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bstract. The random variation in gloss often observed in images
roduced in electrophotographic printers has been examined by an
nalytical technique that combines the capabilities of a microdensi-

ometer with a goniophotometer. The technique is called
icrogoniophotometry and measures both the spatial and the angu-

ar distribution of the specular component of reflected light. The
nalysis provides information about the spatial variation of
pecularly reflected light at all angles through which the specular

ight is reflected, not just at the equal/opposite angle at which gloss
s traditionally measured. The results of this analysis have lead to an
ptical model of the random spatial variation in gloss. The results

ndicate that dry toner is typically not completely fused and can be
escribed as a surface composed of two distinct regions. These two
egions differ in the extent of fusing that has occurred, as mani-
ested by their differences in specular reflectance characteristics.
he difference in reflectance is manifested primarily in their different
ngular distributions of specular light and also in their spatial

requency. © 2007 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:4�293��

NTRODUCTION
bidirectional reflectance distribution function (BRDF) is a

seful way to characterize the angular distribution of specu-
ar light reflected from materials.1–8 Moreover, one would
xpect the BRDF to be a necessary part of a complete in-
trumental characterization of visual attributes of gloss.9 In
ddition to the angular distribution of the specular light, the
patial distribution of the specular light may also play a role
n visual gloss.10,11 As illustrated in Figure 1, gloss in elec-
rophotographic prints is not always spatially uniform. In-
eed, spatial variations in gloss take many forms. Artifacts
uch as streaking and banding are often observed in high
loss prints, and differential gloss involves differences in
loss between bordering regions of different color. The cur-
ent report focuses on gloss granularity, which is the random
loss variation across a printed surface. Gloss granularity is
llustrated in Fig. 1 with samples A and B showing different
egrees of gloss granularity.

Granularity analysis is an analytical technique that
volved during the 20th century to characterize silver halide
hotographic film.12 The typical microdensitometer was an
ptical microscope with a fixed aperture and an electronic
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ight detector. The film sample was scanned under the mi-
roscope and a trace of irradiance versus location was re-
orded. This technique is called microdensitometry. Cur-
ently, a microdensitometry scan may be performed more
asily by a software routine applied to a digital image cap-
ured with a camera and appropriate microscope optics.13,14

everal reports have been published on the application of
icrodensitometry techniques to the analysis of gloss

ranularity.10,11,15 All of these techniques involve detection of
ight at the specular angle (equal/opposite angle) while scan-
ing across the surface of the sample. The current work
xtends this analytical technique to a measurement of the
ntire BRDF (goniophotometry) scanned spatially across the
urface of a printed sample (microdensitometry). This ana-
ytical technique is called microgoniophotometry.

HE MICROGONIOPHOTOMETER
he microgoniophotometer has been described in detail in
revious reports and is summarized in Figure 2.1,2,16–18 The
rint sample is wrapped around a cylinder, and this presents
ll sample angles from −90° to +90° to the camera. The
ample is illuminated with a linear light source placed at an
ngle of 20° from the camera. This places a bright specular
ine at the half angle, �=10° between the camera and the
ource. Two images captured with this system are illustrated
n Figure 3.

As illustrated in Fig. 3, the specular component of the
eflected light maintains its polarization and is observed only

igure 1. Examples of �A� rough and �B� smooth gloss granularity in
lectrophotographic prints produced by two different printers using differ-

nt toners and fusing conditions.
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n the image with parallel polarizers. Both the crossed and
he parallel polarizers capture the same amount of diffuse,
andomly polarized light. The difference image, (A-B) in
igure 4, shows only the specular light.

The horizontal location of each column in the differ-

igure 3. Images captured with the analyzer in front of the camera par-
llel to and perpendicular to the polarization direction of the light source
olarizer.

igure 4. The difference image �A-B� shows only the specularly reflected
ight. The mean, �, and the standard deviation, �, of the specular light is
etermined at each column in the image.

igure 2. Schematic illustration of the microgoniophotometer. A linear
olarizer is placed in front of the line light source, and another polarizer,
alled the analyzer, is in front of the camera.
nce image (A-B) corresponds to a tilt angle, �, on the print a

94
ample. A plot of the mean value versus tilt angle, � vs �, is
bidirectional reflectance distribution function, BRDF. A

lot of the standard deviation versus tilt angle, � vs �, is a
idirectional granularity distribution function, BGDF. (See
igure 5.) It is the granularity of the specular light at each
ngle on the BRDF.

FACET MODEL OF SPECULAR GRANULARITY
ohansson, Béland, and MacGregor have introduced a model
f specular reflection called the microfacet model,10,11 and
he microfacet model has been applied to the problem of
ynthetic scene generation in computer graphics.19 The

icrofacet model assumes the surface that reflects the specu-
ar light can be described as a set of small facets, each at a
andomly tilted angle, as illustrated schematically in
igure 6. The only facets that will deliver light to the camera

igure 5. BRDF of � vs � and BGDF of � vs � generated from Fig. 4.
urves are normalized to 1.00 at the peak value in order make a
omparison.

igure 6. Microfacets of the surface are randomly oriented at different tilt
ngles. If the facet tilt results in an equal/opposite angle between the
amera and the light source, then light enters the camera. Otherwise the
pecular light misses the camera. A piece of shattered automobile win-
ow glass is a macroscopic illustration of bilevel gloss granularity.
re those facets tilted exactly to produces an equal/opposite

J. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
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ngle between the source and the camera. Otherwise the
ight misses the camera. The result would be expected to be
he bilevel image of specular glints, as illustrated in Fig. 6.

The line light source used in the microgoniophotometer
s assumed to be infinite in the direction colinear with the
ylinder so that a facet tilt in the orthogonal direction, �,
lways directs light to the camera. Therefore, the BRDF mea-
ured with the microgoniophotometer should be a direct

easure of the random distribution of facet tilt angles in the
direction. By normalizing the area under the BRDF, � vs

, to unity, the probability density function, P���, for the
andom tilt angles, �, can be formed as shown in Eqs. (1).
he value of P at each angle, �, is a measure of the fraction
f the surface that contains facets at exactly angle �:

K = �
−90

90

����d� and P��� =
����

K
. �1�

Each facet that is at the correct specular angle delivers
ight at irradiance I to the camera. All other facets produce
n irradiance of I=0. The result is irradiance I at the facet
ocation projected onto the camera sensor plane. This bilevel
et of facets should produce an average value and a standard
eviation given by Eqs. (2) and (3). Note from Eq. (1) that

he area under the BRDF (� vs �) is an experimental mea-
ure of the irradiance, I=K,

���� = P��� · I, where I = K , �2�

�2��� = P��� · �1 − P���� · I2. �3�

In order to test the facet model quantitatively, experi-
ental measurements of �2 versus � were carried out for

wenty samples of solid black (single toner) produced by
ifferent printers with different toners and different fusing
onditions on different substrates. Values of P were calcu-
ated from � with Eq. (1), and the data was plotted as �2

ersus P · �1−P�. Figure 7 is an example for a typical solid
lack toner printed by laser EP. The measured values of �2

ere much lower than predicted, and the data do not show
he linearity of Eq. (3). Thus the facet model illustrated in
ig. 6 does not provide a complete, quantitative rationale for

igure 7. Example for a sample of solid black toner printed by a typical
lectrophotographic printer. The solid line is Eq. �3�, and the points are
rom experimental measurements of � and �2 over the range −50° ��

50°.
he measured data.

. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
N EXPANDED FACET MODEL
t is not surprising that the experimentally measured values
f �2 are lower than predicted. Equation (3) is based on the

acets as if they were measured with infinite resolution.
owever, there is no reason to expect the surface facets to be

arge relative to the size of the camera pixels projected onto
he surface. Indeed, if the camera pixels are larger than the
acet size, the camera image will blur the image through a
onvolution with the effective aperture of the camera pixels.
his is illustrated in Figure 8. The effect can be described
uantitatively by modifying Eq. (3) with a blurring factor, k,
s shown in Eq. (4):

�2��� = P��� · �1 − P���� · I2 · k2. �4�

The nonlinearity observed in Fig. 7 requires additional
odification of the facet model. Figure 9 suggests a modifi-

ation based on the microstructure of the facets. Visual in-
pection of the printed samples in specular light indicates
hat the samples have a variety of different microstructures.

oreover, visual inspection of many samples suggests that
he microstructures may be described as a population of two
ypes of surfaces; one with well fused toner and the other
ith more poorly fused toner. This model is illustrated sche-
atically in Figure 10.

These two regions would be expected to contribute to
he overall measured BRDF and granularity of the sample.
his is described in Eqs. (5)–(7), where Pa and Pb are the
robability density functions for the distribution of surface
ilt angles in the two regions illustrated in Fig. 10, �a and �b

re the rms granularity characteristic of the two regions, and
is the fraction of the surface that is region (a). Note that

q. (7) reduces to Eq. (3) for Pa =Pb:

P��� = F · Pa + �1 − F� · Pb , �5�

�2��� = F · �2 · I2 + �1 − F� · �2 · I2, �6�

igure 8. The blurring effect of the camera pixels projected onto the
urface facets.
a b
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2��� = F · Pa · �1 − Pa� · I2 + �1 − F� · Pb · �1 − Pb� · I2. �7�

Equation (7) needs to be adjusted to account for the
perture effect of the camera pixels, as described above.
owever, one might expect the pixel aperture effect, the con-

tant k in Eq. (4), not to be the same for the two regions.
hus we write Eq. (7). Equations (5)–(8) represent an ex-
anded facet model of specular reflections:

�2��� = F · Pa · �1 − Pa� · I2 · ka
2

+ �1 − F� · Pb · �1 − Pb� · I2 · kb
2. �8�

PPLYING THE EXPANDED FACET MODEL
n order to model the BRDF and BGDF, the two individual
DF functions Pa and Pb are needed. These functions were
ssumed to be normal distributions described by Eqs. (9)
nd (10):

Pa��� =
1

sa�2�
e−�2/2sa

2
, �9�

Pb��� =
1

e−�2/2sb
2
. �10�

igure 9. Closeup of the specular band for experimental samples 1 and
.

Figure 10. Schematic illustration of partial fusing of toner.
sb�2�

96
By combining Eqs. (5), (9), and (10), the BRDF can be
odeled by adjusting the parameters, sa, sb, and F to achieve

he best fit with the experimental data. Figure 11 shows the
esult for one of the printed samples. The model parameters

a, sb, and F were adjusted to achieve the minimum rms
eviation from the experimental data.

Equation (8) has two additional parameters, ka and kb,
hat must be adjusted to model the BGDF, � versus �.
igure 12 shows the minimum rms deviation between the
odel and the data, and Figure 13 shows the corresponding

lot of � versus P. The model provides a rationale for the
ignificant deviation from linearity predicted by Eq. (3).

igure 12. � �BRGF� versus angle � for a typical solid black printed by
aser EP. The solid line is experimental data. The dotted line is the model
f Eq. �8� with ka=0.95 and kb=0.20.

igure 13. Example for a sample of solid black toner printed by a typical
aser EP printer. The solid line is Eq. �3�, and the points are from experi-
ental measurements of � and �2 over the range −50° ���50°.

igure 11. P �normalized BRDF� versus angle � for a typical solid black
rinted by laser EP. The solid line is experimental data. The dotted line is

he model of Eqs. �5�, �9�, and �10� with sa=5.1°, sb=12.7°, and
=0.3.
J. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
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PATIAL SIGNIFICANCE OF PARAMETERS ka AND kb
igure 14 illustrates the behavior of three additional samples
f solid black toner printed by different electrophotographic
rinters. The differences in behavior are more easily ob-
erved by plotting � versus P · �1−P�. The solid lines show
he models that best fit the data, and the modeled values of

a, sb, F, ka, and kb are also shown. From an analysis of 15
amples of black toner produced in different printers, this
ehavior appears to be representative of typical electropho-
ographic samples.

The physical meanings of parameters �a, �b, and F are
ndicated in the diagram of Fig. 10. In all cases sa � sb, which
uggests that the range of surface tilt angles in region (a) is
ess than the range of angles in region (b). This is reasonable
f the toner in region (a) is more thoroughly fused than
egion (b). The fraction F in every case is less than 0.5,
hich suggests that there is less of the smooth region (a)

han of the more rough region (b).
The physical meaning of the parameters ka and kb is less

bvious. In every case ka �kb. This suggests the effect of the
ixel aperture convolution with the facet size has more of a
lurring effect in the rough region (b) than in the smooth
egion (a). A possible rationale for this observation may be
hat the rough region (b) is also a higher frequency region.
he low pass filtering effect of the pixel aperture would in-
eed be expected to have a have a larger effect on the higher

requency region (b) than the lower frequency region (a).
hus ka and kb provide spatial information about the gloss
ranularity in addition to the magnitude parameters sa and

b.
As a check of the interpretation of ka and kb as indices

f relative spatial frequency, the (A) image illustrated in
ig. 3 was low-pass filtered with a Gaussian kernel of radius
. Values of R were selected over the range R=0 (no filter-

igure 15. Values of sa, sb, ka, and kb for a printed sample of black toner
nalyzed through low pass filters of radius 0	R	20 �m.

Figure 14. Examples of differences in behavior ob
from different printers. Model parameters for sa, sb,
ng) to R=20 �m. Each image was analyzed to extract ex-

. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
erimental values of � and � as described above, and from
tting the model to each data set, values of the model pa-
ameters were determined as described above. The results
re shown in Figure 15. As one would expect, the smoothing
ernel had only a small effect on the width parameters, sa

nd sb. However, the values of ka and kb declined signifi-
antly, with ka decreasing much more than kb.

ISCUSSION
he behavior shown in Fig. 15 is consistent with the inter-
retation of ka and kb as noise attenuation factors related to

he low pass filtering effect of the effective pixel aperture and
he assumption that facets in the smooth region (a) are
arger (lower frequency) than those in less well fused regions
b). The smaller facets in region (b) are low pass filtered to a
arger extent than those in region (b) by the pixel aperture
ffect, so kb �ka. Further filtering by the added Gaussian
lters lowers both ka and kb, as expected, and they approach

he same values for extreme low-pass filtering �R=20 �m�.
As discussed in a previous report, the width of the

RDF is an inverse index of traditional gloss.13 A narrow
urve correlates with a high gloss reading. In the current
ork, it appears that fused toner can be interpreted in terms
f two spatial regions that differ in the degree of fusing. The
ell fused region has a narrow BRDF, indicated by the value
f sa, and the poorly fused region has a broader BRDF in-
icated by sb. The magnitude of the rms deviation of gloss,
alled gloss granularity, is indicated by the values of ka and

b. As is typical of granularity indices, their magnitude is
ependent on the effective spatial aperture of measurement.
n this case that spatial aperture is the area of a camera pixel
rojected onto the surface. The range of behaviors of ka and

b observed in these experiments indicates that gloss granu-
arity has a significant spatial frequency component that re-

ains to be examined in future research.
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