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ABSTRACT:

Many flat panel displays (FPDs) have amlection surface treatments that differ in character from those
of traditional cathodeay-tube displays. Specular reflection models (milike, producing a distinct image)
combined with diffuse (Lambertian) reflection models can be entirely inadequate to characterize the reflection
properties of such displays. A tlireflection component, called haze, exists between specular and diffuse. Display
metrology should account for the haze component of reflection. That is best done using the bidirectional reflectance
distribution function (BRDF). The effects of using overglified reflectance models are discussed in contrast with a
parameterized BRDF.

INTRODUCTION:

Flat panel displays (FPDs) can have reflection properties that differ substantially from their-cathode
tube (CRT) counterparts. In the case of the CRTn#uessity of the thick front glass prevents strongly diffusing
surface treatments from being used on the front surface. Such treatments, distant from the pixel surface, would
compromise readability. With FPDs the front surface can be very close to gheyniface, permitting surfaces that
substantially diffuse incident | ight without seriously
Take wax paper and hold it aboutrh above some text; compare the readability for that configuraitbrtive
readability when the wax paper is placed directly upon the text.) Therefore, CRTs are often made with very mild
surface treatments to diffuse the specular light, but their surfaces cannot be as diffusing as those that can be used
with some FPDs. Bmuse strongly diffusing surfaces can be used in connection with FPDs, conventional reflection
measurement techniques used to characterize display reflection for CRTs may well prove to be inadequate or, at the
very least, irreproducible when applied toRRHDs.

In this paper, when we refer to diffuse reflectance, we refer to an ideal Lambertian reflector that obeys the
relation:

L =qE=Erg/p, 1)

wherelL is the luminancek: is the illuminanceq = r4/pis the luminance coefficient, ang is thediffuse
(Lambertian) reflectance. That is, the luminance is independent of direction. When we refer to specular reflection,
we mean mirrotike reflection that produces a distinct virtual image of the source where the reflected lunhinance
is related to tb source luminande; by:

L=rsls, (2)
whereris the specular reflectance. A more general way to describe reflection is through the bidirectional
reflectance distribution function (BRDF). It is the differential form of Eq. 1 and will be developed in the next
section. Using the BRB, we can account for the above specular and diffuse (Lambertian) properties, but also
understand a third type of reflection that exists between the two extremes of specular and diffuse (Lambertian)
reflection.

This third component of reflection is quickiiyentified by the eye when it views electronic displays. For
want of a better term we will call it haze (see ASTM E2aad D44497). Haze reflection is similar to diffuse
(Lambertian) reflection in that it depends upon the illuminance (salispday dstance), whereas it is similar to
specular reflection in that the luminance is peaked in the specular direction. InvEghow drawings of the three
types of reflection and their combinations. Using a bare bulb of a flashlight placean2@® more irfront of the
screen, the significant components of the reflection are easily observed and appear distinct from one another. The
diffuse (Lambertian) component is seen as an overall gray, as if it were-grdgniatte paint, slightly brighter
where the sreen is nearest the source and gradually darker near the edges of the display becauséfafidiiir/r
illuminance. The specular (mirrdike) component is the virtual image of the point source seen in the display
surface. The haze component is digtinct fuzzy ball of light that surrounds the specular image. Sometimes the



haze component can be very slight (as with television picture tubes), other times the haze component can be the
dominant reflection component (as with many FPDs found in lapgioppaters).

It is important to realize that not all components of reflection need to be observable. In practice, at least one
of the three coponents must exist (Fida, b, c). Further, any combination of all three components is possible.

There are dispigs that have almost entirely diffuse (Lambertian) surfaces (e.g., white copypgigelLa). There

are displays that have no specular component and have only a haze component with the diffuse (Lambertian)
component being negligible (f@r less than theéze of the haze reflection peak in the specular diredtibiy. 1c).

When the reflection of a point light source is observed in screens having only a haze component, only a fuzzy patch
of light is seen in the specular direction, and no distinct image abilree is observed. There are displays that do

not have a substantial haze component and exhibit only specular and diffuse (Lambertian) reflectibd} (Fig.

Many television CRT picture tubes are of this nature. In all these casesfifimihantirefledion coating can be

added to further reduce the reflections from the front surface of the screen, making the surface of the display appear
quite dark. This is especially true in the case of 1b, 1c, or 1f where the diffuse (Lambertian) component is either
absent or negligible. One way to view the BRDF is to direct a narrow laser beam at the screen and view the reflected
light against a large white card in a dark room. The distribution of the light on the white card is the projection of the
BRDF upon a plane.

The specular and diffuse (Lambertian) components obey the above Egs. 1 and 2. A more elaborate
formalism is required to describe the haze component. When haze is present, the reflection measurement becomes
dependent upon virtually every configurationgraeter of the apparatus and measurement instrumentation (the
distance, orientation, size, and uniformity of the light source; the distance, entrance pupil, field of view, and focus of
the light measuring device; efg.

BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION FORMALISM:

The reflection model offered here is based on the mathematical formalism for the bidirectiodainedle
distribution function (BRDFJ.Only comparatively recently has an effort been made to examine the BRDFs
associated with elewnic display surfaces in order to better characterize display reflééteglecting any
wavelength and polarization dependence, the BRDF is a function of two directions, the direction of the incident light
(g, f; in spherical coordinates) and the direction from which the reflection is obsegvyedit spherical
coordinates). Since not all screens exhibit a wavelength independent reflection and because many liquid crystal
displays (LCDs) and glareeduchg cover screens for CRTs exhibit polarizing properties, care must be exercised in
applying these assumptions. The BRDF relates how any differential element of incident illumitgfroen
direction (g, f;), contributes to a reflected luminandig observed from directiond, f,):

di (4..7,) =B(@.7i.q..7,)dE (. 1) , 3)
whereB(q, fi, ¢, f,) is the BRDF. (In the literature the BRDF is often denotef] byve useB to avoid
complicated subscripts d®ndwictomif u sidusien) Bintggiaking Eqh3eover us e s
all incident directions in space, the luminahggy , /) observed from any directiomy( f,) can be calculated. The
illuminance contributionslE; can be related to luminance sources in the room. For each elenselitgingle
dA /ri? = dW= sing dg dF; there is a source luminantg(q, ;) at a distance from the screen producing
illuminance

dE =L;(g.7;)cosq:dW=L,(q;,f;) cosg; sing dgdf , 4)
where the cosine term accounts for the spreading of the illuminance over a larger lieanclination anglgfrom
the normal increases.

Methods for obtaining the BRDF are well documerftéMost often, a collimated beam of light of radiant
flux F;is allowed to be incident upon the sample from directpn£). The radiant flu¥, scattered into a
direction (g, f,) and into a solid angle/(the detector) is measured. The BRDF is then approximately
B =F/(Fiucosg). Generally, both the source and detector cannot be along the normal at the same time since one
obscures the otheln practice, the detector is placed a few degrgesf normal, and the peak reflection is observed
when the source ig on the other side of normal.

We can capture these three types of reflection explicitly with the BRDF formalism in terms of three
additive components

B=D+S+H, (5)
where the components are defifad:

0 |



D=q=ry4/p,
S=2rd(sin’g, - sin®g)d(7, - f; ° p), (6)

H= H(qiafivCIrvfr)-

In the specular term the delta functions provide for a miikerdistinct virtual image ofhe source in the viewed
reflection? When we integrate this thre®@mponent BRDF over all incident illumination directions by combining
Egs. 36, the reflected luminance is given by

20 pl2

Lr(qr’fr) = qE + rsLs(qnfr op) + ﬁ ﬁ*(‘% vfi 1L7r’fr)|-i (ql 1fi)COS@i)d\N (7)

0 O
The first term on the right hand side of Eq. 7 is the familiar Lambertian reflection &lethe total illuminance
from all directions. The second term is the familiar specular reflection where the specificatjpif,afd) simply
selects the lighfrom the viewing directiond; ,f,) reflected about the normal-éis), i.e., the specular direction
associated with the viewingréction. The last term is the haze contribution. See Fig. 2 for an example of a BRDF
taken for the case of Figg’ The utimate goal of this research is to provide simple methods to obtain a
parameterization for the BRDF. Two of those parameters are already fantii@diffuse (Lambertian) reflectance
rqand the specular reflectancg We would expect the haze componenbé specified by a pedk a widthw at
some level, and perhaps several shape paranseter6 , et c. The realization of this
calculate the reflected luminance observed for a display placed in any afigfieativironment.

Display reflections allow us to take advantage of some simplifications: Most displays are viewed from the
normal or nearly normal direction, and the range of angles to observe the entire screen from the normal position is
usually less than £30°. It will afh be found that the shape of the BRDF does not change dramatically over this
viewing-angle range. Thus, a reduced BRB(g , ;) * B(q, fi, 0, 0) is adequate for most reflection
characterizations, and we c¢ an weacanoaiteB(¢h £)* B(q,lFs0cO).if pt AT 0 i |
the BRDF is seen to be axially symmetrical about the specular direction then the BRDF is indepefident of
B(g, f) =B(g). An example of such an4plane BRDF is shown in Fi@. In Fig.3 we show a@mparison of
different observation directions for-plane BRDFs obtained using a display for which there is only arnoal
haze component of reflection. An illustration of the invariability of the BRDF over the entire viewing surface of the
display isfound in Fig.4.

The axial symmetry of the BRDF is one simplification that we are not always able to make for all displays.
Because of the pixel matrix structure beneath the front surface, spikes may be observed extending out of the central
BRDF profile(see Fig5). Such measurements are highly 4tiivial. Figure5 suggests a method to obtain the
BRDF by taking a picture of the reflectance of a point light source using a calibrated electronic camera, and
determining the needed profiles from an analgéithe picture. However, with this procedure, the measurement
might be corrupted by veiling glare from the camlerssdetector system.

In Fig. 6 we show a comparison between several different types of CRT and FPD displays. (AR refers to a
multi-layer ani-reflection coating.) You will note that the CRTs have a specular component that is roughly a factor
of ten greater than the maximum haze peak observed for the FPDs. The width of the specular component is
indicative of the resolution of the apparatus ug#il5°). Observe that there are two BRDFs shown for FPD2 for the
horizontal and the vertical plane. The pattern observed is very much like that showrbinTiig.vertical BRDF for
FPD2 indicates that this display is almost a factor of ten lower iectafice than the other displays for sources at
large angles from the direction of the observer. Indeed, the blackness of this display is impressive even in a bright
room. Note also that for the FPDs, the haze peaks appear relatively flat over a +Qgéraelzion about the
specular direction, or so it would seem. This is on a log scale. However, on a linear scale a substantial change is
observed over £0.5° from the specular direction (se€e7ig.

CONVENTIONAL REFLECTION MEASUREMENTS:
There are thregypes of reflection measurements commonly employed for electronic displaysstange
diffuse measurements, largeurce specular measurements, and ssaaifce specular measureméntee Fig8.

Letds calculate the | umi usiagthe érmmmeEgrsiodoiagthisfwe willctemtabke ap par a
advantage of the fact that for small angles, the sine and tangent are approximately equal to the angle in radians.

LARGE-SOURCE DIFFUSE MEASUREMENT: Here we have two uniform lamps each haviagitan
port of diameter (radiusr = a/2 having a subtense gf from the screen, typically 15°) placed agftypically 30°
or more) on each side of the normal. The detector views the center of the screen from the normal direction. From



Eq.7 the luminane arises from two factors, the illuminare 2Lw= 2Lgpr?/d? from the lamps, and an
integration of the haze over the surface of the lamps:

e 2

L=2Lsérq r_2 + N Hf) cosgsingdg
g d ExitPort

The first term is the luminance from the diffuse (Lambertian) component. The geconid the contribution from

the haze. Note, in Fi§ how much the haze can vary over the surface of the lagg2)£or our two FPDs. To

obtain an order of magnitude estimate of the haze term we cai(g¥eos(q)pr?/d>. The approximate expression

for the luminance then become8 2Ls?[ ry + pH(g)cos(g)]. This expression is identical to the expression for the

luminance if we permit the diameter of the exit ports of lamps to decrease to 1° so that they can be considered as

single sources with soliangle w= pr2/d22each; then we obtain:

— r S
L= 2Lsd_zgrd + PH(Gy) Cosqs'é’, (small sources) 9)

: (8)

[ecg el ]

which is very sensitive to the angle associated with the haze contribution. thvirégsee that at 30° the haze

contributes on the order of 0.007 to the diffusanibertian) term that may be from 0.01 to 0.025 for CRTs and

much less (0.001) for many FPDs. The rapid change in the haze reflectance with angle shows why this measurement
is sensitive to the angular alignment of the lamps.

LARGE-SOURCE SPECULAR MEASURHEENT: In this case we look in the specular direction at one of
the largediameter sources used in the lasgeirce diffuse measurement (again, typicgily 15° andgsis often set
at 15°). Equation? becomes:

_ e r2 al2=r1
L= Lsgrdd_2+ I +2pra

‘ H (g) cosgsing dqg. (20)

Y
Here, the main contribution for displays is from the specular component and the haze component (where we are
integrating around the peak of the haze). If we werexaonine only the haze profiles, such as in Fig. 7, we might
think that since the haze functions are very small at 7.5° and beyond (the typical half angle of the lamp subtense
from the screen), that this integral would be relatively insensitive to thergizeosition of the light source.
However, when we look at the integrand, we see the effect of the increase in solid angle with ingifeasing
incrementdgd see Fig. 10. Significant errors can be introduced by a change in position, distance, and uniformity of
the lamp used because of the haze contribution. For example, if the subtense of the lamp were to change from 14° to
16° (half an¢g 7° to 8° in Fig. 10), the haze contribution in E§.would change by %.

SMALL-SOURCE SPECULAR MEASUREMENT: This is the same configuration as the $agee
specular measurement with the diameter of the source subtending approximately 1°sovikassdifrom the
screen. The source has a solid angtepr?/d?, and the luminance is:

e 2 a
L=QE+rsLg+hE=(q+hE+rLs = L[(@+hw+ rg]=Ldrq +ph)# +rg 0, (11)
8 g

whereh is the peak of the haze profile. Note thahas on the order of 16r" and the diffuse (Lambertian)

reflectance is rarely higher than 0.05, the diffuse term is negligible int®iargesource and sma#iource

specular measurements. Note also how the contribution of the haze depends upon the illuminance as does the diffuse

(Lambertian) term. The difference between the laagerce and smaflource measurements is primarily geent

of the contribution of haze. It is because the diffuse (Lambertian) component is generally not an important factor in

Egs.10 and 11 that these three measurements can give similar results for displays that look very different to the eye.
Consider [§s.10 and 11. Their difference lies in how much of the width of the haze peak is used. If the

haze were not present, they would give the same result. We have essentially three variables (at least) and two

specular measurements. The three variables (thenmin number) are the haze pdglthe haze widthv, and the

specular reflectance,. The largesource specular measurement is sensitive to all three variables, whereas the small

source specular measurement is sensitive only to the specular and the haze peak. We can, therefore, get the same

measurements for different looking displaygeieding upon how these components mix. Adding the isogece

diffuse measurement does not alleviate the problem since it adds another variable, the diffuse (Lambertian)

reflectancesy. We then have a total of four variables (at a minimum) and threeune@asnts. This results in the

undesirable situation that reflection properties are not sufficiently defined by these measurements to distinguish



displays that can appear very different to the eye. Figlighows two hypothetical displays that would appeay
different to the eye in how they reflect light. However, the measured reflected luminance would be the same using
the above three techniques. The specular term shown here is related to the specular reflestang&/byherew

is the solid angle of the entrance pupil of the detector as viewed from the screen.

POSSIBLE ALTERNATIVES:

Alternative procedures are currently under investigation. These alternative methods are suggested
prematurely in order to promote thavestigation rather than to definitively prescribe a fully tested metrology for
display reflection. Their weaknesses need to be characterized, and their sources of error need to be understood.

These procedures are intended to extract the paramssecated with the BRDF model. The diffuse
(Lambertian) parameter would be considered to be the asymptotic lower level the BRDF reaches as the light source
is rotated away from the normal as in Fi§. This would most likely result from a nonlinear cufitéo the BRDF
profile in the cases where a clearly defined plateau is not identifiable at large angles.

The haze peak and specular reflectance might be obtained by observing the reflectance of a distant
illuminated annulus subtending 1° or less fromdteplayd see Figl13. The specular reflectance might be obtained
by subtracting the value of the center of the annulus from the average of the value of the lighted portion and
compare the result to the luminance of the source annulus. Unfortunatelyndtadens system will need to be
corrected for an accurate hazeak measurement. It may be possible to do this by directly viewing the annulus
where it subtends the same angular size as that observed in the reflection. With FPDs that can be agtielbgd sim
using a mirror or black glass (appropriately calibrated) at the surface of the display.

The shape of the haze profile may be obtained either from-ditwensional picture (with corrections for
glare), or single measurements of the reflectanegds angles. For example, once the haze peak is obtained from
the annulus apparatus, it may be only necessary to obtain the angle at which the reflectance is 1/10 the value of the
haze peak, or at a few other points, in order to characterize the shhpéaté profile adequately. Exactly what
will be required remains to be determined. Currently the functions that we have been using to fit the haze profiles
are of two forms:

e 1. [}
H(g) = h , or H(g)=hé 1-b + b u, (12)
n m Z n n-s
1+[g/w[" +Hg/u| gl+lg/wl" 1+|g/ul Y
The widthsw andu are often very narrow in this formulation.
The profiles shown in Figl have been fit with thert = a-[:r?":;rl. Refleclt:aglgi Parametelr:sPE)rZEPDs
function (see Table 1). (Note that these fitting parameters & rE (measured 120 159
for illustration purposes only and do not constitute an accurate 5 4'50 0 73'10
measurement of reflection.) It is hoped that more useful w 1 17 1 =6
functions can be developed that will provide precise n . .
assignment othe parameters. As it is with these functions, b 0'12} 5'770
there is great latitude in determining the best values for the u 1.20 2.47
parameters associated with théactor. m 2.90 2.42
g (measured 0.00062 0.00065

CONCLUSION:

When we consider the standard measurement techniques in light of the mathematicatiforwiutiae
BRDF, we find that those measurements fail to identify the parameters necessary to describe the BRDF. Rather, they
tend to be measurements that mix the three components together in ways that do not readily permit the extraction of
the functionaform of the reflection. We desire to develop simple measurement techniques that will obtain the
parameters associated with a mathematical specification of the BRDF. The realization of this goal will provide a
means to calculate the reflected luminanceeoked for a display placed in any ambikgitt environment. Also,
when we consider an ergonomic study of the reflection of display surfaces, we want to have a metrology at our
disposal that relates to what we see and provides discriminating detadlasioaably fundamental level. Only when
we can specify the mathematically relevant reflection paran@etbesdiffuse (Lambertian) reflectancg the
specular (mirrofike) reflectancers, the haze pealk, haze widthw, and any haze shape parametafyb(é ) can we
say that we have unambiguously described reflection in a meaningful and predicable manner. Then the ergonomist
can make distinguishing evaluations that are reproducible and relevant to what the eye sees, and then we will have a
fully meaningful netrology with which to evaluate display reflection quality.



a)B=D l b)B=S I c)B=H
dB=D+S I

Fig. 1. lllustration of the three types of reflection foundnodern electronic displays. B refers to the BRDF tl
can have a diffuse (Lambertian) component, D, a milike specular component that produces a distinct ime
S, and a haze component, H. At least one component must exist. There are four comsluhttethree

components. Any or all of the three components can exist nontrivially, or one component can dominate v
other two components make a trivial contribution to the reflection (as in the case of the first three illustrat
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BRDF for 3° Specular Configuration (sr '1)
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Fig. 2. An in-plane BRDF of a sample material having all threenpmnents of reflection contributing non
trivially. The graph on the right is the same data using a log scale on the abscissa. We plotdtheajues at

g = 0.01° so that they are visible on the graph. The negative g values are plotted as positiverhalukeda were
collected with the detector at 3° using a point light source. The angle specifies the position of the light sou
measured from the specular direction {&° from the normal) for which the angle is seggte 0°.



BRDF (1/sr)
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Fig. 4. For many displays, the image of the source appears to have approximately th
shape as viewed at positions all over the screen from a single observation point neal
normal.



Fig. 5. A display BRDF that is not symmetrical about the normal.
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BRDF (1/sr)
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Fig. 6. Comparisons of iplane BRDFs for CRTs and FPDs. The data for the FPDs employe
apparatus with a 0.2° detector aperture. Both FPDs are LCDs.
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BRDF (1/sr)
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Fig. 7. BRDF of FPD1 and FPD2H showing that the value of the BRDF can change

substantially over even 0.5°.
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Small-Source Specular

Large-Source

Diffuse
Large-Source Specular

Fig. 8. Common reflection measurement configurations.
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BRDF (sr ™)
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Fig. 9. BRDFs off normal for two FPD surfaces.
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Fig. 10. Integrand for largesource specular contribution from haze using the data for FPD1.
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BRDF (sr'})
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Fig. 11. Two BRDFs that could produce the same measurement results using conventional technique
Howeverthe displays would appear very different to the eye if a point source were observed in the re
as in the above images.
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Source

Detector

Fig. 12. The diffuse (Lamdrtian) term, if nortrivial, will be indicated by the haze asymptotically reaching a constant as the angle of the light sourc
the normal increases toward 90°. Note that the detector would have to measure the entirety of the elongated illuean&tearise, the detector

would have to measure within the illuminated area, correct the reading withgléanad the illumination would have to be very uniform over its eross

section.
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Fig. 13. The haze peak added to the diffuse component may be observable at the center of an annuluiitheritly small. The specular
component would be obtained with the same apparatus by subtracting off the haze peak and the diffuse component maidteyapzofions for
glare.
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