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ABSTRAC~ I f  r~lected illumination is used to measure residual ink 
particles in sheets of  recycledpap~ care must be taken to avoid 
artifactsj~om nonuniform surface rfflectance. An image analysis 
instrument has been designed to measure these particles reliably and 
easily. The ink particles on one side of a sheet may be significantly 
larger or more numerous than on the other side, as demonstrated in 
some examples. 
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C leanliness and shade are two ap- 
pearance attributes influencing 

the marketability of recycled paper. 
Any specks of residual ink too small to 
be seen with the naked eye could still 
influence the shade of the sheet. In 
principle, one might want to control 
the deinking process completely from 
these two visible attributes; however, 
some may find greater insight from 
the direct measurement of changes in 
the particle-size histogram. Laborato- 
ries in the paper industry have been 
using a variety of image analysis pro- 
cedures to measure the histogram of 
residual ink with no procedural con- 
sensus in sight (1-9). Since there seems 
to be a need for an image analysis 
measurement of the residual ink his- 
togram, we considered some of the 

problems and looked for ways around 
some of the predictable artifacts. We 
were looking for a configuration that 
could measure subvisible specks down 
to a diameter of 10 microns with high 
fidelity, reasonable speed and ease of 
use, and no hardware adjustments for 
the user. 

The measurement of subvisible re- 
sidual ink specks differs in several 
ways from the measurement of clean- 
liness with a standard dirt count. The 
standard dirt count needs some means 
to balance the visual impact of differ- 
ent colored specks, and this calls for a 
visual means or a close emulation of 
visual processes (10). The physical size 
of the residual ink specks, rather than 
their psychophysical impact, is of in- 
terest. Secondly, dirt counting is per- 
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formed at such a low magnification 
that the reflectance variations associ- 
ated with the formation require ac- 
commodation in the detection scheme 
(10). At the much higher magnifica- 
tion of ink speck measurement, the 
entire field ofviewwill be smaller than 
most flocs. This calls for a different 
detection algorithm. 

In spite of these differences, it would 
be helpful if dirt counting and residual 
ink measurement had enough in com- 
mon that one histogram could be ap- 
pended to the other. For this reason 
and others, we maintained the re- 
flected light format of the standard 
dirt count. Wet and oil-impregnated 
samples can be messy to work with 
and may provide a random lens dis- 
tortion to the image of internal specks. 
Reflected light can be used on a wide 
range of specimens, including some 
specimens for which light transmis- 
sion through a dry sheet is compli- 
cated by formation effects. In spite of 
these relative advantages, ink mea- 
surement with reflected light is not 
free of complications and potential ar- 
tifacts. 

Potential artifacts 
with reflected-light imaging 

The first step in the image analysis of 
residual ink specks is the automatic 
recognition of an ink speck as an im- 
age region of appropriate size or shape 
that is darker than its surroundings. 
Ideally, the background will be at a 



1. '~Nindows" in a sheet with a dark backing (left) are the right size and contrast to be counted as 
residual ink, but on the side of the micrograph with a white backing (right), the black specks are gone, 

single reflectance level and will be much 
lighter than the ink. If the background 
varies too much from point to point, 
the smaller ink specks will be detected 
only at advantageous locations. Fur- 
thermore, deep enough shadows of the 
right dimensions could be detected as 
spurious ink. 

One form of artifact that is easily 
avoided is the '~vindow." A window is a 
locally transparent region where the 
sheet is thin and the bonding is high. 
Windows show up as black spots un- 
less the sheet has a light backing. 
Bonded areas between fibers do not 
scatter light. Because of their origin in 
bonding, windows are of comparable 
dimension to a fiber width and will be 
easily mistaken for ink specks in the 
20-micron to 40-micron range. Figure 
1 shows a handsheet illuminated at 45 ° 
with a white backing behind part of 
the field of view. Windows are clearly 
visible where the backing is black. 

A second easily eliminated form of 
artifact is the macrointerference that 
can be formed when a sheet surface is 
covered by a cover glass and illumi- 
nated at glancing angles (11). 

This can be reduced by the use of 
lower-angle illumination or eliminated 
by removing the cover glass. 

Another artifact in the 20-micron to 
70-micron range is shadowing at sur- 

face voids. Figure 2 illustrates the for- 
mation of a shadow cast with glancing- 
angle collimated light. Such shadowing 
is the basis of some surface roughness 
testers (12, 13). It is much less pro- 
nounced when the illumination is more 
vertical. 

Contributions to a nonuniform 
image background 

Higher magnification with reasonable 
fidelity usually requires that the lens 
move closer to the object than at lower 
magnification. As illustrated in Fig. 3, 
the lens itself can limit the available 
range of illumination angles. There are 
some hot spots or shadows at any single 
angle of collimated illumination, but 
the degree of complication increases 
at higher angles from the normal. 

At low angles, near perpendicular 
illumination, the flat tops of fibers can 
return gloss peaks as illustrated in Fig. 
4. At slightly higher angles, hot spots 
in the leading edges of some fibers 
show from another source of specnlar 
reflection. Above 45 ° a third kind of 
hot spot becomes important. We call 
this one fiber "light-up," because whole 
fiber segments become brightened by 
light that reflects around the inside of 
the fiber. 

Using a Zeiss Tessovar lens and 
fiber-optic illumination as shown in Fig. 
5, the same spot on a handsheet was 
photographed with different illumina- 
tion. The handsheet was made from 
recycled fiber. Figure 6a was taken 
with the illumination at 40 ° , and the 
only significant background variation 
is in the bright spots from gloss. Fig- 
ure 6b, taken at 45 °, shows some lead- 
ing-edge gloss spots and very few 
shadows. Figure 6c, taken at 50 °, shows 
more shadows and the beginning of 
fiber light-up. Figure 6d, taken at 60 °, 
shows pronounced shadowing and 
light-up. By an angle of 70 ° to 80 ° in 
Figs. 6e and 6f, the shadowing and 
light-up have become so pronounced 
that most of the ink specks have be- 
come obscured to our own vision! 

To quantify the effect of illumina- 
tion angle on background uniformity, 
the camera-back on the Tessovar was 
replaced with a digital CCD video cam- 
era, which fed the video image into an 
image analyzer working on a 512 x 512 
pixel array of eight-bit intensity. The co- 
efficient of variation (COV) of the pixel 
intensity was calculated for each image. 

Surface roughness provides some 
variation at glancing angles. Except 
for some fiber roughening, coated pa- 
per provides relatively little opportu- 
nity for shadowing or light-up, as shown 
in Fig. 7. The coefficient of variation is 
about 5% at lower angles and rises 
gradually in the 70 ° region toward 10%. 
An uncoated fine paper was compa- 
rable to the coated paper at low angles, 
but its COV rose gradually above 45 ° 
to about 50% at 85 °. The COV of news- 
print begins at a minimum of 10% and 
also rises to a maximum of about 50%, 
as shown in Fig. 8. The glossy side of a 
handsheet produces an angular varia- 
tion similar to newsprint, but the matte 
side of the handsheet diverges as high 
as 70% at 85 ° . 

The coefficient of variation data 
quantify what is apparent in the mi- 
crographs of Fig. 6. Uncoated paper 
illuminated at a high angle can pro- 
duce a very nonuniform background 
with variations of 20-70%, and these 
variations can obscure the detection of 
the residual ink. These problems, how- 
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2. Oblique collimated light can cast dark shadows on the surface of 
uncoated paper. 

i 
3. At higher magnification, lenses usually must come close to the surface 
of the paper. This may limit the available angles of illumination. 

L e n s  
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Paper 

4. Nearly perpendicular illumination returns gloss from the fiber sur- 
face; higher angles can return gloss from fiber edges or may permit a 
fiber to "light up" with diffuse reflectance. 

Gloss from flat top 
of a fiber 

Gloss from leading 
edge of a fiber 
above the surface 

Fiber "light-up" 
Light enters the fiber, 
reflects inside, and 
exits all along 
the fiber wall 

5. The apparatus used to measure the angular variations in reflec- 
tance pattern. 
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ever, stem from the use of collimated 
light. If light falls diffusely upon the 
surface from many angles, then the 
shadows are filled in and all fibers have 
an opportunity to light up. The reduc- 
tion in shadows under diffuse lighting 
is illustrated in Fig. 9. 

Diffuse illumination from an inte- 
grating sphere can provide such an 
even background that we have mea- 
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sured an average COV of only about 
2% on the surface image of newsprint 
or fine paper and only twice that for 
handsheets. Figure 10 shows a field of 
view about two millimeters wide pho- 
tographed with the illumination sys- 
tem of the commercial instrument to 
be called the Paprican InkScanner. The 
background is more uniform than in 
any view of Fig. 6. 

Ink behind surface fibers 

A very uniform background permits 
the use of a low-contrast threshold for 
particle detection without detecting 
shadows. A low-contrast threshold is 
useful because a single layer of fibers 
is not quite opaque enough to obscure 
a large black speck behind it. If a bold 
ink speck is partially occluded by a 



i 

6. The same view of residual ink in a handsheet illuminated at (a) 40 °, (b) 45 °, (c) 50 °, (d) 60 °, (e) 70 °, and (f) 80 °. With oblique illumination the 
background variations in reflectance obscure our view of the ink. 

surface fiber, that fiber will appear 
gray rather than white where it passes 
over the ink. Both Fig. 6 and Fig. 10 
have been chosen to contain examples 
of this. Such particles can be detected 
as complete units if the contrast 
threshold can be set low enough. How- 
ever, a speck must provide a wide 
enough backing to the surface fiber if 
that fiber's reflectance is to be low- 
ered sufficiently. If the fiber segment 
is not completely backed by black, 
enough light will scatter into the back 
of the fiber from its immediate neigh- 
bors to keep the fiber light. A small 

speck completely covered by a surface 
fiber will usually escape detection. 

Design features 
of the InkScanner 

A field of view 2.7 mm 2 is illuminated 
via an integrating sphere from a very 
stable solid-state lamp. The wave- 
length has been chosen to maximize 
the contrast with the sensitivity pro- 
file of the digital camera. A digital 
camera with 512 x 512 independent 
pixels captures the image to an 80386- 
based dedicated computer. Each field 

of view can be processed in less than 
two seconds. All camera adjustments 
and focus are fixed in the factory, but 
digitization parameters are adjustable 
with software. 

A pneumatic cylinder presses the 
specimen at constant force against a 
3-ram-diameter aperture. This is the 
only moving part in the system. The 
aperture is small enough that the speci- 
men will remain flat across the field of 
view without the use of a cover glass. 
As noted above, a cover glass can be 
the source of artifacts. 
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eck Anat sis 
7. The measured coefficient of variation of the surface reflectance of a 
coated and an uncoated fine paper as a function of illumination angle 
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8. The measured COV of the surface reflectance of a newsprint sheet 
and a handsheet as a function of illumination angle. A high COV can 
frustrate the automatic detection of the real ink specks. 
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9. Diffuse illumination can remove most of 
the shadows. 

Shadowing when collimated 

10. A micrograph of residual ink in a handsheet illuminated diffusely. The field of v iew is 2 mm 
wide. 

No shadows when light is 

The center-surround detection al- 
gorithm needed for dirt detection (10) 
is not needed here because emulation 
of the visual process is no longer 
needed and because the 2.7-ram ~ field 
of view is small in comparison to the 
formation variations corrected by that 
algorithm. The average reflectance 
within a field of view, however, may 
vary from position to position on the 
sheet. Some form of field-to-field ad- 
justment of the detection threshold is 
needed. In this system, we generate a 
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grey-level histogram of each field of 
view and set the threshold based on 
the shape of that histogram. 

Presentation of data 

The final form of data presentation 
and the most useful parameters of the 
distribution are yet to be determined 
in light of feedback from a users' group 
and applications research at Paprican. 
It is neither difficult nor time consum- 
ing to measure a population of a few 

thousand features on a sample. The 
mean extracted from such a popula- 
tion should be very precisely estab- 
lished, but the mean may be overly 
sensitive to the likelihood of sampling 
the occasional feature of extraordinary 
size. It has been convenient to display 
histograms of the common log of the 
count versus particle diameter. This 
compresses the hundredfold difference 
between the number of tiny particles 
and the number of marginally visible 
particles. 



i 

11. The measured histogram of residual ink particles in a fine paper, a 12. The measured histogram of carbon black particles in handsheets 
newsprint, and a handsheet sampled before and after a laboratory flotation deinking 
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L Residual ink histogram statistics 

Sample Fields Count 

Mean 
diameter, Percent 
microns coverage 

Fine paper 
Side 1 130 1026 
Side 2 130 2531 

Handsheet 
Glossy 100 3372 
MaRe 100 3165 

Newsprint 
Side I 70 2020 
Side 2 70 1465 

Brightness 
pad before 
flotation 

Glossy 100 1994 
Matte 100 2451 

Brightness 
pad after 
flotation 

Glossy 100 221 
Matte 100 215 

19.7 0.06 
17.4 0.10 

29.1 0.87 
40.9 2.14 

22.4 0.23 
24.0 0.21 

33.6 0.74 
38.0 1.2 

16.0 0.01 
14.2 0.01 

Examples of residual ink 
histograms 

A few sample histograms are shown 
here to illustrate the technique. The 
residual ink histogram for three pa- 
per sheets is shown in Fig. 11. The 
first is a fine paper made with deinked 
fiber, the second a newsprint made 
from deinked fiber, and the third is a 

handsheet made from a newsprint fur- 
nish mixed at 10% consistency with 
1.5% offset ink paste. All three exhibit 
high counts for the tiniest ink specks, 
and the two commercial papers ex- 
hibit almost an exponential decrease 
in residual ink particle size right up to 
a vanishing point at a diameter of 120 
microns. While the others continue to 
diminish exponentially, the histogram 

of the handsheet remains high from 
60 microns to above 150 microns. This 
extra population of dirt extends into 
the range of easily visible features. 
This handsheet looks much dirtier than 
the corresponding newsprint. 

As another example, we show in 
Fig. 12 the histogram of a brightness 
pad from the same pulp as the 
handsheet. Brightness pads were 
sampled before and after a laboratory 
flotation deinking process. Some 
sidedness is evident. The sheet-form- 
ing process appears to be filtering the 
ink differently in the handsheet than 
in the brightness pad. Flotation has 
removed a greater fraction of the 
larger particles. About 15% of the 10- 
micron particles remain after deink- 
ing, but only 2% of the 50-micron 
particles remain and even fewer of the 
larger particles remain. 

Some sidedness is resolvable in 
most of the sheets. The sidedness may 
be in the fractional coverage, the par- 
ticle count, or the particle size, as 
shown in Table I. In the fine paper, 
the side with twice the coverage merely 
had twice the count of comparably 
sized particles. In the newsprint, one 
side contains a quarter fewer particles 
without loss of coverage because the 
lost particles are mostly tiny ones. The 
matte side of the '%efore flotation" 
handsheet contains more ink; there 
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are more particles and they are larger. 
However, no sidedness is evident af- 
ter flotation in this experiment. 

Summary 

Diffuse reflectance imaging can pro- 
vide adequate spatial and photometric 
resolution to measure residual ink par- 
tides on the surface of paper to a mini- 
mum diameter of 10 microns. An 
instrument has been described utiliz- 
ing this kind of illumination. Because 
it is sensitive to ink particles on the 
surface of the sheet, it can distinguish 
sidedness factors readily. This instru- 
ment is designed to count a statisti- 
cally meaningful particle histogram 
quickly and easily. [] 
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