to retain the logarithmic properties of pix¢f®e optimised two parameter logarithmic
model was considered prime in the development of a pradtieal pattern noise correction technique.

In this quest, two approaches were discussed. In the firsegroe, all pixel responses were corrected
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to the average pixel response at the point of calibratiom,atsumption being that all corrected pixels
constituted a mean offset and mean gain. This was done ustefrpsponses only. In the second
method, the responses were also corrected for offset andrgaations without the actual knowledge of
photocurrents but by taking the ratio of two offset corrdderms. In both methods, the significance of
the location of the two calibration points was retainedultazg in easy and convenient strategies for FPN
infested image correction. Lastly, the operational steps practical calibration routine were outlined

thereby emphasising the simplicity and ease of these apipesao FPN correction.

8.1.3 Monochrome FPN Correction

The contrast error measure, previously used for benchmgekid characterising fixed pattern noise, was
adjusted to mimic the way the human visual system adaptsrt@pe non-uniformity. In particular, the
eye’s higher sensitivity to relative illumination changasher than to absolute ones, was central to the
adoption of a more relevant relative contrast error meaduseng simulation data, the absolute contrast
was shown to have a uniformly low standard deviation overghgre current range, which implied
that contrast error was systematic. Using this relativetrash error, simulation data easily achieved
the contrast target for 7 decades and was only limited byethel of the circuit simulator. It was also
proved that relative contrast error could be easily deteechirom practical electronic image correction
techniques mentioned in section 3.5 making it a pertinedt@able error measure.

Although, FPN correction on simulation data, resulted ihieming the contrast target over a wide
range, it remained unproven with real pixel data. For thésom, the practical image correction tech-
niques were tested on pixel responses from ax2Q00 array. Before this was performed, the array was
characterised to investigate the distribution and thecssuof the various forms of non-uniformity. With
typical behaviour from the pixels, column to column FPN wealised to be greater than row-to-row
FPN, due to the extra transistors in the column calibratiocuitry. This was confirmed by maps of
extracted offset and gain parameters, which also higldiytiie dominance of offset mismatch as well as
the significance of correcting for gain mismatch.

The actual correction of fixed pattern noise was shown ugdiegtwo methods; namely the mean
response method and the photocurrent ratios method. Aveelaintrast error target of 1% was achieved
over 4 decades of illumination and an extra decade at 2% asintmhis higher error was attributed to
higherc; andd; parameter variations in the pixel sensor and to temporalenaihich, despite being
reduced by averaging, was still considerable.

The effects of the analogue to digital converter were alsalatad by adding quantisation error to
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the pixel responses and correcting for FPN. This was to makera accurate assessment of the image
quality from a HDR imager. The choice of quantisation levakvexplained and applied to the real pixel
responses resulting in an increase in relative contrast arrd the consequential decrease of dynamic
range under 1% accuracy. The level of quantisation was &lears to affect the number of bits with
higher accuracy requiring a longer bit length. This was tbtmsuit the variety of applications that have
different accuracy and dynamic range needs.

Conclusively, a high dynamic range monochromatic logarithsensor can be easily calibrated using
an electronic procedure. Wide dynamic range monochromeayr gcale images can be corrected for
offset and gain variations in a fast and accurate way; thisiracy being about as good as the human

visual system can detect over 4 decades or at least 2% coseresitivity over 5 decade scenes.

8.1.4 Colour

The foundations for the assessment of high quality fixedepattoise correction of colour images from
a logarithmic sensor were laid beginning with basic coltwotry. In addition, the means of capturing or
sensing colour information using colour filter arrays wdsm aletailed as part of the sensor colour pro-
cessing chain. Along with the numerous ways in which stathdatours are represented, the equations
that defined the most commonly used RGB & XYZ colour modelsensdso highlighted. After dis-
cussing the merits and drawbacks of these colour spacdagcthef perceptual linearity and intuitiveness
in colour representation were confirmed using Macadarmijssels on the chromaticity diagram.

The CIELAB colour space was then discussed as a standareppeatly uniform, device indepen-
dent space from which many colour difference formulae werged and on which most of the colour
work in this thesis was focused. Despite the suggestechatiees to theAE;g error metric, its use in
various industries and applications, made it the most widsed and quoted metric in the colour imaging
field. Consequently, it was adopted for this work. As a measfiracceptable visual quality, less than
3 AE7g units was generally recommended for logarithmic sensoralwe in agreement with research in
the art and visual science world.

Munsell colours were introduced as a valid and authentit $ef from which logical deductions
could be drawn after analytical simulations had been pevéok. This is because they sufficiently covered
the colour gamuts of typical displays and had been used iousaresearch studies. Insights were inferred
about the dynamic range of colour, ratios of the colour camegpds and how perceptually incorrect certain
values of bé\E7g error were from others. Overall, definitions of a pertinesibar error metric and a data

set, fit for analysing the quality of FPN correction in highdynic range colour images were developed.
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8.1.5 Colour FPN Correction

The results of correcting fixed pattern noise in monochramagies were extended to high dynamic range
colour scenes. Because these images compose the vasttynafjarser images, this study was deemed
significant if logarithmic sensors are to be useful in marmghhdynamic range-imaging applications.

Using basic but essential knowledge of colour reprodudtiom chapter 5, the link between contrast
error and colour quality was first investigated. By studyihg effect of absolute error in each of the
constituent colour bands, the limitations of model errottoa overall perception of colour was deemed
tolerable. This led to &1ATLAB simulation using the standard set of Munsell colours oved ddcade
range of photo-illumination.

A white reference colour was first added to the Munsell cosmiras a way of transforming RGB to
the perceptual CIELAB, but also as a means of normalisinthalicolours at any illumination. Using
typical values of the;, bj, c; andd; parameters, the response of a pixel over the illuminatiogea
allowed for the extraction of offset and gain from the twograeter model. Modelling for colour assumed
all the colours imaged the pixel one at time at each illumi@dmatThus, using the extracted offset and gain
parameters, the estimated red, green and blue photocimwene obtained for each illumination. After
referencing all the colours to the reference white at thamination, the estimated RGB colours were
converted to CIELAB before comparing to their original RG&aur values.

By investigating the shifts in the positions of the colounsaochromaticity diagram at different illu-
minations, it was possible to begin to determine the effettbsolute error on colour. Fewer chroma
shifts were observed in the purely logarithmic region whiterse ones were present outside this region.
CIELAB values confirmed this trend with colour error fallibglow threeAE7g or AEgp units for most of
the photocurrent range. An analytical investigation ifite low CIELAB values then confirmed earlier
predictions in section 6.2. Thus, residual absolute emae actually manageable since they do not
adversely affect colour perception.

However, to mimic real sensor noise conditions, typicaldipattern noise variations were added to
the simulation of over 000 pixels. Results revealed that the addition of FPN andequent image
correction did not change the perception of colours oveettige range. Then, ADC quantisation noise
effects were also added to thveaTLAB simulation to match the typical imaging process even closer
Digitisation noise was therefore added to the previous Eitimns for the same, D00 pixels. As the step
size was increased, a corresponding drop in colour accuvasyrealised. Inspite of this, a 5 decade

range was still obtainable at less thaB;¢ units of colour accuracy for a 10 bit ADC.
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Overall, this work revealed the very high potential for hiynamic range monochrome and colour
images from a logarithmic sensor that performs simple fixaittiepn noise correction. The resulting im-
ages are perceptually indistinguishable over at least &dé=cmaking them ideal for most contemporary

high dynamic range image applications.

8.1.6 HDR Logarithmic Output

The challenge of displaying high dynamic range images frogatithmic imagers was tackled. It was
noted that although natural images and scenes from othedatied or artificial sources were capable
of providing over 5 decades of illumination, standard otigmreens were not able to fully display this
dynamic range because device physics limited output togust 2 decades. The same problem was
present for other means of output such as printing and lieq@gc processes, resulting from the inability
of dyes and paints to create wide contrast variations.

Despite the emergence of new technologies that enabldisagrily higher dynamic range, they were
still hugely expensive, widely untested and complex. Useaihniques such as tone mapping, the com-
puter graphics industry has managed to develop a multithdgreamic range compression techniques
that can be used to reduce the wide range present in somednmatigt of typical output displays. This
increased visibility over both the very bright and dark aredile enhancing scene details and features,
which were previously unclear.

Since the majority of the tone mapping operators are basédear sensors and because the dynamic
range compression technique essentially operates ontheigg values, which are the logarithm of the
luminance, the way HDR images from logarithmic images wensdted by tone mapping operators was
re-thought. A simpler more effective but convenient coloepresentation was then developed, which
specifically benefits logarithmic sensors during convengerd easy tone mapping while maintaining
colour scene reproduction.

By taking the difference between the responses of the LogKlagY and the LogZ and LogY
components of hypothetica(X), y(A), z(A) filters, it was possible to simply maintain the dominant hue
after tone mapping while reducing operational steps. Tlkis @quivalent to preserving the colour ratios
or the chromaticity coordinates as constants; a fact thatamalytically proven. The new representation
was then revised to match the fact that most filters were Bgta@), g(A), b(A). With a Log’Gb/
colour format, where the LogG is the tone mapped channelyam eomputationally easier process was
demonstrated.

Using four high dynamic range images, both the luminancegaadn channels were tone mapped
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and the results visually checked to see if noticeable variatexisted in the two approaches. It was noted
that the results in both images were very similar and alnmeiscernible. A deeper study of two cropped
images from both scenes showed minute visual differencas &fter brightening the scenes. Finally, the
AE7¢ andAE7 error values between the original and the two tone mappegéasaere compared. Inspite
of the fact that the individual error values were expecteottigh because of the tone mapping process,
subtle differences showed in the distribution and valugb@grrors between the tone mapped images. It
was possible to conclude that the two methods actually tesbin very close or visually similar results
but which were marginally different.

Colour quantisation was then performed on a high dynamigedmage after tone mapping its green
channel to study the possibility of having displays for pbté and low cost applications or devices, that
would utilise less than 8 bit analogue to digital convert&sod perceptible results were obtained for up
to about 6 bits per colour band thereby making this tone nmgpapproach feasible in low cost devices.
It was therefore safely concluded that high dynamic rangpaeses from a logarithmic sensors could be
green-channel tone mapped, to produce strikingly goodteesthich are displayable in standard screens

for less computational effort.

8.2 FutureWork

8.2.1 Colour Results

The effect of the two parameter correction method on moraukrimages captured by a logarithmic
sensor were first analysed using simulation data in chagtared 3. Using a real sensor, data from a
200x 100 pixel array was then employed to validate the analytesults. However, when colour images
were studied, only simulated results were used. The lackami@ur logarithmic sensor was the main
difficulty in obtaining real data to confirm the simulatiorsudts of chapter 5 and 6.

As part of any future final justifications for the feasibility applying the two parameter model as
a correction routine in colour images, it is pertinent theg simulation results be validated using real
data. Using a sensor designed to include the electronibraéibn scheme mentioned in chapter 8.1.1
and with overlaid colour filter arrays, a wide range of phatoents can be achieved where the response
of each pixel is in fact the response of only one photorecapass. As with monochrome data from the
200x 100 array, the parameters can be extracted to give the éstimed, green and blue photocurrents

from two carefully chosen currents. Similarly, these cotsecan be obtained from tlBaDENCE circuit
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Figure 8.1: A) and @) show examples of the relative spectral responsivities hirth thick RGB filters
in thex14 andxIBIS5 sensors respectively [11].

simulator since measuring photocurrents from a sensoffisudi.

A demosaicing algorithm can then be used to obtain the campdel, green and blue photocurrents
for each pixel using the relevant values from its neighbotitee CIELAB values for each pixel can be
calculated before and after fixed pattern noise correctioweng for a comparison of colour error across
the entire range.

Lastly, a visual confirmation of the results of this correntican be achieved if an entire camera
system was built from which real monochrome and colour irmaga be taken. The ability to focus a
high dynamic range colour image and then correct for any miisinusing either of the means mentioned

at the end of chapter 8.1.2 would offer the chance to viswalliglate the correction routine.

8.2.2 Colour Matrixing

One feature that real colour sensors, such as one that megletjoired to validate previous colour work
possess, is the failure to accurately capture colour irdtion. The implicit assumption in all the simu-
lations in this work was that the RGB filters on the colour filkerays were ideal with smooth cut-offs at
different wavelengths for the respective bands. This isvabitl for either linear or logarithmic sensors.
Figure 8.1, shows typical spectral characteristics of taaustrial logarithmic imagers. The curves are
clearly far from the'(A), g(A), b(A) or thex(A), y(A), Z(A) that were discussed in section 5.2.1. Neither
the wavelength nor relative sensitivities of the colour chatg functions are accurately reproduced by

these sensors.

Due to the non-ideal nature of this and other sensors in thikahany colours that are captured by

156



CHAPTER 8. CONCLUSION

these imagers will always produce RGB component valuesatieatifferent from the ideal RGB values
of the scene being captured. This is true despite correfuimgll types of noise in the capturing process.
One approach that will have to be employed to correct forshisgrce of colour error in any future
work, is colour matrixing - applied immediately after cotdnterpolation/demosaicing - figure 5.2. In
this procedure, colour filter overlap is compensated fordmjaring the RGB values of every patch of
a standard Macbeth colour checker, to those obtained afimging the same patch using a real sensor
under the same illumination [41, 75]. By optimising the edgns of a 3< 3 correction matrix, perceptual
colour from the sensor is brought to parity with that of s&tdcolour charts. This approach is no
different from what current linear and logarithmic senags to correct for inherent colour shifts during

capture.

8.2.3 Temporal Noise

Logarithmic sensors are known to have voltage swings in tderoof a few hundreds. For instance
for a typical 50mV/decade sensor, imaging a six decade ramgdd mean about 300mV is realised.
With additional FPN variations, this is smaller than thetageé swings of about.&V enjoyed by some
linear sensors. This makes logarithmic sensors partigutensitive, to other noise sources apart from
guantisation and fixed pattern noise.

The procedure to correct for fixed pattern noise that wasidssd in this work included quantisation
noise in its analysis. It also yielded excellent results thake noise sources like temporal noise increas-
ingly significant. Composed mainly of readout noise andrtizmoise, it was minimised by averaging
pixel responses from the 200100 sensor array. Each pixel was read eight times reducangrtiount
of temporal noise by a factor af8. This means for a 1mV peak-to-peak temporal noise measurem
the residual noise level after averaging is approximately ®mV rms - a value equivalent to just less
than 1% contrast accuracy for a 50mV/decade pixel. Althamgiraging has tremendously reduced its
significance, this is not possible in real sensors.

Since reading a pixel numerous times slows down performandenight need to be repeated so many
times to achieve a significant effect, the averaging of pigeponses is particularly cumbersome and time
consuming for large arrays. It becomes increasingly impts# the scene also changes continuously
- such as in automotive and security applications - consgtyuthe reduction of the effects of temporal
noise is being addressed from a design rather than progepsispective. Ideas like increasing the
size of the calibration sources to reduce variability ar@biporating substrate level ADC'’s have been

floated [78] with some level of success. Nevertheless, tleetedf temporal noise on logarithmic sensor
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performance could be studied even further for a better wtaleding of its impact on logarithmic HDR

imaging.
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APPENDIX A. MUNSELL COLOUR NOMENCLATURE
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RED
2.5R9,/2
2.5R 8,2
2.5R7,/2
2.5R 6,2
2.5R 5,2
2.5R 4,2
2,58 3,/2
2.5R 2.5,/2
2.5R8,/4
2.5R 7/4
2.5R6,/4
2.5R 5,4
2.5R 4,74
2.5R 5,4
2.5 7./6
2.5R6/6
2.5R 5,76
2.5R 4/6
2.5R 3 ,/6
2.5R 7/8
2.5R 6,8
2.5R 5,8
2.5R 4,8
2.5R 7/10
2.5R 6,10
2.5R 5,10
2.5R 410
2.5R 6,12
25R 5,12
2.5R 4/12
5R9/1
5R8/1
5R7/1
5R6/1
5R5/1
5R4/1
5R3/1
5R2.5/1
5R9,/2
5R5/2
5R7/2
5R 6,2
5R 5,2
sR4,2
5R 3,2

Munszell Colour Nomenclature

RED
5R 2.5,/2
5R&/4
5R7/4
5R6/4
5R5/4
5R4/4
5R3/4
5R7/6
5R6,/6
5R5/6
5R4,/6
sR3/6
5R7/8
5R6/8
S5R5/8
5R4/8
5R 7/10
5R 6 /10
5R5/10
5R4/10
5R 6 /12
5R 5,12
5R 4,12
5R 6,14
5R5/14
5R4/14
75R0/2
7.5RE,/72
7SR 72
7.5R6,/2
75R5/72
75R4,/72
7.5R3/72
7.5R2.5,/2
7.5RE/4
7SR 74
7.5R6/4
7SR 5/4
7.5R4/4
7SR 34
7.5R7/6
75R6/6
7.5R5/6
75R4/6
7.5R3/6

160

105
106
107
108
109
110
111
112
113
114
115
116
117
115
119
120
121
122
125
124
125
126
127
128
129
130
131
132
133
134
135

RED
7.5R 7,8
7.5R 6,8
7.5R 5,8
7.5R4/8
7.5R 7/10
7.5R 6/10
7.5R 5/10
7.5R 4/10
7.5R6/12
7.5R 5/12
7.5R4/12
1R 9/1
10R 8,1
1R 7/1
10R 6 /1
1R 5/1
10R 4,1
10R 3/1
10R 2.5/1
10R 9,2
10R 5,2
10R 7,2
10R 6,2
10R 5,2
10R 4,2
10R 3,2
10R 2.5,/2
10R.5,/4
10R 7 /4
10R 6,/4
10R 5 /4
10R 4,4
10R.3,/4
10R 5/6
10R.7/6
10R 6 /6
10R 5,6
10R 4/6
10R 5,8
10R 7/8
10R 6,8
10R 5,5
10R 4,8
10R 7 /10
10R 6,10
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148

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

Munszell Colour Nomenclature

RED
10R 5,/10
10R 7/12
10R 6,12
10R 5/12

YELLOW RED

2.5YR9,/2
2.5YRS,/2
2.5YR 7,2
2.5YR 6,2
2.5YR 5,2
2.5YR4/2
2.5YR 3,2
2.5YR2.5,/2
2.5YR 5/
2.5YR 7/4
2.5YR6/4
2.5YR5/4
2.5YR4/4
2.5YR5/6
2.5YR7/6
2.5YR 6,6
2.5YR5/6
2.5YR4/6
2.5YRS/8
2.5YR 7,8
2.5YR 6,5
2.5YR 5,8
2.5YR 4,8
2.5YR 7/10
25YR6/10
2.5YR5/10
25YR7/12
25YR6/12
25YR6/14
5YR9/1
5YR5/1
5YR. 7/1
5YR 6,1
5YBE.5/1
5YER 41
5YE 31
5YR2.5/1
5YR9,/2
5YR5,/2

Index

179
150
151
152
1585
154
1535
156
1587
158
159
190
191
102
195
194
195
196
197
195
109
200
201
202
203
204
205
206
207
208
200
210
211
212
215
214
215
216
217
218
219
220
221
222
223

YELLOW RED

5YR7/2
5YR 6,2
5YR5/2
5YR 4,2
5YR 32
5YRO/4
5YRS5/4
5YR 7/4
5YR 6/4
5YR5/4
5YR 4,/4
5YR&/6
5YR 7./6
5YR 6,6
5YR 5/6
5YR 4 /6
5YR&,/5
5YR7/8
5YR 6,5
5YR5/8
5YR 7/10
5YR 6/10
5YR 7/12
5YR 6/12
75YRO /2
7.5YRE/2
75YR7/2
7.5YR 6,2
75YR 5,2
7.5YR 4,2
75YR3/2
7.5YR 9 /4
7.5YR 5 /4
7.5YR 7/4
7.5YR6/4
7.5YR 5 /4
7.5YR 4/4
7.5YRE/6
7.5YR 7/6
7.5YR6/6
7.5YR5/6
7.5YR4/6
7.5YRE/3
75YR7/8
7.5YR6/3

161

Index
224
225
224
227
228
220
230
231
232
2533
234
235
250
257
238
239
240
241
242
243
244
245
240
247
248
240
250
251
252
253
254
255
256
257
258
250
260
261

Index
262
263
264
265
266

YELLOW RED

7.5YR 5,5
7.5YRS/10
7.5YR 7/10
7.5YR 6,10
7.5YR 7/12
10YR 9,1
10YR 5,1
10YR 7,1
10YR 6,1
10YR 5,1
10YR 4,1
10YR 3,1
10YR 2.5/1
0YR 9,2
10YRS,/2
WYR 7/2
10YR6,/2
10YR5/2
10YR 4,2
10YR 3 /2
10YR 9 /4
10YR 8 /4
10YR 7 /4
10YR.6/4
10YR5/4
10YR. 4,/4
WYRS/6
10YR 7 /6
WYR6/6
10YR 5 /6
WYRS/5
10YR 7/5
10YR 6/5
10YR 5,8
10YRS/10
10YR 7 /10
10YR 6,/10
YR 7/12

YELLOW
2.5Y 9,2
2.5Y 8.5,/2
2.5Y 8,2
2.5Y 7,2
2.5Y 6,2
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281
252
283
2584
285
286
287
288
280
290
201
292
203
294
205
294
207
298
299
300
301
302
303
304
305
306
307
308
309
310
311

YELLOW

2.5Y 5,/2
2.5Y 4,2
2.5Y 3,/2
2.5Y 9,74
2.5Y 8.5,/4
2.5Y 8,/4
2.5Y 7/4
2.5Y 6,4
2.5Y 5,/4
2.5Y 4,/4
2.5Y 9,6
2.5Y 8.5/6
2.5Y 8,6
2.5Y 7,/6
2.5Y 6,76
2.5Y 5/6
2.5Y 8.5/8
2.5Y 8/8
2.5Y 7,8
2.5Y 6,8
2.5Y 8.5/10
2.5Y 8,/10
2.5Y 7/10
2.5Y 8/12
2.5Y 7/12
5Y 9/1
5Y 8.5/1
5Y 8/1
5Y 7/1
5Y 6 /1
5Y 5/1
5Y 4/1
5Y 3/1
5Y 2.5/1
5Y 9,2
5Y 8.5,2
5Y 8,2
5Y 7,2
5Y 6,2
5Y 5,2
5Y 4,2
5Y 3,2
5Y 9,/4
5Y 8.5,/4
5Y 874

Ind

312
313
314
315
316
317
315
319
320
321
322
323
324
325
326
327
325
320
330
331
332
333
334
335
336
337
335
330
340
341
342
343
344
345
346
347
345
340
350
351
352
353
354
355
356

ex

Munszell Colour Nomenclature

YELLOW
5Y 7/4
5Y 6,/4
5Y 5/4
5Y 4/4
5Y 9/6
5Y 8.5/6
5Y 8/6
5Y 7/6
5Y 6,6
5Y 5/6
5Y 0,8
5Y 5.5/8
5Y 8/8
5Y 7/8
5Y 6,/8
5Y 8.5/10
5Y 8/10
5Y 7/10
5Y 8.5/12
5Y 8,/12
5Y 7/12
7.5Y 9,2
7.5Y 8.5/2
7.5Y 5,2
7.5Y 7/2
7.5Y 6,2
7.5Y 5,2
7.5Y 4,2
7.5Y 3,2
7.5Y 9/4
7.5Y 8.5/
7.5Y 5/4
7.5Y 7/4
7.5Y 6/4
7.5Y 5/4
7.5Y 474
7.5Y 9/6
7.5Y 8.5/6
7.5Y 5/6
7.5Y 7/6
7.5Y 6/6
7.5Y 5/6
7.5Y 9/8
7.5Y 8.5/8
7.5Y 5/8

162

371
372
373
374
375
376
377
378
370
350
351
382
383
354
385
356
387
388
350
390
391
392
393
394
395
306
397
308
300
400
401

YELLOW
7.5Y 7,8
7.5Y 6,8
7.5Y 9/10
7.5Y 5.5/10
7.5Y §/10
7.5Y 7/10
7.5Y 5.5/12
7.5Y 5/12
10Y 9,1
10Y 5.5/1
10Y 8,1
10Y 7/1
10Y 6 /1
10Y 5/1
10Y 4/1
10Y 3/1
10Y 2.5/1
10Y 9,2
10Y 5.5,/2
10Y 5,2
10Y 7,2
10Y 6,2
10Y 5,2
10Y 4,2
10Y 3,2
10Y 9,74
10Y 5.5/4
10Y 5,4
10Y 7 /4
10Y 6,/4
10Y 574
10Y 4,4
10Y 9,/6
10Y 5.5/6
10Y 5,/6
10Y 7/6
10Y 6,6
10Y 5/6
10Y 9,/8
10Y 5.5/5
10Y 5,8
10Y 7/8
10Y 6,8
10Y 9/10
10Y 8.5 /10
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Munsell Colour Nomenclature

Index YELLOW Index GREEN YELLOW Index GREEN YELLOW
402 107 5,10 445 5GY 5,/2 490 7.5GY 7/8
403 107 7,/10 446 5GY 7.2 491 7.5GY 6,8
404 10Y §/12 447 5GY 6,2 492 7.5GY 5/8

445 5GY 5,2 493 7.5GY 5/6

Index GREEN YELLOW = 449 5GY 4,2 494 7.5GY 5/8
405 2.5GY 9,/2 450 5GY 5,/2 405 7.5GY 7,10
406 2.5GY 8.5,/2 451 5GY 9/4 496 7.5GY 6,10
407 2.5GY 5/2 452 5GY 8.5/4 407 10GY 9,1
408 2.5GY 7,2 453 5GY 8./4 493 10GY 8.5 /1
409 2.5GY 6,2 454 5GY 7./4 400 10GY 8,1
410 2.5GY 52 455 5GY 6,/4 500 10GY 7,1
411 2.5GY 4,/2 456 5GY 5/4 501 10GY 6,1
412 2.5GY 3,2 457 5GY 474 502 10GY 5,1
413 2.5GY 9/4 4558 5GY 9/6 503 10GY 4,1
414 2.5GY 8.5/4 459 5GY 8.5/6 504 10GY 3.1
415 25GY 54 460 5GY 5/6 505 10GY 2.5/1
416 2.5GY 7/4 461 5GY 7/6 506 10GY 9./2
417 2.5GY 6/4 462 5GY 6/6 507 10GY 58.5,2
415 2.5GY 5/4 463 5GY 5/6 508 10GY 8,/2
419 25GY 44 464 5GY B.5/8 500 10GY 7,2
420 2.5GY 9/6 465 5GY 8/8 510 10GY 6,/2
421 2.5GY B.5/6 466 5GY 7.8 511 10GY 5,2
422 2.5GY 5/6 467 5GY 6,/8 512 10GY 4,/2
423 2.5GY 7/6 463 5GY 5/8 513 10GY 3,2
424 2.5GY 6/6 460 5GY 58.5/10 514 10GY 2.5,/2
425 2.5GY 5/6 470 5GY 5/10 515 10GY 9,74
426 2.5GY 9/8 471 7.5GY 9,2 516 10GY 8.5/4
427 2.5GY 5.5/8 472 7.5GY 5.5,2 517 10GY 8,74
428 2.5GY 5/8 473 7.5GY 5,2 518 10GY 7/4
420 2.5GY 7/8 474 7.5GY 7,2 519 10GY 6./4
430 2.5GY 6/8 475 7.5GY 6,2 520 10GY 5,74
431 2.5GY 5.5/10 476 7.5GY 5,2 521 10GY 4./4
432 2.5GY 5/10 477 7.5GY 4,2 522 10GY 58.5/6
433 2.5GY 7/10 478 7.5GY 3,2 523 10GY 876
434 5GY 91 470 7.5GY 9,/4 524 10GY 7 /6
435 5GY 8.5/1 450 7.5GY 8.5/4 525 10GY 6 /6
436 5GY 51 451 7.5GY 5/4 526 10GY 5/6
437 5GY 771 452 7.5GY 7/4 527 10GY 7 /8
438 5GY 61 453 7.5GY 6,4 528 10GY 6,/8
430 5GY 5/1 454 7.5GY 5/4 520 10GY 5/8
440 5GY 4.1 435 7.5GY 4,4 530 10GY 7,10
441 5GY 3/1 456 7.5GY 8.5/6 531 10GY 6,10
442 5GY 251 437 7.5GY 5,6
443 5GY 9,/2 4558 7.5GY 7/6 Index GREEN
444 5GY 5.5,/2 430 7.5GY 6,/ 532 2.5G0,/2
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Munszell Colour Nomenclature

Index GREEN Index GREEN Index GREEN
533 2.5G5/2 575 5G4/4 623 10G 2.5/
534 2.5G 7,2 570 5G3/4 624 100G 0,2
535 2.5G6,/2 550 5G8/6 625 10G 5,2
536 2.5G5,/2 581 5G7/6 626 100G 7,2
537 2.5G4,/2 5582 5G6/6 627 10G 6,2
538 2.5G3,/2 553 5G5/6 628 10G 5,2
539 2.5G2.5,/2 554 5G4/6 629 10G 4,2
540 2.5G35/4 5585 5G7/8 630 100G 3,2
541 2.5G7/4 5586 5G46,/8 631 106G 2.5,/2
542 2.5G6,/4 587 5G5/8 632 100G 8,4
543 2.5G5/4 585 5G4,/8 633 105G 7,/4
544 2.5G 4 /4 550 5G 7/10 634 100G 6,4
545 2.5G3/4 500 5G 6/10 635 100G 5,4
546 2.5G38,/6 501 7.5G0/2 636 100G 4,74
547 2.5G 7/6 502 7.5G 5,2 637 100G 3,/4
543 2.5Ga/6 593 7.5G 7,2 638 10G 7 /6
549 2.5G5/6 504 7.5G 6,2 630 10G 6,6
550 2.5G 476 595 7.5G 5,2 640 10G 5 /6
551 2.5G 7/8 506 7.5G4,/2 641 100G 4 /6
552 2.5G 6,8 597 7.5G 3,2 642 10G 7,/8
553 2.5G5/8 505 7.5G2.5/2 643 100G 6,8
554 258G 7/10 500 7.5G5/4 644 10G 5,/8
555 2.5G 6,10 600 7.5G 774 645 100G 4,8
556 2.5G5/10 601 7.5G6/4 646 105G 6 /10
557 2.5G 6,12 602 7.5G 5/4
553 5G9 603 7.5G4 /4 Index BLUE GREEN
550 5G8/1 604 7.5G 3 /4 647 2.5BG 9,2
560 5G7A1 605 T.5G8/6 648 2.5BG 8,2
561 5G6,/1 606 7.5G 7/6 640 2.5BG 7,2
562 5G51 607 7.5G6/6 650 2.5BG 6,2
563 5G4/1 605 7.5G5/6 651 2.5BG 5,2
564 5G31 600 7.5G4/6 652 2.5BG 4,2
565 5G 2.5/1 610 7.5G 7/8 653 2.5BG 3,2
566 5G0/2 611 7.5G 6,8 654 2.5BG2.5,/2
567 5G8/2 612 7.5G 5,8 655 2.5BG58/4
5685 5G7,/2 6l3 7.5G4 /8 656 2.5BG 74
569 5G6,/2 614 7.5G 7/10 657 2.5BG 6,/4
570 5G5,/2 615 7.5G 6,/10 658 2.5BG 574
571 5G4/2 616 10G 91 659 2.5BG 4/4
572 5G5,/2 617 106G 8,1 660 2.5BG 3 /4
573 5G:2.5/72 615 105G 7,1 661 2.5BG 7 /6
574 5G8/4 610 106G 6,1 662 2.5BG 6 /6
575 5G 774 620 105G 5,1 663 2.5BG 5 /6
576 5G6/4 621 106G 4,1 664 2.5BG 4 /6
577 5G5/4 622 105G 3,1 665 2.5BG 3 /6
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Munszell Colour Nomenclature

Index BLUE GREEN Index BELUE GREEN Index BLUE
666 2.5BG 7/8 711 7.5BG 6,4 754 2.5B8/2
667 2.5BG 6,8 712 7.5BG5/4 755 2.5B 7/2
663 2.5BG 5,8 713 7.5BG 4,4 756 258 6,/2
669 2.5BG4/8 714 7.5BG 3 /4 757 2.5B5/2
670 2.5BG 6/10 715 7.5BG 7/6 758 2.5B4,/2
671 5BG 9,1 716 7.5BG 6 /6 750 2.5B5/2
672 5BGEA 717 7.5BG 5/6 760 2.5B25,/2
673 5BG 71 718 7.5BG 4 /6 761 2.5B8/4
674 5BG 6.1 719 7.5BG 7/8 762 2.5B 774
675 5BG5/1 720 7.5BG 6 /8 63 2.5B 674
676 5BG 4.1 721 7.5BG 5,8 764 2.5B5/4
677 5BG 5/1 722 7.5BG4/8 765 2.5B4/4
678 5BG 2.5/1 723 10BG 9,71 766 2.5B35/4
670 5BG9,/2 724 10BG 8,1 767 2.5B 7/6
650 5BG8/2 725 10BG 71 768 2.5B 6/6
651 5BG 72 726 108G 61 769 2.5B5/6
652 5BG6,/2 727 10BG 5,1 770 2.5B 4/6
653 5BG5/2 728 108G 41 771 2.5B 7/5
654 5BG4,/2 720 10BG 3,1 772 2.5B 6/8
655 5BG 3,2 730 10BG 2.5,/1 773 2.5B5/8
656 5BG2.5/2 731 10BG 9,2 774 2.5B4/8
6587 5BG 54 732 0BG s,/2 775 5B91
658 5BG 774 733 10BG 7,2 776 5B 5/1
659 5BG 64 734 10BG 6,2 77T 5B 7/1
600 5BG5/4 735 10BG 5,2 778 5B 6/1
691 5BG4./4 736 10BG 4,2 779 5B 5/1
602 5BG 3/4 737 10BG 3,2 780 5B 4/1
693 5BG 7 /6 738 10BG 2.5,72 751 5B 3/1
604 5BG6/6 730 10BG 874 782 5B 2.5/1
695 5BG 5/6 740 10BG 7 /4 783 5B9,/2
606 5BG 4/6 741 10BG 6,74 784 5B5/2
697 5BG 7/5 742 10BG 5.4 785 5B 7/2
693 5BG6/5 743 108G 4.4 786 5Ba6,2
690 5BG5/8 744 10BG 374 = 5B5/2
700 5BG 45 745 0BG 7 /6 788 5B4,2
701 7.5BG 9,2 746 10BG 6 /6 780 5B3/2
702 7.5BG 5,2 747 0BG 5 /6 700 5B 2.5/2
703 7.5BG 7,2 748 10BG 4 /6 701 5B5/4
704 7.5BG 6,2 749 0BG 7/58 702 5B 7/4
705 7.5BG 5,2 750 10BG 6,8 703 5B6/4
706 T5BG 4,2 751 10BG 5,75 704 5B 5/4
707 7.5BG 3,/2 752 10BG 4,8 705 5B4/4
708 7.5BG 2.5,/2 753 2.5B9,/2 706 5B 3/4
709 7.5BG8/4 707 5B 7/6
710 758G 74 708 5B 6/6
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(gl

813
514
815
516
817
513
519
520
521
g22
823
824
825
826
827
828
520
830
831
832
833
834
835
836
837
838
830
540
841
542
843

5B 5/6
5B 4/6
5B 3/6
5B 7/8
5B 6,8
5B 5/8
5B 4/8
7580,/
75882
7.5B 72
7.5B6,/2
75B5,/72
7.5B4,/2
7583,/
7.5B2.5/2
7.5B8/4
7.5B 7/4
7.5B6/4
7.5B5/4
7.5B4/4
7.5B3/4
7.5B 7/6
7.5B6/6
7.5B5/6
7.5B4/6
7.5B3/6
7.5B 7/8
7.5B 6,8
7.5B5/8
7.5B4/8
7.5B 6/10
7.5B 5/10
108 9/1
10B 5/1
108 7/1
10B 6/1
10B 5/1
10B 4/1
10 3/1
10B 2.5/1
10B 9,2
10B 5,2
10B 7,2
10B 6,2
10B 5,2

544
545
546
547
545
540
850
851
852
853
854
855
856
857
855
550
60
61
562
563
G564

Index
365
S66
867
865
360
870
571
872
873
574
875
576
877
875
570
850
551
852
853
854
855
856

Munszell Colour Nomenclature

BLUE
10B 4,2
10B 3,2
10E 2.5,2
10B 5/4
10B 7/4
10B 6,74
10B 5/4
10B 4/4
10B 3/4
10B 2.5,/4
10B 7/6
10B 6 /6
10B 5/6
10B 4 /6
10B 3/6
10B 7/8
10B 6,8
10B 5,8
10B 4,8
10E 6/10
10B 5/10

PURPLE BLUE

2.5PB 9,2
2.5PB & /2
2.5PB 7,2
2.5PB 6,2
2.5PB 5,2
2.5PB 4,2
2.5PB 3,2
2.5PB 2.5 /2
2.5PB §/4
2.5PB 7/4
2.5PB 6 /4
2.5PB 5/4
2.5PB 4 /4
2.5PB 3 /4
2.5PB 2.5 /4
2.5PB §/4
2.5PB 7/6
2.5PB 6,6
2.5PB 5 /6
2.5PB 4/6
2.5PB 3/6
2.5PB 7/5
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Index
88T
BES

590
591
502
893
504
895
506
897
5085
800
900
901
902
003
904
0905
006
007
903
o000
910
011
912
013
914
015
916
017
918
919
920
921
022
0923
024
925
026
027
028
020
930
931

PURPLE BLUE

2.5PB 6,3
2.5PB 5/3
2.5PB 4,3
2.5PB 6/10
2.5PB 5,10
2.5PB 4/10
5PE 91
SPB&A
5PB 7/1
5PB 61
5PB5/1
5PB 4/1
5PB 3/
5PB 2.5/1
5PE 9,2
5PB 5,2
5PB 7.2
5PB 6,2
5PB 5,2
5PB 4,2
5PB 3,2
5DE 2.5,2
S5PB5/4
5PB 7/4
5PB 6,/4
5PB5/4
5PB 4/4
5PB 3./4
5PB 2.5 /4
5PB5/6
5PB 7/6
5PB 6/6
5PB 5/4
5PB 4/6
5PB 34
5PB 7/8
5PB 6,8
5PB5/8
5PB 4,8
5PB3/8
5PB 6,10
5PB 5/10
5PB 4,/10
5PB 5/12
5PB 4/12
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Munszell Colour Nomenclature

Index PURPLE BELUE Index PURPLE BLUE Index PURPLE
932 7.5PE 9,2 977 10PB 5,2 1020 2.5P 4/
0933 7.5PB 8,2 078 10PB 4,2 1021 2.5P 3 /6
934 7.5PE 7,2 970 10PB 3,2 1022 25D 7/8
935 7.5PB 6,2 050 10PB 2.5,/2 1023 2.5P6/8
936 7.5PE 5,2 951 10PB 5/4 1024 2.5P5/8
037 7.5PB 4 /2 052 10PB 7 /4 1025 2.5P4/8
933 7.5PE 3,2 083 10PB 6 /4 1026 25P3/8
030 7.5PB 2.5,/2 054 10PB 5 /4 1027 2.5P6/10
940 7.5PB 8 /4 985 10PB 4 /4 1028 2.5P5/10
041 7.5PB 7 /4 056 10PB 3 /4 1020 2.5P4/10
942 7.5PB 6 /4 987 10PB 2.5/4 1050 5P9
243 7.5PB 5/4 0585 10PB 7 /6 1031 5P5/1
944 7.5PB 4 /4 050 10PB 6 /6 1052 5P7A
045 7.5PB 3 /4 000 10PB 5 /6 1033 5P6/1
946 7.5PB 2.5 /4 991 10PB 4 /6 1054 5P5/1
947 7.5PB 5/46 992 10PB 3 /6 1035 5P41
945 7.5PB 7 /6 003 10PB 2.5 /6 1056 5P31
949 7.5PB 6 /6 994 10PB 7/8 1057 5P2.51
950 7.5PB 5/6 005 10PB 6 /8 1035 5P9/2
951 7.5PE 4 /6 906 10PB 5/8 1059 5Ps/2
952 7.5PB 3 /6 007 10PB 4,8 1040 5P7/2
953 7.5PE 2.5 /6 993 10PB 3/8 1041 5P6,/2
054 7.5PB 7 /8 000 10PE 6 /10 1042 5P5/2
955 7.5PB 6 /8 1000 10PE 5 /10 1043 5P4,2
054 7.5PB 5,8 1001 10PE 4 /10 1044 5P3/2
057 7.5PB 4 /8 1045 5P25/2
058 7.5PB 3,8 Index PURPLE 1046 5P5/4
059 7.5PB 6,10 1002 2.5P0,/2 1047 5P7/4
260 7.5PB 5/10 1003 2.5P8/2 1045 5P6/4
061 7.5PB 4 /10 1004 2.5P7/2 1049 5P5/4
262 7.5PB 3/10 1005 2.5P6,/2 1050 5P4/4
063 7.5PB 5/12 1004 2.5P5/2 1051 5P3/4
964 7.5PE 4/12 1007 25P 4,2 1052 5P 2.5/4
965 10PB 21 1005 2.5P3/2 1053 5P 7/6
966 10PB 51 1009 2.5P25/2 1054 5P6/6
967 10PB 71 1010 2.5P8/4 1055 5P5/6
963 10PE 6,41 1011 25P7/4 1056 5P4/6
269 10PB 51 1012 2.5P6/4 1057 5P3/6
970 10PE 41 1013 25P5/4 1055 5P 2.5/
071 10PB 31 1014 2.5P4/4 1050 5P 7/8
972 10PE 2.5/1 1015 25P3/4 1060 5P 6,8
073 10PB 9,2 1016 2.5P25/4 1061 5P5/8
974 10PB 5,2 1017 2.5P 7 /6 1062 5P4,/8
o975 10PB 7,2 1018 2.5P6/6 1063 5P3/8
976 10PB 6,2 1019 2.5P5/6 1064 5P 5/10
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(gl

1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1050
1051
1052
1083
10584
1085
1086
1087
1088
1080
1090
1091
1092
1093
1094
1095
1096
1097
1093
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109

PURPLE
5P4/10
7.5P 02
7.5P 8,2
7.5P 72
7.5P 6,2
7.5P 5,2
7.5P 4,2
7.5P 3,2
7.5P2.5,/72
7.5P 8/
7.5P 74
7.5P 6,4
7.5P 54
7.5P4/4
7.5P 3 /4
7.5P 2.5 /4
7.5P /6
7.5P 7/6
7.5P 6 /6
7.5P 5,6
7.5P 4 /6
7.5P 3 /6
7.5P 7/8
7.5P 6,8
7.5P 58
7.5P 4,8
7.5P 3 /8
7.5P 6,10
7.5P 5,10
7.5P 4,10
10P 91
10P5/1
10P 7/1
10P 6 /1
10P 5,/1
10P 41
107 3,1
10P2.5/1
10P9 /2
10P5/2
10D 7,2
0P 6,2
10P 5,2
0P 4,2
10D 3,2

Index
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1125
1129
1150
1151
1152

Index
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
11458
1149
1150
1151
1152
1153

Munszell Colour Nomenclature

PURPLE
10P 2.5 /2
10P5/4
100 7 /4
100 6,/4
100 5/4
100 4/4
10D 3 /4
10P 2.5 /4
10D 5/6
10P 7 /6
107 6,6
100 5/6
107 4/6
100 3 /6
107 7/8
1P 6,3
100 5/8
100 4,3
107 3 /8
10P 6,10
10P 5,10
10P 4,10
10P 5,12

RED PURPLE

2.5RP & /2
2.5RP 72
2.5RP 6,2
25RP5/2
2.5RP 4,2
2.5RP 3 /2
2.5RP2.5,2
2.5RP 5 /4
2.5RP 7/4
2.5RP 6/4
2.5RP 54
2.5RP 4 /4
2.5RP 3 /4
2.5RP 2.5 /4
2.5RP & /6
2.5RP 7 /6
2.5RP6 /6
2.5RP 5 /6
2.5RP 4 /6
2.5RP 3 /6
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REED PURPLE

2.5RP 7,3
2.5RDP 65
2.5RDP 5,3
2.5RP4/5
2.5RP 7,/10
2.5RP 6 /10
2.5RP 5,10
2.5RP 4/10
2.5RP 6,12
2.5RP 5,12
5RP 9,1
5RPs /1
5RP 71
5RP 61
5RP 5,1
5RP4/1
5RP 3,1
5RP 2.5/1
5RP 9,2
5RP5,/2
5RP 7,2
5RP 6,2
5RP 5,2
5RP 4,2
5RP 3,2
5RP2.5,2
S5RP S /4
5RP 7/4
5RP 6,4
5RP5/4
5RP4/4
5RP 3/4
5RP 2.5 /4
5RP5/6
5RP 7/6
5RP6/6
5RP5/6
5RP4/6
5RP 3/6
5RP 7 /8
5RP 6,3
5RP5/5
5RP 4,8
5RP 6 /10
S5RP 5,10
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Munzell Colour N omenclature

Index EED PURPLE Index RED PURPLE Index RET PURPLE

1199 S5EP 4 /10 1223 7.5RP 7 /8 1247 10RP 2.5,/2
1200 5RP5/12 1224 7.5RP 6,5 1245 10RT* 5 /4
1201 5RP 4 /12 1225 7.5RP 5,8 1249 10RP 7 /4
1202 7.5RP 0,2 1226 7.5RP 4 /8 1250 10RP 6 /4
1203 7.5RP &,/2 1227 7.5RP 6,10 1251 10RP 5 /4
1204 7.5RP 7,2 1228 7.5RP5/10 1252 10RT 4 /4
1205 7.5RP 6,2 1220 7.5RP 4,10 1253 10RP 3 /4
1206 7.5RP 5,2 1230 7.5RP5/12 1254 10RP 2.5 /4
1207 7.5RP 4,2 1251 7.5RP 4,12 1255 10RP 5/6
1208 7.5RP 5,2 1232 10RP 91 1256 10RP 7 /6
1200 7.5RP 2.5,/2 1233 10RP 51 1257 10RP 6 /6
1210 7.5RP & /4 1234 10RP 71 1258 10RP 5 /6
1211 7.5RP 7 /4 1235 10RP 6,1 1250 10RP 4 /6
1212 7.5RP 6 /4 1236 10RP 51 1260 10RP 3 /6
1213 7.5RP 5 /4 1237 10RP 41 1261 10RP 7 /8
1214 7.5RP 4 /4 1238 10RKP 31 1262 10RP 6,8
1215 7.5RP 3 /4 12539 10RP 251 1263 10K 5/8
1216 7.5RP 2.5 /4 1240 10RP 9,2 1264 10RP 4,8
1217 7.5RP 5/6 1241 10RP 5,2 1265 10RP 6 /10
1218 7.5RP 7 /6 1242 10RP 7,2 1266 10RP 5 /10
1219 7.5RP 6 /6 1243 10RP 6,2 1267 10RP 4 /10
1220 7.5RP 5 /6 1244 10RP 5,2 1265 10RP 5 /12
1221 7.5RP 4 /6 1245 10RP 4,2 1269 10RP 4 /12
1222 7.5RP 3 /6 1244 10RP 3,2
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