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ABSTRACT

In this paper estimationof fibre orientationis studiedfor fibre systemsobsenable as a blurred greyscale
image.Theestimatiormethods basednscaledvariogramobsenedalongasetof samplindinesin different
directions.The parametersf the orientationdistribution areobtainecnumerically Simulateddataareusedto

studythe statisticalpropertiesof the method.
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INTRODUCTION

Fibre orientationis one of the important quality
factors of fibrous materials affecting the physical
propertiesof the material.Our objectie is to estimate
the orientation distribution from digital images of
papersampleswvherethe fibre structureis a blur and
not visible. The fibres are describedas a Boolean
model of ‘thick’ fibres, cf. Matheron(1972), Mecke
andStoyan(1980)andMolchanor andStoyan (1994),
and the orientation distribution is modelled using
the rose of directions of a fibre process(Mecke
and Stoyan, 1980). The obsenred digital image is
either binary or multicoloured. In the latter case,
a digitized dead leaves model, cf. Jeulin (1989),
possiblywith additionalblurring, is usedto describe
the image. The stereologicalestimationof the rose
of directions is well-known when the counts of
intersectionsbetweenthe fibre systemand sampling
linesin differentdirectionscanbeobsened,cf. Mecke
and Stoyan (1980). In our case instead, the data
consistof scaledvariogramsof grey valueson the
linesobsenedfrom thedigital imagewithoutknowing
the intersectioncounts. The stereologicalestimation
method has been extended to the case of digital
greyscaleimage datain Karkkéinenet al. (2001b).
Following Jeulin(2000)andKarkkéinenretal. (2001a),
anapproximatve proportionalitybetweertheexpected
counts of intersectionsand scaled variograms has
beenusedin the estimationproceduretogetherwith
a digitization correction. Assuming a parametric
rose of directionsthis leadsto nonlinearestimation
equationgndtheparameterareobtainechumerically
In order to further enlage the applicability of this
approach, especially for strongly anisotropic fibre
processeswe suggesthere an improvementto the
proportionalitymodel. This approacthis appliedto an

image from a paper sampleand simulatedimages.
An alternatve approachto the estimation of the
orientation distribution from greyscale images can
be found in Serra(1982). In the literature of paper
manufcturing, the determinationof fibre orientation
is studied,e.g. in Forgacsand Strelis(1963),Paakkari
et al. (1984), Hutten (1994), and in Erkkila et al.
(1998) wherethe methodbasedon greyscaleimages
is considered.

THE IMAGE MODEL

Fig. 1 (lower right) shows a digital video camera
image of a layer extractedfrom a papersample,cf.
Erkkila et al. (1998). The layer has been obtained
from separationby a tape stripping technique.The
underlyingfibre systemis degradeddueto thickness,
overlappingandoptical propertiesof fibres,reflection
of light and non-fibrousmaterialsin the sampleand
alsodueto digitization.

We model the fibre systemby a Booleanmodel
(Matheron,1972)

D =Up (X +Tn), (1)

where {x,} is a stationary Poisson point process
with intensity A and {I',} ani.i.d sequenceof line
sggmentswith randomlength | (meanl) and with
orientationdistribution givenby thedensityf , of rose
of directions#Z. Furthermore {I',} is mdependent
of {X,}. Then, the intensity of ® is L, = Al.
papertechnology f,, is often modelledby an e||lptIC
distribution (ForgacsandStrelis,1963)

c
V1-kZcog(a—1)’

fo(a;1,K) = O0<ao<m,

)
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where c is the normalizing constant,the preferred
direction of fibres T € [0,m) is orthogonalto the
machinedirection andthe strengthof anisotroy k €

(0,1) describesleviationfrom thecircularmodel(k =

0). A simulatedrealizationfrom thismodelis shavnin

theupperleft imageof Fig. 1.

In practice,we obsene a randomfield {Z(x) =
h(x;®), x € ]Rz}, where h is a complex unknowvn
degradationfunction. In the simplestcase fibres are
allowed to have thicknessleadingto {Z(x) = 1=(x)}
with

=Z=Un 1 (X +=n) .- 3)

Here=, is a‘thick’ versionof I',. In theuppermiddle
of Fig. 1, arealizationof adigitizedversionof Z = 1-
is shavn, with =, equalto aflat ellipsewith majoraxis
rn.

In more complex cases,a greyscale image is
obsened. We have here useda dead leaves model
with finite time (Jeulin, 1989). Each point of the
greyscaleimage haseither the backgroundcolour or
the colour of the fibre fallen most recently on that
point. Blur has been modelled by moving average
filtering. Used iteratively, it approximatesGaussian
filtering (e.g. Glasbg andHorgan,1995).Simulations
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are shaown in the upperright and lower left image of
Fig. 1.

THE ESTIMATION METHOD

Theestimationof the orientationdistribution f_, is
basedon stereologicadata. The imageis intersected
by lines in different directionsand the variation of
grey levelis obsenedasascaledvariogramalongeach
line. Theestimatioris basednawell-known formula,
concerningntersection®f thefibre processp andthe
samplingline L; atananglep € [0, T) to the x-axis.
The orientationdistribution is relatedto the intensity
PY(B) of the pointprocessLB N ® accordingo

PO(B) =Ly [ Isin(a—p)lfs(e)da, (@

cf., e.g. Mecke andStoyan (1980).

In a degradedcasethe intersectionpoints are not
obsenable.Insteadof P°(3) we suggesthe useof the
scaledvariogramof grey values

E[Z(x) - Z(y)|
d 7

VL(daﬁ) =

(%)

LT
-."-,-u
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Fig. 1. Simulationfrom four differentimage modelsand an image of a papersample(lower right). The size
of the simulatedimagesis 250x 200. Upper left is a Booleanfibre modelwith intensityA = 0.014 and fibres
equalto line sggmentswith uniform length! in (20,60) and elliptic orientation distribution with parametes
(1,k) = (1.603 0.888). Upper middleis the digital image of the correspondingthick’ fibre modelof ellipses
(3) with 250x 200pixels. Theminor axis of the ellipsesis always1. Upperright is the digital greyscaleimage
of a realizationof the correspondingleadleavesmodelwith finite time Thebadgroundhasgrey value50, the
first'layer’ of fibres130,thesecondl70andthethird 210,respectivelyLowerleft is thedigital greyscaleimage
obtainedby additionalblurring, usinga moving averagefilter of size(2m+ 1) x (2m+ 1), with m= 1, a total of
four times. Thisapproximatesa Gaussiarfilter with g% = 4/3(m? 4+ m). Lowerright is a digital greyscaleimage
of size216x 200pixels(10.2mmx 9.4 mm)froma layer of a papersample Resolutioris 47 um.
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wherex,y € R? are points on LB at the distanced =

[[X—1y]||. In whatfollows, let the typical sggmentand
its thick versionbedenoteddy I ; and=, respectiely,
cf. (1) and(3). Then,undermild regularity conditions
we have for abinaryrandomfield {Z(x) = 1-(x) } and
smalld, cf. Karkkainenetal. (2001a),

VL(d,B) ~ (1-dR(B)/2)RL(B) , (6)

whereP_(B) is theintensityof L; N d=. Thisintensity

is relatedto P°(B) by (Karkkainenet al., 2001a;b;
Molchanos andStoyan,1994)

Ehg (o)

RLB) = P (-AEV(Z0) 25 s 7 (B) . ()

where v, denotesthe two-dimensional Lebesgue
measurelf

Ehg (o)
Ehg(To)

~1, (8)

meaningthatthethicknessof fibresis smallcompared
to thelengthof fibres,thenapproximatelyfor smalld

V(d,B) ~ &(1-dPX(B)/2)PX(B) , 9)

whereé = 2exp(—AEV,(Z,)). For sufficiently small
d, (1-dP%(B)/2) =~ 1 andthusV,(d,B) ~ EP°(B).
Theresultscanbeextendedo adeadeavesmodel,cf.
Jeulin(2000).However, notethaté is notarny morethe
sameasin (9) becaus¢he deadleavesmodelconcerns
multicolouredimages.

In practice,the scaledvariogram(5) is obsened
from a digital image {z(I,m) : |,m integers} along
a digital line Lg chosento be a pixel sequencef 8-
connectedpixels in differentdirections8. Whenthe
pixels (I, m), (I',m’) areneighboursthe distanced =
[|(I,m) — (I',)|| is eitherl for horizontalandvertical
neighbourspr /2 for the diagonalones.We usethe
estimator

0 (@) < Zomtamet, 2 2t D)
S S am e, 1M = ()]

cf. Karkkainenetal. (2001a;b).

We consider8 directions. The main directions
B, =0,B; =m/4=07850 =m/2 =157, =
3m/4= 2.356with distance®etweemeighboupixels
d, =1,d, =v2,d; = 1,d, = v/2, respectiely, andthe
intermediatedirectionsp, = 0.464, 3, = 1.107, B; =
2.034, B; = 2.678.Letusdefine

(10)

F.(6) = /()”|sin(a—pi)|fg,,(a;e)da (11)

in all directionswhile

Gi(8,Ly) =FR(8)[1-dL,F(8)/2]  (12)

holdsfori = 1,3,5,7 and

di—l

O R

Gi—l(e’ LA)

d
+-—* G .(6,L,) (13

di—l+di+l |+l( A) ( )
for i = 2,4,6,8. Thenaccordingto Karkkainenet al.
(2001a)

EVL(Bi) ~ &LAGi(0,L,) (14)

fori=1,...,8.

In the estimationof the parametersd = (1,k),
using these eight directions, we can eliminate the
unknovn ¢ and use a least square estimation
procedurelt leadsto numericalminimization of the
sum of weightedsquarescompareto Karkkainenet
al. (2001b),

8 . 2
£(0.L0 = S 08 -G e | s

( aLA)
whereW = L,L,/(L;+L,) fori=2,...,8, L; is the
total length of the samplingline in direction 3. In

the ideal situationwhereP?(3) canbe estimatedthe
formula(Karkkainenetal., 2001b)

8 2
x(0) = yw [FE) -Hetg]  wo)

shouldbe usedinsteadof (15). Note thatin a general
useof the formula(16), the directionsandthe number
of samplindinescandiffer fromthecollection{ 3, i =
1,...,8}.

RESULTS AND PERSPECTIVES

We have estimatedthe orientationparameterf
theelliptic distribution usingdatafrom eachof thefive
imagesshovnin Fig. 1. Fortheimageof line segments
(upper left of Fig. 1), the data consistof estimated
point intensitiesP’(B,). For the binary (0,1)-valued
image,the deadleaves simulation,the blurredimage
and the paperimage, the dataare scaledvariograms
V. (B VL, (B): W, (B) andVy_ (B), respectiely,
calculatedfrom (10). The dataare shavn in Table1,
togetherwith T and K obtainedfrom (16) for point
intensitiesandfrom (15) for scaledvariogramsFrom
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the paperimagein Fig. 1 the estimatedparameters
are (T,K) = (1.6030.888), the samevaluesusedin
simulation of the four otherimages.In the casesof
simulated data the estimatesobtained from scaled
variogramsshouldbecomparedvith theonesobtained
from the estimatedpointintensities. The estimatesre
quite similar exceptin the blurred casewherek is
somavhatsmaller TheratiosV,  (B)/V (B) shov
a diagonaleffect which partly explainsthe differences
in theestimates.

We have also estimatedthe parametersysing the
simplifiedrelation(Karkkainenetal., 2001b)

comparedwith (9). Quite similar estimateswere
obtained in this example. With more pronounced
anisotropy or largerd it might, however, beimportant
to usetherefinedrelation(9).
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Table 1. In eight different directions B theoretical and estimatedpoint intensitiesP®(3), P(3) and scaled
variogramsV, (B), Vi, (B). V. (B): V.,.....(B) are shownfor thebinary, the deadleavestheblurredandthe

in

paperimage of Fig. 1, respectivelyEstimatef T andk are alsoshown.

B ROy AR, B LB B V(B
0.000 0.401 0.419 0.266 38.51 8.072 11.573
0.464 0.388 0.406 0.239 35.04 7.753 10.745
0.785 0.364 0.377 0.223 32.80 7.522 10.163
1.107 0.335 0.346 0.220 32.52 7.298 9.697
1.571 0.311 0.320 0.217 32.07 6.988 9.262
2.034 0.330 0.334 0.217 31.93 7.214 9.599
2.356 0.358 0.359 0.216 31.79 7.378 10.036
2.678 0.384 0.390 0.237 34.64 7.668 10.666
T 1.603 1.655 1.658 1.671 1.639 1.603
K 0.887 0.910 0.901 0.876 0.773 0.888
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