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Abstra ct

In this stu dy, a periodic imag e element stru ctu re, referred
to as reg u lar dot pattern is defi ned. Two methods are in-
trodu ced to detect irreg u larities in reg u lar dot patterns. In
the experimental part the proposed methods are applied to
detect missing elements, dots, from dig itiz ed H eliotest sam-
ples which are considered to form a reg u lar dot pattern. H e-
liotest assessment is u sed in the paper and printing indu stry
to measu re printability of different paper g rades.

1 Intro ductio n

In many q u ality assu rance tests it is desirable to to locate
defects in order to determine q u ality of a produ ct. M any
manmade objects are also repetitive in natu re: e.g ., fab-
rics have stripes that repeat throu g hou t the whole fabric,
halftone printed imag es consist of small dots that form let-
ters or imag es, etc. In this stu dy, we fi rst search repetitive
patterns from imag es and by u tiliz ing req u larity we detect
irreg u larities from patterns. The irreg u larities may repre-
sent defects in an observed produ ct and shou ld be reported
in order to determine the fi nal q u ality of a produ ct.

An example application can be fou nd from q u ality con-
trol of halftone printing : detection of missing dots in ro-
tog ravu re prints. The test is u su ally performed manu ally
off-line by laboratory experts and is called H eliotest paper
printability test in paper and printing indu stry. There have
been several propositions for missing dot detection, e.g ., by
L ang inmaa [6] and H eeschen and S mith [5 ], bu t they have
failed to satisfy the req u irements of paper and printing in-
du stry.

In this stu dy the reg u lar dot patterns are defi ned and then
based on the defi nition two methods are proposed for ac-
cu rate irreg u larity detection. In the experimental part the
proposed methods are applied to missing dot detection from
rotog ravu re test print strips. The g oal of this research is to
implement a machine vision based system that will locate
missing dots from H eliotest imag es.

2 Pa ttern reg ula rity

R eg u larity is a property which means that some mnemonic
instances follow predefi ned ru les. In the spatial domain
reg u larity typically means that a pattern consists of a pe-
riodic or q u asi-periodic stru ctu re of smaller pattern u nits or
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atoms, and thu s, it is worthwhile to explore pattern reg u lar-
ity in terms of periodical fu nctions and especially via their
Fou rier transforms. The following is mainly based on defi -
nitions in solid state physics and is related to B ravais lattice
formu lations [1].

B ravais lattice is an infi nite array of discrete points with
an arrang ement and orientation that appears exactly the
same, from whichever of the points the array is viewed. A
two-dimensional B ravis lattice consists of points with posi-
tion vectors R of the form

R = n1~a1 + n2~a2 (1)

where ~a1 and ~a2 are any two vectors not both on the same
line and n1 and n2 rang e throu g h all integ er valu es. The
vectors ~ai are called prime vectors and are said to g enerate
or span the lattice. In Fig u re 1 is shown a portion of two-
dimensional B ravais lattice.
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Fig u re 1: A two-dimensional B ravais lattice. All points are
linear combinations of two primitive vectors (e.g . P = ~a1+
2~a2 and Q = −~a1 + ~a2).

The defi nition of B ravais lattice refers to points, bu t it
can also refer to a set of vectors which represent another
stru ctu re. A point as an atom can also be replaced with any,
preferably locally concentrated, stru ctu re. A reg ion which
inclu des exactly one lattice point is called a primitive u nit
cell and ~ai now defi ne spatial relationship of u nit cells. U nit
cells can also be defi ned as non-primitive bu t in both cases
they mu st fi ll the space withou t any overlapping .

2.1 Fo ur ie r tr a nsfo r m o f 2-d pe r io dic functio ns

L et u s consider a fu nction f (~r) (where ~r = (x ,y)) in which
the spatial domain is a periodic extension of a u nit cell. P e-
riodicity can be formally described. L et M be a 2×2 matrix
which is invertible and su ch that

f (M ~m + ~r) = f (~r) (2 )

where ~m is any 2 -dimensional integ er vector. N ow, every
point ~r in the space can be written u niq u ely as

~r = M (~n + ~u) (3 )
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where ~n is a 2-dimensional integer vector and ~u is a vector
where each coordinate satisfies 0 ≤ ui < 1. The unit cell
U (M) is a region in space corresponding to all points M~u.
It can be shown that the volume of unit cell is V = |d e t M |.

The set of all points L (M) of the form M~n is called the
lattice induced by M . Any point in the space corresponds
to a point in the unit cell translated by a lattice vector. Note
that a sum of two lattice vectors is a lattice vector and the
periodicity of function f implies that its value is invariant
under translations by multiples of the lattice vector. A ma-

trix M̂ can be obtained by inverting and transposing M

M̂ = M−T . (4 )

For M̂ new lattice and unit cell can be associated, called

the reciprocal lattice L
(

M̂
)

and the reciprocal unit cell

U
(

M̂
)

, respectively. If we consider wave number space,

each vector ~k is written uniquely as

~k = M̂
(

~κ + ~ξ
)

(5)

where ~κ is a 2-dimensional integer vector and ~ξ contains all
ordinates 0 ≤ ξi < 1. The reciprocal lattice vectors span

the lattice points M̂~κ.
The fundamental result is that the Fourier transform of a

periodic function with a unit cell specified by M has a dis-
crete spectrum, peak s located at the reciprocal lattice points

specified by M̂ [1]. That is, the wavenumber vectors are
constrained to lie at the reciprocal lattice points. The ex-
plicit transform and inverse transform formulas are

f̂M

(

~k
)

=
1

|d e t M |

∫

~r∈U(M)

f (~r) e−j(~k·~r)d V (~r)

, ~k ∈ L
(

M̂
)

(6)

and

f (~r) =
∑

~k∈L(M̂)

f̂M

(

~k
)

ej~k·~r . (7 )

The discrete spectrum can be interpreted as a continuous
spectrum consisting of D irac impulse functions located at
the reciprocal lattice points

f̂
(

~k
)

=
∑

~κ∈ZD

f̂M

(

M̂~κ
)

δ
(

~k − M̂~κ
)

. (8 )

2.2 Fourier transform of 2-d quasi-periodic func-
tions

Unfortunately in the real world the structures are usually
only approximately periodic (quasi-periodic). In an ideal
case where a pattern image whose unit cell and lattice struc-
tures are specified by M , is unbounded in all directions.
Then it is the superposition of waves whose wavenumber
vectors are necessarily precisely lattice vectors in the recip-

rocal lattice specified by M̂ = M−T .
However, a real image has finite extent and has imperfec-

tions (irregularities). The ideally periodic function must be
constrained to satisfy practical boundary conditions. This
can be illustrated by considering a situation, where the pat-
tern is comprised by a finite number of translates of unit

cell. Let V denote the finite region occupied by the pattern,
and consider the window function wν(~r) defined as

wν(~r) =

{

1 , ~r ∈ V
0 , otherwise

(9 )

If f(~r) is the ideal, truly periodic function (periodicity
specified by M ) and fν(~r) is the truncated function

fV (~r) = wV (~r) f (~r) =

{

f (~r) , ~r ∈ V
0 , otherwise

(10 )

then fV (~r) has a continuous spectrum given by

f̂ν(~k) =
∑

~κ∈Z2

f̂M (M̂~κ)ŵν(~k − M̂~κ) (1 1 )

where ŵν is the Fou rier transform of wν . It can be shown
that ŵν contains a continou s sp ectru m which has infi nite

ex tent, bu t which fades ou t p rop ortionately fast with 1/
∣

∣

∣

~k
∣

∣

∣
.

T he most imp ortant resu lt is that q u asi-p eriodic fu nc-
tions have q u asi-discrete sp ectra, with the sp ectral energ y
concentrated at p oints in the recip rocal lattice. T hu s in
terms of fu nction p eriodicity, p attern irreg u larity can be de-
fi ned as an ap eriodic fu nction ε(x ,y), with sp atial energ y
|ε| ¿ |fν |.

Finally, the initial 2 -d p attern imag e can be rep resented
as

fν(~r) = wν(~r)f(~r) + ε(~r) (1 2 )

and the p roblem is to sep arate the reg u lar p art wν(~r)f(~r)
and the irreg u lar p art ε(~r) as accu rately as p ossible.

3 E x tra cting regula r pa ttern info rma tio n

A s it was described in the p reviou s section the constru c-
tion of model of ideal reg u lar p art of an imag e is cru cial for
the irreg u larity detection. Withou t fi rst detecting the reg u lar
p attern u nderlying in an imag e, it is imp ossible to detect any
irreg u larity in it. T he more accu rate model of reg u lar imag e
can be established, the more accu rate detection and classifi -
cation of irreg u larities can be done. D etail level needed for
the reg u lar p art formation is p articu larly hig h for ex amp le in
H eliotest imag es [9 ], and thu s, typ ical tex tu re seg mentation
methods (e.g ., [4 ]) or defect detection methods (e.g ., [2 ]) do
not p rovide a su ffi cient accu racy. O ne attractive ap p roach
to estimate an ideal reg u lar p attern is to form an analytical
model and to estimate model p arameters based on the inp u t
imag e [2 ], bu t this req u ires correct and very accu rate analyt-
ical model which cannot be achieved du e to discrete imag e
resolu tion and ex p ensive comp u tations.

3.1 E x plo iting Fo ur ie r do ma in

L et u s consider real imag es which rep resent reg u lar dot p at-
terns, su ch as the imag es p rodu ced by the H eliotest assess-
ment. A n ex amp le imag e and its Fou rier sp ectra are shown
in Fig u re 2 . From the fi g u re, it is p ossible to see the dis-
tinctive freq u ency p eak s which in tu rn are located at the
recip rocal lattice p oints.

B y fi ltering the recip rocal lattice freq u encies it is p os-
sible to estimate the fau ltless p eriodic comp onent, i.e., the
ideal reg u lar p attern of inp u t imag e. B y fi ltering all other
freq u encies than recip rocal lattice freq u encies, the irreg u lar
p art of orig inal imag e can be estimated. T he reg u lar and
irreg u lar p arts that are estimated are now called as reg u lar
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Figure 2: E xample of regular dot pattern image (Heliotest)
and its Fourier spectra magnitude.

and irregular parts of image. The separation process can be
formulated as

ξ(x, y) = F−1{Ξ(u , v)} =
F−1{M(u , v)Ξ(u , v) + (I(u , v) − M(u , v))Ξ(u , v)} =
F−1{M(u , v)Ξ(u , v)} + F−1{(I(u , v) − M(u , v))Ξ(u , v)}

(13 )
where ξ(x, y) is an image, F and F−1 are the forward and
inverse discrete Fourier transforms, M(u , v) is a mask fil-
ter (real valued function of the same definition domain as
Ξ(u , v)), and I(x, y) is a unit function. The decomposition
in E q. (13 ) is possible according to identity of the addition
operation in the spatial and frequency domains. The mask
M(u , v) is used to filter frequencies at peak locations in the
frequency domain.

4 Irregularity detection algorithms

The following algorithms detect missing dots from images
of a 2-d periodic dot patterns.

4.1 M ethod based on global gray -level proc essing

This method (M ethod 1) is based on the fact that the peri-
odic regular structure provides intensity peaks in the Fourier
domain as was previously demonstrated. If the mask M

can be automatically generated by utiliz ing locations of the
peaks in the frequency domain, then the regular and irregu-
lar parts of an image can be extracted as shown in E q. (13 ).
From the irregular image it is possible to find irregularities
by thresholding and then by processing the binary areas.
The original image can be preprocessed in order to elimi-
nate illumination changes and acquisition noise.

N ext, it is assumed that the dots forming the regular pat-
tern are represented by high gray-level intensity values and
the background by low intensity values. Furthermore, the
values are assumed to be normaliz ed between 0 and 1. Ir-
regular component extraction is presented in Algorithm 1.

Alg o r ith m 1 Irregu lar image ex trac tion

1: C omp u te magnitu de of the Fou rier transform |Ξ| of an
inp u t image ξ.

2: Form the rec ip roc al lattic e v ec tors u sing loc ations of
magnitu de p eaks.

3: C reate the mask M b y setting G au ssian b and-p ass fi l-
ters to rec ip roc al lattic e p oints.

4: E x trac t the irregu lar c omp onent from ξ u sing the mask
M and the inv erse Fou rier transform.

M ost of the steps are clear enough, but the second step
requires some more explaining. The purpose of Step 2 is
to locate all the high frequency peaks in the Fourier do-
main. The reciprocal lattice is defined by the primitive vec-
tors, which can be estimated within a sub-pixel accuracy

using the peak locations, but estimation may be sensitive
to the initial guess. The estimation ambiguity occurs due
to harmonic components and can only be prevented using a
sufficiently accurate initial guess. Another ad hoc solution
would be to locate all frequency peaks, but since the fre-
quency plane is discrete, the harmonic set estimation based
on lower frequencies is not accurate and they need to be ad-
justed to actual local maxima. This adjustment is performed
by looking for a local maximum in a certain neighborhood.
For example rectangular neighborhood can be used.

The irregular image needs to be processed in order to
distinquish the significant irregularities from the noise that
is also present in real images. Algorithm 2 can be used for
that purpose.

Alg o r ith m 2 D etec ting irregu larities from irregu lar im-
age

1: T hreshold the irregu lar image ξI u sing the threshold
limit τ .

2: R emov e foregrou nd areas of a size less than S.
3: C omp u te c enters of eac h foregrou nd areas.
4: R etu rn c enters as irregu larity c oordinates.

There are various methods for binary processing tasks, e.g.,
areas less than siz e S can be removed by using the binary
opening procedure [3 ]. Due to the image normaliz ation in
the previous stages, the parameters τ and S can be fixed and
the value selection remains an application specific task.

4.2 M ethod based on loc al gray -level proc essing

This approach (M ethod 2) is divided into two parts. First
the spatial lattice points are estimated and then the spatial
points are locally classified.

Spatial lattice estimation correspond to the estimation of
irregularities in the regular part, and thus, Algorithms 1 and
2 can be used to locate centroids of the unit cells. The only
difference is that the regular image part is used instead of
the irregular one. When all the centroids of the regular im-
age part are located, the original image is processed and
analyz ed at each unit cell location.

Local classification at the locations of the unit cells is
then performed in order to determine whether it is regular
or irregular, missing or not missing. First some kind of fea-
ture extraction is needed, e.g, vector of all gray-level values.
After feature extraction the unit cells can be classified using
a classifier, e.g., for vectors of gray-level values a principal
component subspace classifier can be used [8 ]. It should be
noted that a separate training set is needed in this approach,
but on the other hand the local processing also provides de-
tailed information about an error type of a missing dot.

5 Experiments

In the experiments the methods and algorithms were applied
to real data.

5 .1 H eliotest data

Paper printability is a property which describes how a cer-
tain type of paper behaves in a printing process. In general,
the printability property depends on interactions between
paper and printing ink, and variables of printing process it-
self. G ood printability generally means that the paper is not
sensitive to the variations in the variables and provides a
good printing quality. In practice, an estimation of the print
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Figure 3: Part of a typical Heliotest strip. The dimensions
of a whole test strip are 110mm by 85 mm.

quality can be achieved by several different quality assess-
ments [7 ].

In rotogravure printing process, the greatest problem in-
volves reproduction of light and medium tones. In the re-
production of tones, the two recognized defects are missing
dots and waving. In the missing dot defects, the ink is not
transferred to the paper which is considered to be due to a
bad quality of paper. Paper surface does not allow the ink
to soak into the paper. Ink adhesion can be tested by using
a special Heliotest machine which generates a rotogravure
print samples from which the missing dots are then calcu-
lated by visual inspection. An example of Heliotest strip
can be seen in Figure 3.

For the experiments, a set of reproduced Heliotest strips
were scanned using 1200 dpi resolution. The training set
consisted of 7 5 images and the test set of 7 0 images. The
training set was needed to train two set of classes: a dot and
a missing dot. In addition, because the parameters of the ro-
togravure printing cylinder change along the strip, i.e., ink
cups get smaller, and respectively the dots become smaller
and lighter, it was practical to process strips in separate win-
dows. Each processing window had their own parameter
values in irregularity detection. For the selection of param-
eters, the training set was used.

5.2 R esults

Ground truth of missing dots was created by visually in-
specting the strips and the comparison between the two pro-
posed methods was done with respect to the ground truth.

Paper and printing industry measuser a distance to the
20th missing dot from the beginning of strip. The same
measure was used in this study. Fig. 4 shows errors for
the both methods as compared to manually found distances
to the 20th missing dot. Method 2 was more accurate, but
slower. As it can be seen from Figures 4(b) and 4(c), errors
for both methods were less than 1 cm. The whole length of
the test strip was 11 cm. The accuracies of both methods
were adequate for industry purposes.

6 C onclusions

Two methods were proposed to detect irregularities in reg-
ular dot patterns. Both methods assume that an image can
be divided into regular and irregular parts, where the regu-
lar part is sufficiently strong to be detected in the reciprocal
space. The first method directly utilizes the irregular parts
and processes it globally to detect the most visible irregular-
ities. The second method utilizes the regular part to find the
centroids of all unit cells and then locally classifies whether
a cell is distorted or not.

Based on the proposed methods an automatic apparatus
can be built to be used in the Heliotest assessment. In the
future industry requires a more specific information of dif-
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Figure 4: Accuracy of distances to the 20th missing dot
as compared to the ground truth: (a) Percentage of images
where specific accuracy was achieved; Error histograms for
(b) Method 1 and (c) Method 2.

ferent kind of irregularities in dot shapes. For that purpose
the proposed method 2 can be further developed.
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