
1 

Methods for measuring and predicting the printability of 
paper 

 
Marja Mettänen 

 
 

KEYWORDS: printability, print quality, missing ink, 

surface topography, statistical analysis, image based 

measurement 

 

SUMMARY: 2D measurements of local paper properties 

have been increasingly employed in paper research, as 

many small-scale print defects can directly be related to 

inhomogeneities in the paper structure. We have 

developed methods for analyzing local print anomalies 

and their probabilistic relations with paper properties and 

their abnormality. Given a large set of accurately aligned 

multivariate data, we estimate the joint probability 

density functions (pdfs) of the measured variables and 

analyze the tails of the pdfs, corresponding to the 

anomalies. The dependences between the small-scale 

print quality variations and paper properties are examined 

through visualizations of the distributions and anomalous 

regions, supported by quantitative measures of statistical 

dependence. The analysis procedure is applicable to 

various properties of paper and print. We demonstrate the 

procedure by two case examples where the data is from 

image based measurements of print density variations and 

the surface topography of unprinted paper. The results 

with offset printed newsprint and gravure printed 

supercalendered paper confirm that, while the correlation 

between the measured properties is weak, depressions on 

the unprinted paper surface cause significantly increased 

probability of abnormal print quality. 
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Introduction 

The printability of paper refers both to the 

runnability during the press operation and to the 

achievable print quality, controlled by the 

interaction between the critical properties of the 

paper and the printing parameters. Some relations 

have been established between physical measures of 

prints and the perceptually relevant subjective 

quality dimensions (Mangin, Dubé 2006; Eerola et 

al. 2008; Oittinen et al. 2008). At the same time 

these studies manifest the ambiguity of print quality 

as a target property to be optimized. When trying to 

ensure high print quality, it remains justified to 

minimize the number and severity of local 

abnormalities that are perceived as print 

imperfections, such as inadequate level of 

sharpness, contrast or gloss, or uneven appearance 

of the print. These issues can be partly controlled by 

competent printing press operation, but it is also 

important to be able to measure and control the 

paper properties that can cause print defects.  

We have developed methods for quantifying how 

much information about printability is achievable 

through the small-scale measurement of paper 

properties before printing. We focus particularly on 

the surface topography of paper which we measure 

with a pixel size of 10 µm by 10 µm. Surface 

roughness is one of the most commonly reported 

characteristics of paper and it has straightforward 

implications for the quality category and price of the 

paper. The roughness of the substrate is known to 

explain print quality to some degree. Early studies 

on this relationship applied air-leak based roughness 

and porosity indices to describe the overall paper 

surface properties, and correlated them with print 

gloss and print uniformity (Lyne 1976b; Heintze, 

Gordon 1979). At the same time it was already 

recognized that air-leak methods are not optimal for 

the modeling; a more precise description of the 

surface properties is the distribution of surface 

heights, or the distribution of surface void sizes 

(Karttunen 1973; Parker 1973). Techniques for 

measuring the dynamic contact fraction were also 

studied (Lyne 1976a) to account for the compressed 

structure of paper in the printing nip.  

The development in imaging and computer 

technology has opened the way for analyzing 2D 

and 3D images of paper and print properties. The 

common approach to utilize the surface topography 

images is to process them into scalar parameters that 

describe the roughness or porosity. Indices of print 

quality can be similarly derived from images of 

local print density or gloss. Relations between the 

parameters are then analyzed in experimental 

setups. Given the wide range of available techniques 

and resolutions for measuring surfaces, it is 

important to note that many of the parameters 

applied to characterize surface topography images 

are sensitive to the spatial and height resolution of 

the image (see, e.g., (Järnström et al. 2008; Poon 

and Bhushan 1995). The relevant size scales at 

which to compute the parameters depend on the 

application. Paper coatings present nanoporous 

features that affect their optical properties 

(Järnström et al. 2007). The size scales most 
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relevant for paper and print gloss relate to the micro 

or sub-micro scales of roughness, i.e., features of 

size from 2-4 µm to approximately 12 µm (Chinga 

et al. 2007; Järnström et al. 2008; Järnström et al. 

2009). For coating and printing purposes a more 

relevant size scale originates from the individual 

fibers and fiber bundles (Kajanto et al. 1998). The 

focus in this work is on spots of missing ink which 

can be visually disturbing and cause unevenness of 

the print (Saarelma, Oittinen 1993). Studies on the 

causes of missing ink in solid print areas (Barros 

2006; Barros, Johansson 2006; Mesic et al. 2006) 

and on missing dots in halftone production, 

particularly within gravure printing (e.g., by 

Metsäjoki (2005) and Preston et al. (2008)) have 

reported that the most critical size scale of defects in 

paper is from a few micrometers to one millimeter.  

An alternative to the above mentioned parametric 

characterization is to search for pointwise relations 

directly from the spatially aligned images of paper 

and print properties.   This approach has been 

successfully applied by Barros, who has explained 

uncovered areas of flexographic prints by the pits 

and valleys of the printed paper surface using 

aligned images with pixel size of 15.6 µm by 

15.6 µm (Barros 2006; Barros, Johansson 2006). 

MacGregor et al. (1994) have aligned the images of 

gloss variation and surface topography of a printed 

paper, with pixel size of 4 µm by 4 µm, to show that 

the local surface inclinations can explain up to 78 % 

of the gloss. Mangin et al. (1993) have acquired 

aligned 3D topography presentations of paper 

surface under increasing load using confocal 

microscopy. They have then adopted the parametric 

approach and correlated the number of missing 

gravure dots with the compressibility and printing 

roughness. Kajanto (1989; 1991) and Dickson 

(2006) have found statistically significant - although 

not very strong - pointwise linear correlations 

between local print density variation, formation and 

surface topography, using 40 - 300 µm pixel size in 

the aligned images.  

The computation of correlation coefficients and the 

fitting of (linear) regression parameters to the data 

represent methods of identifying deterministic 

relationships between the measured properties. With 

the large number of independently measured data 

points in the aligned images, it is possible to 

estimate the joint probability distributions. Our 

approach to the analysis of the dependence between 

print quality and the surface structure of paper is to 

use the pointwise aligned image data and to analyze 

the full joint probability densities of the measured 

properties. This is because the dependences are 

statistical and non-Gaussian, which is demonstrated 

by the asymmetric joint distribution in Fig 1. Most 

notably, the values of print reflectance spread 

towards the high end of their range. The joint 

distribution cannot be summarized with one 

expectation vector and covariance matrix, and 

regression between the surface topography and print 

quality does not provide full information about the 

dependences. A reliable estimate of the joint 

probability density function (pdf), on the other hand, 

is a complete description of the statistical behavior, 

and the interdependence of the variables can be 

inferred with conditional pdf derived from the joint 

pdf.  

We examine the print result through images of 

print density variations, and concentrate on the 

imperfections in the print that are detected as small 

local areas of inadequate ink coverage or missing 

ink. We analyze the statistical dependence between 

the surface topography and print result, and 

determine the probability of encountering missing 

ink in locations where the surface topography shows 

exceptional values. We limit the wavelength range 

of our topography maps to shorter than 0.5 mm, 

which means that the largest topography features 

(e.g., pits) are of diameter 250 µm. The smallest 

features in the images are of diameter 20 µm, which 

is defined by the imaging resolution. The 

wavelengths of print density images are not limited 

by filtering. 

The rest of this paper is organized as follows. A 

general level algorithmic description is first given of 

the probabilistic approach to characterizing the 

relationship between surface topography and print 

quality. It will be followed by case examples with 

newsprint and SC paper, together with the results of 

the analysis. Discussion about the methods and their 

scope of application will be presented after the case 

examples. The final section will conclude the work. 

 
Fig 1: Joint histogram of surface topography before printing and 
reflectance after printing, measured from 22.5 mm x 15 mm 
area of a newsprint sheet printed with compact cyan in offset 
press. The pixel size in the measured maps is 10 µm x 10 µm. 
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Print assessment algorithm 

The following description of the analysis algorithm 

assumes image based measurements of paper and 

print properties. An image of print density variations 

can be recorded by scanner or camera. We use the 

term print reflectance to refer to a camera based 

measurement of the light reflected from the printed 

surface in uniform diffuse illumination with white 

light. Maps of paper properties can present, for 

instance, basis weight (with beta formation 

measurement), light transmittance, thickness, 

compressibility or surface topography. We propose 

the following algorithm for analyzing the print 

quality and its dependence on the measured paper 

properties. More detailed descriptions of the steps 

are given after the numbered list. 

 

1. Register and align the images 

2. Define the pixels that belong to the valid 

analysis area, B 

3. Estimate the probability density functions 

(pdfs), using the observations in B 

a. one-dimensional pdf of each variable 

b. multidimensional joint distribution of 

print reflectance and paper properties 

4. Make anomaly maps by defining the pixels in 

B that belong to the tails of the pdfs 

5. Assess the dependences within anomaly maps 

a. define the proportion of overlap of 

anomalies detected in separate 

measurements 

b. characterize the conditional distribution 

of print reflectance values, given that the 

points are anomalous in the paper 

property measurements 

c. characterize the conditional distribution 

of paper properties, given that the points 

are anomalous in the print reflectance 

map 

d. estimate the conditional joint distribution 

of the variables, given that the points are 

anomalous according to a selected 

anomaly map; characterize the 

dependences by mutual information (MI) 

Image registration and alignment 

Accurate image alignment is a prerequisite for the 

meaningful analysis of the relationship between the 

measured variables. Alignment may require special 

registration marks, for instance laser marking, or it 

can be based on the similarity of the texture in the 

images, which is the case in our topography maps. 

Image alignment software is readily available today, 

supporting various rigid and non-rigid 

transformation types. For our purposes affine 

transformation is adequate. A description of our 

image alignment procedure can be found in 

(Mettänen et al. 2008). The aligned 2D maps 

constitute a multivariate image data set. 

Defining the valid analysis area 

There are two typical cases where parts of the 

imaged area need to be discarded from the analysis. 

The first is a result of imaging optics that can cause 

geometric distortions at the edges of the measured 

maps. Even small distortions, combined with the 

small pixel size and the warping of the images at the 

alignment phase, can destroy the accurate alignment 

of data points at the edges and corners of the 

images. Therefore it may be advisable to restrict the 

analysis are to the centre parts of the multivariate 

image. The second case occurs in the analysis of 

halftone print where not every point of the imaged 

area is expected to be covered by ink. In these cases 

the halftone pattern has to be recognized to separate 

the raster dots from the white paper. Our approach 

to defining the pixels that belong to the raster dots 

has been described by Mettänen et al. (2009b) and 

Lauri and Ihalainen (2010). 

Estimating the probability density functions (pdfs) 

It can be expected that, however accurate the 

measurement values at each pixel, there are no 

deterministic point-to-point relationships between 

local print density and the local structural properties 

of paper, such as surface height. Instead, the 

relationships are probabilistic and thus they are 

appropriately described with the full joint 

probability distributions of the measured properties 

(Papoulis 1990). A joint probability distribution of 

N variables can be described with an N-dimensional 

histogram or with a parametric distribution model 

such as the Gaussian mixture model (GMM) 

(Nabney 2002). The GMM approach has two 

attractive properties. First, it is a very compact 

representation of the large amount of data; being a 

weighted sum of Gaussian components, GMM is 

fully defined by its mean vectors, covariance 

matrices and the component weights. Second, the 

parametric representation enables the analytical 

calculation of conditional probability density 

functions (pdfs) of individual variables. The 

parametric nature of GMM can also be considered 

its downside. In principle, one would have to use as 

many GMM components as there are data points, in 

order to faithfully describe the observed data. This 

is obviously not meaningful, and thus the GMM 

may lose some details, such as an elaborate shape of 

the tail of a distribution. The histogram can better 

preserve the fine details in the tails but analysis 

results computed through histograms depend 
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heavily on the number of histogram bins used. A 

large number of histogram bins leads into seemingly 

high resolution in the presentation of the 

distribution, but the uncertainty about the height of 

each histogram bin may become large. Both the 

histogram and the GMM approach are 

approximations, and the true distribution that 

generated the observed data will always remain 

unknown. In this paper we demonstrate the analysis 

methods using mainly histograms. 

Making anomaly maps 

We use the term anomaly map, or mask, for binary 

images of the same size as the measured area, 

presenting by 1’s (true values) the points that are 

deemed anomalous and assuming the value 0 (false) 

elsewhere. Anomaly maps indicate the points and 

areas that deviate most strongly from the typical 

statistical behavior of the measured properties. The 

simplest way of constructing an anomaly map is to 

base it upon a single measurement, such as the 

surface topography image. The pixels at which the 

surface height value is below
1
 a certain threshold are 

marked as anomalies. We typically define the 

threshold to correspond to a certain percentile of the 

distribution whose extreme values are sought. For 

instance, a 2.5 % percentile of a topography image 

is the surface height below which only 2.5 % of all 

the surface height values in that image fall. In print 

reflectance images, high values denote missing ink, 

and thus a 2.5 % reflectance anomaly map indicates 

the pixels at which the print reflectance value is 

higher than the corresponding 97.5 % percentile 

value. An anomaly map can also be based on the 

joint distribution of several properties. In that case 

the map is implemented by evaluating the likelihood 

of each multivariate data point with respect to the 

joint distribution, and thresholding the resulting 

likelihood map by the percentile principle. The 

points that have very low likelihood value are 

deemed anomalous. We often refer to the anomaly 

maps shortly as masks since they determine the data 

points that are selected for further analysis in the 

next step of the algorithm. 

Dependences within anomaly maps 

The analysis of anomaly maps answers the question 

whether the abnormality of one property can be 

predicted based on the observation of the other 

property. It can thus provide information of print 

defects and their origins. At first the interrelation of 

                                                      
1
 Considering ink transfer, the deep pits on the surface 

of paper are more relevant anomalies than high elevations 

because they are more susceptible to being unattainable 

by the ink (Walker, Fetsko 1955). 

anomalies in the measured properties is quantified 

by computing the degree of overlap between the 

points and areas of 1’s in two masks that have 

identical mask percentage. The second approach is 

to examine the conditional distributions as described 

in the algorithm steps 5b and 5c. Selecting the data 

points according to a particular mask corresponds to 

applying a condition. For example, our interest is in 

the print defects caused by the exceptional values of 

surface topography. Thus we examine the 

conditional distribution of print reflectance values, 

given that surface height values are below the 

threshold that defines the topography mask. Finally, 

the joint distribution of several variables can be 

estimated using the data points indicated by a 

particular mask. This is the conditional joint 

distribution mentioned in the algorithm step 5d. It 

typically has a very distinctive shape due to the 

application of the anomaly condition, and cannot be 

summarized by a single Gaussian model or 

correlation coefficient. Mutual information (MI) 

(Bishop 2006) is a suitable measure of dependence 

in this case, as it describes the overall statistical 

dependence between an arbitrary number of 

variables and it is not restricted to linear 

dependences. 

Case examples and results 

This section demonstrates the print assessment 

algorithm with two case examples. The purpose is to 

show how the steps of the algorithm complement 

each other; the images of 2D and 1D pdfs provide 

realistic visualizations, and mask overlap analysis, 

tail analysis and mutual information serve as 

numerical quantification of the dependences. The 

first example compares two solid cyan areas printed 

on a newsprint sheet in different offset printing 

conditions. Every point is supposed to be covered 

by ink and thus the number of data points available 

for the analysis is very large. This example is 

optimal for demonstrating the joint distributions of 

print reflectance and surface topography. In 

addition, we determine the overlap of missing ink 

spots and topography anomalies with respect to the 

size of the anomalous areas found on the 

topography. The second case example complements 

the first one in two ways. Firstly, it deals with 

supercalendered (SC) paper and gravure printing, 

which is more relevant for commercial printing than 

sheet-fed offset with newsprint. The gravure 

technique also introduces the need to detect the 

screen pattern that is inherent in practically all 

printed products. Secondly, the latter case example 

demonstrates the dependence of print quality on 

paper roughness. 
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In the printing experiments, the areas selected for 

examination have been imaged with a photometric 

stereo device that applies the principles described by 

Hansson and Johansson (2000). It is based on 

photographic imaging with slanting illumination and 

it provides the reflectance and surface topography 

maps of the paper sample from exactly the same 

area. It should be noted that our reflectance maps do 

not exactly conform to the definition of reflectance 

(Van den Akker 1982). The maximum value in our 

maps is larger than 1, but this is a matter of 

normalization and it is unimportant for the print 

analysis that concentrates on the relative values of 

reflectance. The size of the imaged area is 22.5 x 15 

mm and each image contains 2268 x 1512 pixels, 

thus the pixel size is approximately 10 x 10 μm. The 

same area of each paper sample has been imaged 

before and after printing, and the images have been 

aligned at subpixel accuracy, using the unprinted 

and printed topography maps that contain similar 

texture (Mettänen et al. 2008). After alignment, the 

topography maps have been high-pass filtered to 

focus the analysis on the small-scale surface height 

variations. 

The photometric stereo images are in RGB (red, 

green, blue) colors but the topography maps have 

been computed from the mean of the color channels 

to minimize the noise in the topography map of 

unprinted paper. Print quality is assessed from a 

single color channel of the reflectance map of the 

printed paper. The selection of the color channel 

depends on the color of the printing ink. With cyan 

ink we use the red channel of the reflectance 

images, and with red ink we use the green channel, 

because these give the best contrast between white 

paper and inked areas. 

Newsprint in sheet-fed offset printing 

The newsprint case deals with newsprint sheets 

printed in a pilot scale sheet-fed offset press. Two 

rectangular areas of 100 % cyan are examined. One 

has been printed without water application and 

without back-trap conditions, i.e. only the cyan nip 

printing. The other area presents normal 4-color 

offset conditions. There are four trial points that 

differ in PPS roughness, and four sheets in each trial 

point. Both of the described cyan areas are present 

on each sheet. After aligning the images taken 

before and after printing, we have defined the valid 

portion of each area, free from geometric 

distortions. This limits the number of pixels from 

the original 3.4 million to a minimum of 2 million, 

depending on the sample. All image analyses are 

restricted to the valid areas. Table 1 summarizes the 

roughness and density data of this printing 

experiment and reports the correlation coefficient 

between print reflectance and unprinted topography 

at each trial point. The roughness parameters 

computed from the topography map are the root 

mean square deviation, Sq, and skewness, Ssk (Stout, 

Blunt 2000). 

The correlation coefficients indicate that the linear 

dependence between surface topography and print 

reflectance is weak. Only 6 % (R
2
 at |R| = 0.24) or 

less of print reflectance variation can be explained 

by the topography of the unprinted paper in a linear 

model. In addition, the roughness parameters and 

the average reflectance and density readings, fail to 

describe the details of the print result. Instead of 

compressing the dependence information into single 

numbers, we prefer more expressive ways of 

characterizing the interrelations of print reflectance 

and surface topography.  

The surface topography maps are high-pass filtered 

with wavelength limit 500 μm, which emphasizes 

the sharp pits and elevations on the surface. A local 

variance map and a map of the local gradients in the 

printing direction are computed from the high-pass 

filtered topography and used in the analyses as well. 

This allows also other surface properties than height 

to explain the print quality. Our objective is to 

determine how the observation of an exceptional 

topography point on the unprinted paper changes 

our information about whether the print quality 

attainable at that point will be exceptional or not. 

The exceptional points are indicated by binary 

masks. To test whether the gradient and variance 

maps of topography provide useful information for 

predicting or explaining missing ink, the joint 

distribution of topography (T), gradient (G) and 

Table 1: PPS and density measurements together with parameters computed from unprinted topography 
maps (high-pass filtered with cut-off wavelength 500 µm) and printed reflectance maps. The parameters are 
reported as the averages of four parallel samples (sheets). The density readings present averages of 20 
samples. BT stands for back-trap. 

PPS10 
(µm) 

Sq  
(µm) 

Ssk refl. refl. density density corr.coef(topo, print refl.) 

 normal non-BT normal non-BT normal non-BT 

2.61 1.65 -0.34 0.77 0.77 0.94 0.99 -0.09 -0.17 

2.77 1.71 -0.36 0.76 0.75 0.95 1.00 -0.13 -0.15 

3.16 1.66 -0.36 0.78 0.78 0.93 0.99 -0.16 -0.24 

3.63 1.91 -0.37 0.79 0.78 0.90 0.93 -0.17 -0.24 
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variance (V) is used as a basis for constructing a 

mask. In addition, two masks are based simply on 

the marginal distributions of the observed 

topography and print reflectance values, 

respectively. We also use a random mask to 

evaluate the overall dependences in the data. 

Table 2 presents a summary of the masks. 

We have previously analyzed the whole set of 16 

newsprint sheets and reported that the typical 

overlap of topography based (i.e., Topo or TGV) 

masks with the points of unusually high print 

reflectance (i.e., Refl. mask) varies from 7 % to 

12 % in the normally printed cyan samples and from 

10 % to 18 % in the non-back-trap cyan samples 

(Mettänen et al. 2009a). In that study, only mask 

percentages smaller than or equal to 1.5 % were 

used, and the wavelength limit in the high-pass 

filtering of the topography map was 250 µm. We 

have examined the dependence of mask overlap on 

the high-pass filtering limit of the topography 

image, and applied mask percentages from 0.5 % to 

10 %. The overlap of topography based masks and 

reflectance masks diminishes when the wavelength 

limit is raised to 1000 µm or longer. With 

wavelength limits of 250 µm and 500 µm the results 

vary depending on the strategy of constructing the 

topography based mask. The results also suggest 

that mask percentages larger than 4 % do not 

significantly improve the overlap of reflectance and 

topography anomalies. This is an expected result in 

prints where missing ink is not very common.  

In the following, we demonstrate the analysis 

procedure by figures and tabulated results, 

concentrating on the normally printed and the non-

back-trap cyan areas of one paper sheet. One of the 

smoothest sheets, with PPS roughness of 2.61 µm, 

has been selected for this purpose. Table 3 lists the 

overlap percentages computed from the two cyan areas of this sheet, using 2.5 % masks and three 

wavelength limits in topography filtering. As 

mentioned above, the rest of the analyses use the 

500 µm wavelength limit. Fig 2 and Fig 3 present 

the overlap results in varying size scales of uniform 

spots (objects) formed by adjacent mask pixels in 

Topo and TGV masks, using 2.5 % mask 

percentage. The range of spot sizes is from a few 

pixels to the maximum size of a circular spot 

allowed by the filtering, which equals π*12.5
2
 ≈ 490 

pixels. 

Table 2: Summary of masks. 

Mask name Points selected according to 

Topo lowest values of unprinted topography 

TGV most unlikely combinations of topography, its  
gradient and its variance 

Refl. highest values of print reflectance 

Random uniformly and randomly distributed points 

 

Table 3: Overlap of reflectance based and topography based 
masks in the studied areas with three different wavelength limits 
applied to the topography map. Mask percentage, 2.5 %, has 
been subtracted from the overlap percentages to eliminate the 
effect of random coincidence of masks. 

Area Masks 
Wavelength limit 

250 µm 500 µm 1000 µm 

non-BT 
Topo & Refl. 22.0 % 22.6 % 21.9 % 

TGV & Refl. 22.1 % 20.7 % 19.8 % 

normal 
Topo & Refl. 11.3 % 11.5 % 11.2 % 

TGV & Refl. 12.6 % 11.6 % 10.9 % 

 

 
Fig 3: Overlap of Topo mask objects and TGV mask objects 
with the reflectance mask in the normally printed sample.  

 

 
Fig 2: Top: Overlap of Topo mask objects and TGV mask 
objects with the reflectance mask in the non-back-trap sample. 
The results are reported with respect to the size of the objects 
found in the topography based masks. Bottom: Size distribution 

of the objects found in the topography based masks. 
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The coincidence of topography anomalies and 

missing ink is clearly more common in the non-

back-trap area than in the normal cyan area, which 

is seen both in Table 3 and in Fig 2 and Fig 3. The 

effect of surface roughness on the ink coverage is 

attenuated by the successive impressions in the 4-

color offset press. However, the normal printing 

conditions also produce significantly higher than 

random coincidence of anomalies. The TGV mask 

contains larger anomaly areas than the Topo mask 

because the gradient and variance typically reach 

extreme values at the edges of pits, and this enlarges 

the area marked as anomalous at the pit locations. 

Fig 4 presents a close zoom of the surface 

topography and print reflectance maps of the non-

back-trap cyan area together with 2.5 % masks. The 

anomalies detected from the topography map using 

the Topo and TGV techniques (Table 2) are shown 

in subfigures 4(c) and 4(e) by white, and the print 

defects are shown in 4(d) and 4(f) using both black 

and white. In 4(d) and 4(f) the white color is used to 

indicate the portion of print defects that overlap with 

the topography anomalies, and the black areas cover 

the rest of the print defects. As illustrated by the 

figures, both Topo and TGV masks predict the 

locations of missing ink with moderate success. This 

is encouraging particularly because the surface 

topography maps have been acquired before the 

sheets were printed. Thus the detection of anomalies 

from the topography of the unprinted paper provides 

information about print anomalies. 

The joint probability distributions of surface 

topography and print reflectance on the areas under 

examination are shown in Fig 5, corresponding to 

the algorithm step 3b. We illustrate the distributions 

by 2D histograms to give a detailed picture of the 

tails. The measurements made on the non-back-trap 

area show a clearly longer tail towards the high print 

reflectance values than the corresponding data from 

the normal cyan area. The tail is to some degree 

related with low surface topography values. 

Fig 6 shows how many percent of the points that 

have surface height lower than the value given on 

the horizontal axis have print reflectance value 

higher than the 97.5 % limit computed from all the 

print reflectance values in the image. For example, 

selecting from the non-back-trap cyan area all the 

data points at which surface height is lower than 

-5 µm results in a data set in which 40 % of the 

points have print reflectance value higher than the 

 
Fig 4: Series of 2.1 mm by 1.3 mm images from the non-back-
trap cyan area. (a) Unprinted surface topography, high-pass 
filtered with wavelength limit 500 µm, (b) print reflectance, (c) 
topography anomaly map, (d) print anomaly map and its 
coincidence with the topography anomalies, (e) TGV anomaly 
map, (f) print anomaly map and its coincidence with the TGV 
anomalies. 

 
 

 

 
Fig 5: 2D joint histograms of unprinted surface topography and 
print reflectance in the newsprint case. (a) Non-back-trap cyan 

area, (b) normal cyan area. 
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97.5 % limit of all reflectance values (0.86 in this 

case). If the data were normally distributed, the 

corresponding portion of high reflectance values 

would be only 10 %, as indicated by the solid curve 

in Fig 6(a). The parameters of the reference 

Gaussian distribution have been determined from 

the data. The correlation coefficient between 

unprinted surface topography and print reflectance 

among the valid analysis pixels is -0.23 in the non-

back-trap area and -0.10 in the normally printed 

area. The weaker correlation in the normal cyan 

explains why the tails of the Gaussian models in the 

two samples are different. If the correlation between 

the variables is strongly negative, the slope of the 

curve representing the Gaussian case is steep. 

Similar effect is caused by small variance of surface 

height values. In the samples presented here the 

variances are almost equal. 

Fig 5 and Fig 6 demonstrate that the tail of the 

joint distribution of surface topography and print 

reflectance is strongly skewed and deviates from 

Gaussian in both the non-back-trap sample and the 

normally printed sample. This implies that the 

mechanism by which the extreme topography values 

cause missing printing ink should not be modeled by 

a Gaussian stochastic process. 

Finally, we evaluate the mutual information 

between print reflectance and the variables related 

to surface topography: the topography itself, or 

gradient or variance derived from the topography. 

The joint pdf of the multivariate observations within 

a selected mask is estimated using the Gaussian 

mixture model (GMM), and mutual information 

(MI) is estimated from this continuous pdf estimate. 

MI describes the statistical dependence between two 

or more variables, and it is always non-negative. 

The minimum value, zero, indicates that the 

variables are statistically independent of each other. 

MI results for the whole data set acquired from this 

offset printing trial have been previously reported in 

(Mettänen et al. 2009a). Using the two cyan areas 

presented in the current case example, we have 

increased the maximum mask percentage from the 

previously used 1.5 % to 5 %. The minimum mask 

percentage is 0.5 %. We have also studied how the 

high-pass (HP) filtering of the topography map 

affects the MI. Our tests with the varying 

wavelength limits of the HP filter have indicated 

that using larger than 250 µm limit is generally 

advantageous for the dependence measures between 

print reflectance and the filtered surface topography. 

Thus the size scale of the surface topography 

variations that explain local print density is not 

limited to 125 µm in diameter, but higher. This is in 

line with the scale considerations presented in the 

introduction. Table 4 presents the MI results with 

three different mask percentages. The data points 

have been selected to the GMM fitting using either 

topography (‘Topo’) or TGV masks. The cut-off 

wavelength of topography is 500 µm.  

The new results confirm the finding reported in 

(Mettänen et al. 2009a) that the strongest mutual 

information between print reflectance and surface 

topography is obtained by selecting the data points 

by the TGV mask. MI is also reasonably strong in 

Topo mask, and relatively small mask percentages 

lead to the highest MI in both topography based 

masks. This implies that a point in the measured 

surface topography map should be deemed 

anomalous only if the data value is really extreme. 

In addition, the supremacy of the TGV mask over 

 

 
Fig 6: Tail analysis of the newsprint case with 97.5 % 
reflectance limit. (a) Non-back-trap cyan area, (b) normal cyan 
area. 

 

Table 4: Mutual information computed from GMMs. 

Area Mask 
Mask percentage 

0.5 % 2.5 % 5.0 % 

non-BT 
Topo 0.114 bit 0.126 bit 0.121 bit 

TGV 0.380 bit 0.243 bit 0.188 bit 

normal 
Topo 0.081 bit 0.065 bit 0.060 bit 

TGV 0.173 bit 0.094 bit 0.065 bit 
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the Topo mask means that, to select areas where the 

local print density is statistically dependent on the 

topography of unprinted paper, the local variations 

in topography should be observed and used 

alongside with the surface height measurements. 

SC paper in laboratory gravure printing 

The second case example presents two SC paper 

strips that were a part of a laboratory printing trial 

with the IGT gravure press (IGT 2003). The papers 

are from a calendering series and therefore the main 

difference between the studied strips is the 

roughness. We refer to the sample with PPS10 

roughness of 1.24 µm as sample A, and the one with 

PPS10 roughness of 1.15 µm is sample B. Both 

have been printed with red Heliotest ink using 

600 N printing force. Electrostatic assist (ESA) is 

not available in this laboratory test. We have imaged 

a 22.5 x 15 mm area of the conventional screening 

area of the Heliotest layout with 10 μm pixel 

resolution before and after printing to analyze the 

effect of surface topography on the print quality. 

Since the surface of SC paper is smooth, the 

topography maps are high-pass filtered with a 

250 µm wavelength limit instead of the 500 µm that 

was used with the newsprint sheets. 

Due to the screening, the regular pattern of the 

printed dots (which we call raster dots) has to be 

recognized from the image of print reflectance 

before the analysis. This enables the concentration 

of the analysis to the points that were intended to be 

covered by ink. We have implemented a set of 

robust image analysis methods for automatically 

detecting the regularity from the print reflectance 

image and locating with subpixel accuracy all the 

coordinates where raster dots are supposed to be 

situated (Mettänen et al. 2009b; Lauri, Ihalainen 

2010). Some dots are partly or totally missing but 

still their coordinates are found. Fig 7(a) illustrates 

the print quality in the smoother sample B and 

shows the detected raster dot locations. Fig 7(b) 

presents the unprinted surface topography from the 

same zoomed area. Some fibers that have turned 

dark in the calendering are clearly visible in both the 

reflectance and surface topography maps. As dark 

shades in the topography map are meant to indicate 

depressions, the blackened fibers give erroneous 

topography observations. They are detected from 

the topography, reflectance and light transmittance 

images taken before printing. This information is 

combined with the detected raster pattern to define 

the valid analysis area. Consequently, a pixel is 

valid for analysis only if it lies within a radius of 5 

pixels from a raster dot centre and if it does not 

present a part of a blackened fiber. The raster dots 

are approximately 13 pixels apart and thus the white 

grid between the raster dots, visible in Fig 7(a), is 

not included in the valid analysis area. The final 

number of pixels on the valid area of both samples 

A and B is approximately 0.85 million. 

The overlap of print anomalies and surface 

depressions is not as strong in the SC paper strips as 

in the previously analyzed newsprint case example. 

The rougher sample (A) gives higher overlap results 

than the smoother one (B), as expected. Table 5 

reports the overlap results. The correlation 

coefficient between surface heights and print 

reflectance in the valid analysis area is -0.23 in 

sample A and -0.18 in sample B.  

Tail analysis results (cf. Fig 6) for the SC samples 

are given in Table 6. It shows that, for instance, of 

all the points of sample A where surface height is 

lower than -4 µm, 89 % have a high print 

reflectance value. The corresponding portion of high 

 

 
Fig 7: (a) Print reflectance of SC sample B with raster dot 
locations marked by yellow crosses. (b) Unprinted surface 
topography measurement from the same area. The units on the 
axes are pixels. 

 

Table 5: Overlap of the map of missing ink (Refl. mask) and the 
map of deep surface depressions (Topo mask) in the studied 
SC samples A and B. The mask percentages have been 
subtracted from the overlap percentages of each column to 
eliminate the effect of random coincidence of masks. 

Sample 
Mask percentage 

1.0 % 2.5 % 4.5 % 8.0 % 10.0 % 

A 8.9 % 12.1 % 12.9 % 13.2 % 13.0 % 
B 6.9 % 8.9 % 9.4 % 9.6 % 9.5 % 
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reflectance values would be 21 % if the data were 

normally distributed. Even though the SC paper 

samples are smooth and present moderate print 

quality, the results clearly show that the joint 

distribution of surface topography and print 

reflectance is non-Gaussian, and depressions on the 

paper surface cause significantly increased 

probability of exceptionally high print reflectance. 

Finally, we use 1D histograms to visualize the 

distribution of print reflectance values in points 

where topography is anomalous, and similarly we 

visualize topography values in points where ink is 

missing. These distributions are shown in Fig 8 and 

Fig 9, using 1.5 % masks. The comparison with the 

overall distribution (shown by the black curves) has 

been implemented by selecting the same number of 

data points, 0.015*850000 = 12750, with a mask of 

randomly located points. If all pixels from the valid 

analysis area were selected, the curve would be 

smoother, but now it is better comparable with the 

distributions in the topography and reflectance 

based masks. 

Whereas the tail analysis presented for the SC 

samples in Table 6 served as a numerical 

quantification of the joint distribution tails at low 

topography values, Fig 8 provides the whole 

marginal and conditional print reflectance 

distributions. They help to visualize the dependence 

of print reflectance on the selected degree of 

abnormality of surface height values. This example 

applies 1.5 % Topo masks, resulting in topography 

threshold values of -1.91 µm and -1.87 µm in 

samples A and B, respectively. As indicated already 

by Table 6, the probability of finding missing ink 

within the topography based mask points is higher 

in the rougher sample A than in sample B. However, 

Fig 8 also shows that the variance of reflectance 

values depends on the mask. The largest variance 

occurs among the data points selected by the Topo 

mask. 

The marginal distributions of surface topography 

values, shown by the black curves in Fig 9, are 

rather similar in samples A and B. Both have a 

slight tail towards the negative values due to the 

expected log-normal distribution of pore heights 

(Niskanen et al. 1998). The conditional distributions 

of topography values, given that ink is missing, are 

also very similar in samples A and B. Surface height 

is, on average, lower in the print defect points than 

in randomly selected points, but the roughness 

difference between samples A and B cannot notably 

affect the conditional distributions in Fig 9, because 

the surface topography at the missing ink spots does 

not depend on the overall distribution of surface 

topography. 

Discussion of the properties of the 
analysis methods 

As our focus has been on the small-scale properties 

of paper and print, the areas imaged and analyzed in 

this work are rather small (22.5 x 15 mm). In both 

the newsprint and SC cases they have been captured 

from a larger area that consists of the same printed 

pattern. This has enabled the visual assessment of 

the print quality of the studied samples. Although 

informal, the visual assessment has confirmed what 

was expected: the normal offset conditions have 

Table 6: Tail analysis results for the SC samples A and B with 
97.5 % reflectance limit. The ‘Tail’ column indicates whether the 
percentage is based on the true histogram of the data (Hist.) or 
on the Gaussian approximation (Gauss.). 

 
Tail 

Topography limit 

-6µm -5µm -4µm -3µm -2µm -1µm 

A 
Hist. 100 % 100 % 89 % 51 % 20 % 8 % 
Gauss. 40 % 30 % 21 % 14 % 9 % 6 % 

B 
Hist. 100% 94 % 69 % 36 % 15 % 7 % 
Gauss. 28 % 21 % 15 % 11 % 7 % 5 % 

 

 

 
Fig 8: Distribution of print reflectance values in (a) sample A 
and (b) sample B. 
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produced more satisfying print quality on the 

newsprint than the non-back-trap conditions, and the 

smoother SC sample is of higher print quality than 

the rougher one. The small size of the examined 

area is not problematic in cases where the printing 

process can be considered sufficiently stable and 

thus the small printed region represents the average 

behavior of the whole print. 

Mottling has been measured by a scanner system 

from the newsprint sheets printed in offset ‒ not 

exactly from the areas imaged and analyzed here, 

but from parallel sheets of the same paper. 

According to the mottling measurement, print 

density variation is consistently higher in the non-

back-trap area than in the normal printing area in the 

studied wavelength range, 0.35 mm to 20 mm. This 

must be connected with the more severe occurrence 

of missing ink in the former area. Our analysis 

showed that the dependence between surface 

topography and print reflectance is stronger in the 

non-back-trap area than in the normal area. Clearly, 

surface topography is not the key property 

determining offset print quality in either case. 

However, even the normal printing conditions left 

some spots of the compact print layout unprinted 

and these could be partly connected to deep pits on 

the paper surface. A prior contribution of Saarelma 

and Oittinen (1993) also supports the conclusion 

that spots of missing ink, even when they are small 

enough to correspond to micro scale noise 

(wavelengths from 10 µm to 100 µm), can cause 

print unevenness that is visually harmful. 

The SC paper case with gravure printing is perhaps 

more relevant for commercial applications than the 

newsprint case. The determination of the raster dot 

locations has been a success despite the irregular 

shape of the dots and occasionally severe absence of 

ink. The analysis has shown that points of low 

surface height, measured from the unprinted paper, 

present high print reflectance values with clearly 

higher probability than random chance. It has been 

reported earlier (Mettänen et al. 2009b) that this is 

particularly the case with high pressing forces in the 

printing nip. Although the higher compression 

improves the visual print quality in the IGT test, 

some depressions on the surface of SC paper are so 

“hard” that they prevent perfect contact of the paper 

with the printing cylinder despite the pressure. It can 

be expected that a map of dynamic contact between 

the paper and the printing nip (e.g., (Preston et al. 

2008)) would yield additional value in the analysis 

of missing ink in gravure. Further analysis of the 

currently available static topography maps may also 

shed light on the role of surface gradients and 

variance in the occurrence of missing ink in gravure. 

The case examples indicated that the steps of the 

proposed analysis algorithm can be applied flexibly 

according to the goals of the study. It is not always 

meaningful to complete each step of the analysis 

algorithm. We emphasize the importance of 

visualizing the measurement data, anomaly maps 

and pdfs, in order to understand the measured 

phenomena. However, numerical quantification of 

the dependences is necessary to summarize the 

results from large data sets. The percentage overlap 

of print defects and surface topography anomalies is 

the most straightforward measure for this purpose. 

The tail analysis, as presented in Fig 6 and Table 6, 

provides a more detailed expression of the skewness 

of the conditional print reflectance distributions. 

The interpretation of mutual information (MI) as a 

dependence measure may be less intuitive. MI is 

expressed in ‘bits’ or ‘nats’ and it describes 

statistical dependences without restricting the 

analysis to the Gaussian statistics as the standard 

correlation analyses does. In practice the MI 

between two (or more) variables often increases 

along with the correlation coefficient. The added 

value in MI is then in the comparison of the MI 

 

 
Fig 9: Distribution of surface height values in (a) sample A and 
(b) sample B. 
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result obtained from the non-Gaussian pdf model 

with that obtained from a Gaussian approximation. 

This gives a measure of the nonlinearity of the 

dependence. The tails of the distributions typically 

contain nonlinear statistical dependences between 

the variables. We have also presented a simulation 

procedure for confirming the statistical significance 

of the MI results computed from multivariate data 

(Mettänen et al. 2009a). 

It is worth noting that the probabilistic analysis 

setup, particularly when concentrating on the tails of 

the distributions, is best applicable to large data sets. 

However, it is not limited to surface topography and 

local print density measurements. A map of the 

local variations of print gloss is also relevant for 

print quality analysis (MacGregor et al. 1994), and 

the measurements of paper properties could include, 

for instance, local compressibility (Mangin et al. 

1993), dynamic contact pattern (Preston et al. 2008), 

apparent density (Sung et al. 2005) or beta 

formation measurement (Kajanto 1991). Although 

the description of the analysis methods assumed 

multivariate image data, this data format is not an 

absolute requirement. A sufficient number of data 

points might also be obtainable from line scans on a 

running paper machine or printing press. We expect 

our tools to find use in print quality analysis and 

troubleshooting tasks within modern printing 

technologies where delicate small-scale analysis 

with statistically meaningful results is required. 

Conclusions 

We have presented probabilistic methods for 

assessing the information that the small-scale 

measurement of unprinted paper properties can 

carry about the printability of the paper. Image 

based measurements are natural means to acquire 

data for such analysis. When failing to explain, for 

instance, local print density variations, through the 

averages or other compact parameters of paper 

structural properties, and explaining the 

dependences through pixel by pixel regression does 

not work either, the large number of independent 

observations in each measured 2D map is best 

utilized by characterizing the joint probability 

distributions of the measured properties. We believe 

that the analysis of the distributions and particularly 

the analysis of their tails can provide valuable 

information about the print and paper structure, and 

reveal causes of print defects. The essential 

requirement regarding the data is the accurate 

alignment of the multivariate measurements. 

So far we have used aligned images of the print 

and surface topography to develop our analysis 

procedures. We have demonstrated the steps of our 

print assessment algorithm by two case examples, 

first with offset printed newsprint and then with 

gravure printed SC paper. The joint probability 

density function of unprinted surface topography 

and print reflectance has in both cases shown clear 

differences between the samples of moderate and 

imperfect print quality. Conditional pdfs derived 

from the joint pdf have successfully characterized 

the interdependence of the variables in points and 

areas where the surface topography of the unprinted 

paper shows anomalous behavior. Visualizations 

have been supported by quantitative results, 

confirming that depressions on the paper surface 

cause significantly increased probability of 

exceptionally high print reflectance. The overlap of 

these print defects with topography anomalies is as 

high as 22 % in the weaker quality offset sample, 

and clearly higher than the probability of random 

coincidence in all cases. With the offset printed 

samples we have also been able to show that the 

local gradient and variance maps of topography can 

provide useful information for explaining the print 

density variations. 

In future work, our attention will be directed to 

halftone printing. We have two research ideas that 

are based on utilizing the coordinates of the printed 

dots. First, we are interested in quantifying the 

dependence of mottling on the variation of dot gain 

between small local areas of the paper sheet. The 

second idea concerns the analysis of missing dots in 

gravure printed products. Based on the coordinates 

of the raster dots, information about the depths of 

the engraved cells on the printing cylinder can be 

included in the analysis. This allows the separation 

of two important factors that affect the quality of 

printed dots: the amount of ink feed and the surface 

structure of the paper. A simple test case for this 

idea is a heliotest strip where the decrease of the ink 

cell depths towards the end of the test strip is 

standardized.  
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