








Figure 4 Generation of streaks a) The target profiles for relative grammage g(x)
[dimensionless], floc diameter d(x) [mm], and number of fibers per floc [dimensionless]
control the size and number and density of flocs to be deposited randomly; b) An
early (4 g/m2) phase of floc deposition shows how different kinds of flocs start to
aggregate at different CD positions; c) The mean grammage gsm(x) [g/m2] and
standard deviation σ(x) [g/m2] profiles for the final basis weight map of mean

grammage 40 g/m2.
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VALIDATION OF THE THEORETICAL APPROACH USING
SIMULATED STREAKS

Decomposing streaks into grammage and formation components In order to
verify the usefulness of Equations 16 and 17 for decomposing C-LE maps
into contributions from the mean grammage profile and the local stochastic
scale variations, a set of simulations were performed. To achieve reasonable
statistical certainty, a large number of samples were analyzed for each
experimental point. Table 1 summarizes details of our simulations.

Figure 5 shows the analysis of simulated grammage maps having either a

Figure 5 a) Mean grammage streak; b) formation (floc size) streak. From top to
bottom: grammage map; mean grammage profile; composite local energy map
〈ρ(a,b)〉dadb, cf. Eq. (6); and composite normalized stochastic local energy map
〈ρg

N(a,b)〉dadb, cf. Eq. (17). It is evident that the effect of mean grammage profile is
effectively removed using CNSLE map without influencing energy distribution related

to floc size variation.
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grammage streak, cf. Figure 5a, or a floc size streak, cf. Figure 5b. The mean
grammage was 40 g/m2in both of these cases. The elementary flocs in this case
had diameter of two fiber lengths, i.e., d = 6.6 mm. The basis weight of the
grammage streak was 75% of the basis weight outside the streak. The 50 mm
wide streak was positioned at the center (x = 102.4 mm), and is clearly visible
in the grammage map shown in Figure 5a. The mean grammage profile of the
data set, calculated from 10 samples is shown below the grammage map. The
C-LE map of this data set, shown in the center, plots the scale as a function
of position across the image. The effects of the grammage streak are clearly
evident. A generally uniform spectral concentration, with peak at 110 mm, is
disrupted in the center with a node in excess of 200 mm and a decrease in
spectral density at finer scales. In the bottom Figure the CNS-LE map is
shown. It is evident that any artifacts attributable to decreased grammage
within the streak are absent, and the energy band is continuous through the
position axis.

In the grammage map with the formation streak, shown in Figure 5b, the
streak is much less apparent. Upon close inspection, one may notice coarser,
“cloudier” flocs in the center, bracketed by finer flocs on either side. This
image has a relatively flat grammage profile. In the C-LE map there is a shift
of energy from lower wave-lengths to higher wavelengths. However, this type
of streak does not influence the wavelengths between 0.1 mm and 1 mm. The
CNS-LE map for the formation streak looks identical to the C-LE map.
There only occurs a removal of energies related to small local mean gram-
mage peak located at x ≈ 125 mm. These two examples clearly demonstrate
that the CNS-LE map has the ability of negating effects resulting from a non-
uniform mean grammage profile.

To explore this hypothesis under more demanding situations, we simulated,
within the same image, overlapping mean grammage and floc size streaks, as
shown in Figure 6. The target profiles of grammage, g(x) , and floc diameter
d(x), respectively, are shown in the top graph of that figure. Zones 1 through
9 identify positions where the streaks exist individually, where they are com-
bined, and where transitions occur. The grammage map directly below
reflects the intent of the applied profiles. At first glance, it is difficult to see the
two different, overlapping streaks. However, the effect of the formation
streak, in the form of cloudier, more diffuse flocs may be seen to the immedi-
ate right of the darker grammage streak. The C-LE map shown just below the
grammage map has an interesting pattern, where the effects of the streaks on
the spectral energy are evident, but not easily interpreted. To determine the
validity of Equation 16 we separated the C-LE map into the static compon-
ent, shown as the SMP-LE map in Figure 6b, and the stochastic component
as the CS-LE map in Figure 6c. For the static component, (Figure 6b) the
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Figure 6 Overlapping grammage and formation streaks. a) From top to bottom:
target grammage profile (solid line), floc diameter profile (dotted line); grammage map
and composite local energy map 〈ρ(a,b)〉dadb; b) Static Component, target profiles and
static mean profile local energy map ρh(a,b)dadb; c) Stochastic Component, target
profiles, composite stochastic local energy map 〈ρg(a,b)〉dadb, and composite normalized

local energy map 〈ρg
N(a,b)〉dadb.
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long-wavelength energy band defines the boundaries of the grammage streak
occupying zones 2 through 6. For the stochastic component (Figure 6c), the
intermediate CS-LE spectrum (top) and the more useful normalized CNS-LE
map (bottom) are shown. The latter energy map shows the influence of the
formation streak, with the effects of the grammage streak removed. A com-
parison of the lowest Static and Stochastic spectral plots reveals that a clean
separation of the spectral responses of the two types of streaks was success-
fully achieved. Furthermore, the wavelength values for the spectral peaks,
which is representative of the floc size distribution contained within the
streaks as a function of position, was determined. This allows us to easily
analyze structural scale variation independent of the mean grammage profile.
This analytical tool may be used to determine the origin of statistically
non-stationary variation features in papers and boards.

RESULTS FOR ANALYSIS OF PAPERS WITH STREAKS

Examples of the application of the described analytical method, based on
wavelet theory, are given by the analysis of laboratory and machine made
papers that are known to have unidirectional non-uniformity in grammage
and/or formation. Although the intensity of the defects exceeds generally
accepted quality limits, the scale of the flocs, and the magnitude of the vari-
ance reasonably reflect results that can be expected in an assessment
conducted under real circumstances.

Laboratory Handsheet

Figure 7 shows the results for the analysis of a hand sheet prepared with a
center region that is higher in grammage and has been allowed to flocculate.
Thus we would expect both the static and stochastic components to represent
these differences. The directionality of the non-uniformity is clearly evident
in the grammage map at the top. However, while it may be possible to perceive
differences in floc scale, and the contrast difference associated with increased
grammage variation within the streak, with existing formation analytical
methods, it is quite unlikely that a quantification of these two would be
possible. The spectral plot shown directly below the mean grammage profile is
the SMP-LE map indicating the grammage intinsity. Both plots show the
pattern of increased grammage, from which the dimensions can be easily
obtained. The spectral plot shown at the bottom is the CNS-LE map of the
stochastic component. In this plot, there are intense peaks in the center which
result from the sensitivity to the discrete features in the grammage map. While
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Figure 7 Streaked Handsheet sample a) Grammage Map and b) Apparent Density
Map. From top to bottom: maps, mean CD profile, Static Component, static mean
profile local energy map, Stochastic Component, composite normalized local energy map.

  



the size of these features can be determined, clear imaging of the change in
floc size is overwhelmed. On closer inspection, a subtle arc can be seen, rising
from lower values at the edges to higher values in the center, which is an
indication of the true variation in floc scale. Domination of these plots by
individual features, as in this example, is a consequence of insuffienct sample
size to negate the effects of such features. An example of adequate sampling is
given for the machine made paper.

Pilot Machine Made Paper

Figure 8 shows the results obtained from the analysis of paper made on a
pilot machine, where streaks were present. A larger area was tested as com-
pared to the handsheet above. As can be seen in the grammage map, the
streaks are well formed and relatively stable (within the sampling region). The
machine direction is oriented vertically. The mean grammage profile and
C-LE map directly below, show a pattern which suggests two principal wave-
lengths of flocs. Three streaks with wavelengths of about 50 mm are visible,
and represent a static. In the mean grammage profile, variance about the
streak sawtooth pattern is also apparent. The C-LE map quantifies the mean
size of these two patterns, which can be seen as the row of circular peaks, and
the ridge of elongated peaks centered at about 2–3 mm. While individual
features are apparent, their size does not dominate the image, as was the
situation with the laboratory sheet discussed above. Thus, the general
structural differences will more clearly visible in the spectral plots. This is also
a nice demonstration of the need to have sufficient sampling in order to
conduct a proper analysis.

The two lower spectral plots show the isolated static component, SMP-LE
map (left) and the stochastic component, CNS-LE map. A clean separation
of the two components was achieved. The SMP-LE map shows the energy
related to the wavy character of the grammage variation. A subtle decrease in
wavelength and intensity of the streaks, from image left to right, may be seen.
The CNS-LE map has also a very rich structure of its own where the floc
structure (formation) of the paper can be seen as the ridge of spectral peaks
with λ intercept of about 2–3 mm. It also shows, for example, that at positions
50–75 mm the mean floc size is decreased independent of the local grammage
profile, while floc intensity increases toward the right side of the image.

A different pilot machine sample was analyzed by applying the wavelet
theory and comparing grammage and apparent density maps. Figure 9 shows
the results for a) grammage, and b) apparent density. The sampling region is
smaller (50 mm) than what was shown in Figure 8 (200 mm). For the gram-
mage map, the mean grammage profile, and the static component and
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Figure 8 A paper sample from a pilot machine test run. streaks. a) From top to
bottom: grammage map, floc diameter profile, composite local energy map; b) Static
Component, static mean profile local energy map; c) Stochastic Component, composite

normalized local energy map.
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Figure 9 Pilot machine sample a) Grammage Map and B) Apparent Density Map.
From top to bottom: maps, mean CD profile, Static Component, static mean profile

local energy map, Stochastic Component, composite normalized local energy map.
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stochastic component maps (Figure 9 from top to bottom), the results are
much the same as discussed above. The large-scale streak artifacts are isolated
in the SMP-LE map, and the underlying formation structure is illustrated in
the CNS-LE map.

Figure 10 shows the thickness map and the mean thickness values, as
determined using the twin laser system. This thickness map was used to
determine the apparent density map shown in Figure 9b. Figure 10 also pro-
vides a representation of the out of plane deformation that was determined
for this sample. Note the ridge that exists at the 40 mm position. This was
visible to the unaided eye.

The map shown in Figure 9b suggests a relatively uniform apparent dens-
ity. Since this paper was uncalendered, this would be expected. Several of the
large-scale features are visible in the SMP-LE map. Again, the limited sample
set may make this data more subject to influence by individual features. The
subtle differences between the peak locations cannot be attributed to actual
differences in the structure. However, the stochastic component (CNS-LE),
shown in the bottom spectral plot, shows spatial variation in apparent
density. Two large clusters, centered at 27 mm and 47 mm are apparent. Since
there does not appear to be a correlation with the grammage map results, the
differences must be due to differences in the internal structure.

CONCLUSIONS

A novel method for distinguishing between static and stochastic features in
paper variability data was presented. The method made use of the spectral-
spatial energy maps generated using a discrete implementation of a continu-
ous wavelet transform of one dimensional series contained within the sample
array. The theoretical basis for this method was presented.

In order to validate the method, simulated mass formation images contain-
ing streaks with different mean grammage or mean floc size, or combinations
of the two. The method could clearly distinguish between the two types of
streaks, and provided quantitative information about mean grammage
values, floc size distribution, intensity of variance and the positions where
any transition was occurring.

To demonstrate the application of this method, laboratory handsheets
were prepared with different types of streaks within the sample. After
imaging using β-radiographic imaging using storage phosphor detection sys-
tem, samples were analyzed. While both the static and stochastic components
were present, the large feature size tended to interfere with the wavelet
transform analysis since individual features dominated the results.
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Figure 10 Pilot machine sample; a) Local Thickness Distribution and Mean CD
Profile; b) Out of Plane Deformation.

 



Pilot machine made papers that showed streaking were also analyzed for
mass formation and local apparent density. The sample size was larger which
improved the results obtained from wavelet analysis. The nodes of streaks,
which were static in nature, were quite evident and the wavelength was easily
determined from spectral density using wavelet analysis. The floc size distri-
bution of the mass formation, independent of streaks, was also easily visible
on inspection of the spectral plots, especially the manner in which the size
changed as a function of position.

The local apparent density was determined from mass formation imaging
and thickness mapping. Both the static and stochastic components of density
appeared independent of the streaks in the pilot samples. However, anomal-
ies that were oriented perpendicular to the streak did appear in density maps.
These appeared as a slight density increase that was associated with an out of
plane deformation.
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Patrick Gane Omya AG

May I congratulate on picking up the concept of wavelet transforms in
dealing with this problem. Some years ago when I was faced with looking at
surface profile roughness and realising that there was a stochastic compon-
ent, the way I tackled it was to abandon the Fourier transform and move to
square wave functions and operate those over very short correlation lengths.
Essentially what you have here is part of a wave which is over a short
correlation length. You showed that in fact it is indeed something of a
compromise because of the uncertainty principle, and when you came to
describe your de-convolution between repeatable patterns and stochastic
patterns you were able to cope with rather simple repeat patterns however I
think that in many surfaces and paper surfaces there may be more complex
repeat patterns rather than some of the simple ones you looked at such as
the wire marks and the streaks. I wonder if it would be possible to combine
the two techniques. One would be to use either Fourier or other wave trans-
forms look at the decay of correlation of these continuous functions. The
decay of correlation would be able to tell you which continuous functions
had a long correlation on the surface and were therefore relevant to repeat
patterns. These could in fact then be subtracted from the main image leaving
you only the stochastic information which you could then deal with using
your wavelet theory and perhaps then be able to de-convolute even more
complex systems.
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Markku Kellomäki

Yes, for example removing wire marks, many of us know it is very a difficult
task. It has been tried many times through cosine transform to extract peaks
and delete them and transform back to get only the stochastic data, but it has
failed because the amplitude is not constant. The amplitude of the periodic
function is not constant over the whole range, and I think wavelet transforms
could help in that sense. Also there are many other local spectral analysing
methods and we are now trying something that is very mathematical, that I
am not familiar with – my co-worker is working on that. It is based on
modelling with Gaussian functions the whole formation image and then from
there deduce the local wire mark intensity.

Patrick Gane

Yes even if you were to consider a Gaussian distribution of the correlation
lengths you could then use that for the criterion for subtraction of the Fourier
transform leaving you free then to do your wavelets on the stochastic part.

John Parker Consultant

I too would like to congratulate you on your presentation of the wavelet
approach, but I must point out, in fairness to others that have used Fourier
methods, that they could also have analysed the variations caused by streaks
that are given as an example in this paper. It is necessary only to scan slowly
across the width of a moving paper web and at intervals to measure the mean
grammage and also to compute a spectrum of the MD grammage variation.
A plot of this grammage would reveal streaks of heavy or light paper, while
the shapes of the spectra would indicate the presence of streak where the flocs
differed from the norm either in size or in intensity. More details of this
approach may be found referenced in papers by Kenny Corscadden whose
work was mentioned by M.H. Waller in the 5th session of the Symposium.

Ramin Farnood University of Toronto

I have a comment regarding the simulated paper in which you used model
flocs. I wanted to caution you that statistics of real paper would be substan-
tially different from a structure made of single size flocs. That was demon-
strated in 1995 in a paper that we published and in 1997, so in order to extract
useful information from your simulation, you would need to consider the
distribution of floc sizes which is in fact very easy to implement in the model
that you have.

Session 8
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Markku Kellomäki

In this case we start the simplest way and of course it is trivial to introduce
fibrel length distributions, fibre curl distributions, floc size distributions, all
kinds of things to improve digital paper, but I still can see even in this case in
which the elementary flocs were of the same size, they did have some random
roughness around them thermo-period. In the wavelet domain there is some
spread of energy, so there will be a further spread due to these distributions,
but I think that it won’t change, if you have enough data, the conclusions
shown here.
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