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1.  Introduction and background

1.1  Optical inspection in post processing

With the aim to increase efficiency in the printing pro-
cess, post processing comes into focus as the level of 
automation is low compared to pre-press and press. 
Cutting represents a bottleneck in the printing process 
as succeeding processes such as hemming, gathering 
and binding rely on the results. As the size of printed 
sheets in job printing increases to include more jobs on 
a single printing plate and therefore reduce cost and 
setup time, minimizing errors during the cutting pro-
cess becomes even more crucial. Even though job data 
is available, disruptive factors of the printing process 
influence the printed sheets resulting in deformation 
thus the job data does not match the physical data any-
more. Consequently, quality inspection is a main target 
of manufacturers of cutting systems.

The cutting process allows stacks of sheets of various 
dimensions to run through the process. The maximum 
dimensions are given by the size of the machine table 
of the cutting machine, while the minimum sliceable 
dimensions are usually smaller than 10 cm. While the 
change of width and depth between jobs means that 

the measuring range of an inspection system has to be 
adaptable, the change of the height of the paper stack 
means that the inspection system has to adjust its focus 
for every job. In this respect, the inspection task dif-
fers from most tasks seen in inline inspection systems 
where objects and distances usually stay the same as 
shown for example in Pawlowski (2011).

In this paper we provide a method for focusing with 
an industrial standard 5 MP area scan camera with no 
built-in focusing functions by adjusting the distance 
between the surface of a stack of sheets and the cam-
era using the power spectrum of a two-dimensional 
Fast Fourier Transform (FFT). The method is tested 
on different types of paper with different printed test 
patterns. To optimize the significance of the method 
and reduce calculation time the frequency range is 
adjusted.

1.2  On-sensor focusing methods

In order to focus on a subject just by using data from 
the imaging sensor, a difference in brightness is needed 
as the imaging sensor only detects brightness. Figure 1 
shows the two borderlines. On the left side, a blurred 
digitalized edge resulting in a brightness gradient 
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is shown with uniformly distributed gray values. On 
the right side the same edge is digitalized with max-
imum sharpness. The difference in gray values at the 
edge and thereby the contrast is at the maximum what 
allows the assumption that the image is focused.

As seen in Figure 1, the sharpest image is associ-
ated with maximum gap in gray values histogram. 
Evaluation of the gap of an image histogram performs 
well for simple printing jobs, where the amount of dif-
ferent gray values is at a minimum. However, evalua-
tion gets complicated for an unknown distribution of 
gray values where the histogram tends to be more uni-
form. Without a priori knowledge of the printed motive 
another method is required for focusing a camera on 
the large variety of printing products.

In order to improve accuracy and robustness, a focus-
ing method based on FFT is provided. Low-pass filters 
reduce contrast on edges by adapting gray values of 
pixels according to their neighborhood. As a result, the 
image gets blurred (Chaudhuri and Rajagopalan, 1999; 
Utcke and Burkhardt, 1999; Vision & Control, 2007). 
By implication this means that high frequencies occur 
most if the image is focused at its best. A popular 
method in image processing therefore is the two-di-
mensional FFT (Burger and Burge, 2005).

1.3  Aim of research

The aim of this research is to provide a robust method, 
which allows adjusting the focus plane independent of 
the print layout on the sheets by varying the distance 
between camera and surface of the stack of sheets, 
when only data from the imaging sensor is available 
and no further sensor should be used. First, we intro-
duce the method in section 2.1 before the test rig and the 
test charts which are used are presented in section 2.2. 
After discussing the results of our research in section 3, 
we conclude and provide an outlook in section 4.

2.  Materials and methods

2.1  FFT-based focusing method

Image processing using the frequency domain offers 
a variety of opportunities as it allows operating with 
features which are not detectable in spatial domain 
(Bredies and Lorenz, 2011). Furthermore, process-
ing effort decreases due to different mathematical 
approaches such as the FFT (Erhardt, 2008). Figure 2 
shows the fitting of an ideal step as seen in Figure 1 
on the right side with Fourier series with different 
parameters.

Figure 1: Blurred and sharp edges (left and right, respectively) and their corresponding brightness distribution
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After capturing an image, the data is available in the 
spatial domain. Each pixel is usually encoded with 8 bit 
resulting in 256 gray values. As a result, a gray image 
G(x,y) captured with an imaging sensor with m pixels 
in height and n pixels in width is represented by a m × n 
matrix. Because of further processing steps, the 256 
gray values are in the interval from 0 to 1. Each pixel 
implies a gray value gm,n representing the brightness at 
the position specified by m and n of the image G(x,y), as 
shown in Equation [1].

𝑮𝑮(𝑥𝑥, 𝑦𝑦) =
𝑔𝑔),) ⋯ 𝑔𝑔),+
⋮ ⋱ ⋮

𝑔𝑔.,) ⋯ 𝑔𝑔.,+
	  [1]

As an image in general is composed by sine and cosine 
waves, any image is describable as a combination of 
sine and cosine waves with customized coefficients 
(Jähne, 2005, p. 43ff.), where u and v represent the fre-
quency of the wave. Every pixel gm,n of the image G(x,y) 
with 1 ≤ x ≤ m and 1 ≤ y ≤ n of an input image is trans-
formed into freqency domain by a discrete two dimen-
sional FFT described by Equation [2]. The resulting 
complex valued Fourier image F(u,v) has the same size 
as the image G(x,y).

[2]
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Image G(x,y) is multiplied with the exponential func-
tion elementwise and added up over rows and col-
umns of the image matrix G(x,y) and then scaled. Sine 
and cosine as initial functions for FFT are represented 
through the exponential function in the complex range 
of numbers. The Fourier image F(u,v) contains the 
frequency and phase information of the spatial image 
G(x,y). An example of a spatial image and the corre-
sponding amplitude spectrum is shown in Figure 3. 
A high gray value in the amplitude spectrum originates 
by high amplitude of detected FFT frequency |F(u,v)| 
in image G(x,y) with phase arctan(FIm(u,v)∕FRe(u,v)), 
where FRe(u,v) and FIm(u,v) are the real and imaginary 
components, respectively.

The square of the value of the Fourier transformation 
presented in Equation [3] is called power spectrum 
according to Süße and Rodner (2014). It describes 
the contribution of single frequencies u and v to the 
image G.

𝑷𝑷 𝑢𝑢, 𝑣𝑣 = |𝑭𝑭(𝑢𝑢, 𝑣𝑣)|*	  [3]

As can be derived from section 1.2 and Equation [3], 
the power spectrum at high frequencies is most pro-
nounced in a perfectly focused image. To cut down pro-
cessing time herein a customized section of the power 
spectrum is discussed. For this purpose, only the high 
frequency range Ψ(b) of the spectrum with the low 
limit frequency b is considered (see Figure 4) which we 
further call the frame frequencies.

Figure 2: Fitting an ideal step at zero with Fourier series with k = {10,100,1 000} terms; crop not true to scale
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For the perfectly focused image three low limit frequen-
cies with different frequency ranges are defined in the 
image processing, which are bhigh range = 3.7075 mm−1, 
bmedium range = 5.0950 mm−1 and blow range = 6.4825 mm−1.

v

u

Ψ
b

Figure 4: Frame Ψ (hatched area) with low limit 
frequency b, which is used in the FFT in order to 

concentrate on high frequencies

By adjustment of Equation [3], the power spectrum of 
the frame Ψ(b) – further called frame power 𝑷𝑷"	– is cal-
culated and shown in Equation [4]. Herein u and v rep-
resent the frequency of the wave in the Fourier image 
F(u,v), whereby u, v, x and y are elements of integer 
numbers ℤ	.

𝑷𝑷" =
1

𝑛𝑛&(()
𝑭𝑭 𝑢𝑢, 𝑣𝑣 .

/,01&(()

	with	𝑢𝑢, 𝑣𝑣, 𝑥𝑥, 𝑦𝑦	 ∈ 	ℤ	 [4]

Frame power 𝑷𝑷"	therefore can be described as a high-
pass filtering with additional summation of the ele-
ments in the remaining frame Ψ(b) with low limit 
frequency b of the power spectrum normalized by the 
number of elements n�(b) in the frame Ψ(b).

2.2  Experimental setup

For the experimental setup the 5 MP industrial mono- 
chrome area scan camera P83M-GigE-AS from PicSight 
(Leutron Vision, 2010) was used in combination with the 
Fujinon 25 mm f/1.4–22 lens HF25SA-1 (Fujifilm, 2010). 
As camera and lens are not equipped with an automatic 

focus or aperture, the focal plane of the optical system 
can be assumed to be in a constant distance from the 
imaging sensor. As a compromise between light inten-
sity and accuracy of the setup an aperture of f/4 was 
used, resulting in a focal depth of ± 4 mm around the 
actual point of focus (equivalent to a focal plane dis-
tance of f = 0 mm). The left side of Figure 5 illustrates 
the geometry used for identifying the stack’s height 
using the best focus.

In the test rig (see Figure 5 on the right) the camera is 
mounted to a room gantry which allows us to move and 
vary the height of the camera above the machine table 
on which the stack of sheets will be inspected once 
the best focus for its height is found. For the investi-
gation, the camera is once focused manually at a spe-
cific height on a single test-chart the height of which 
is assumed negligible. The resulting spatial resolution 
of the optical setup in this camera position is 72 µm 
per pixel. Subsequently a series of 75 images is taken 
of every test chart, while the camera is moved 1 mm 
upwards after the acquisition of each image, beginning 
from the lowermost camera position. By this, the focal 
plane is moved through the pre-defined point of focus. 
Thereby the spatial resolution is inevitably changed 
for every image. For testing the developed method of 
focusing through varying the cameras height above the 
stack and calculating the frame power from the power 
spectrum, test charts were designed for two categories 
(see Figure 6). The first category encloses a text sam-
ple as well as a color and monochrome picture, which 
are closely related patterns for print jobs. In the second 
category, image patterns with generic frequency distri-
butions are used. A stroke pattern essentially contains 
one frequency with a clear orientation of the phase 
vector (u,v). In contrast, a broad spectrum extending to 
high frequencies, but without any preferential orienta-
tion is represented by the random binary noise pattern. 
In addition, it is assumed that the spectral characteris-
tics of a real printing product lie in between of those of 
the generic frequency test charts. All charts are shown 
in Figure 6.

Figure 3: Input image (left) and resulting amplitude spectrum of a two dimensional FFT (right)

u

v
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The text pattern is used as a special case of a stroke 
pattern, and to study the effect of a preferential direc-
tion (PD). Therefore, four different orientations were 
defined with angles 0°, 15°, 45° and 75° to a reference 
direction at which the text was aligned during the 
experiment. For investigating the robustness of the 
algorithm, the test charts were printed on four differ-
ent types of paper with a laser printer. These include 
one glossy (Luxo Magic 150 g/m²), one matte glossy 
(Zanders Ikono Matt 150 g/m²), one matte (Tauro 
Offset 100 g/m² SB) and one slightly rough paper 
(Lorsatzpaper 100 g/m² SB). A constant lighting setting 
was established by using a circular LED camera light.

3.  Results and discussion

The frame power 𝑷𝑷"	 is calculated for each image of the 
series and scaled to the maximum frame power of the 
series 𝑷𝑷", max	. By implication, we assume that the test 
chart is focused when the maximum frame power 𝑷𝑷"	 is 
achieved and that it is in between the borders of focal 
depth.

All results shown are based on the matte Tauro Offset 
paper, but for the comparison between matte/glossy, 
the glossy Luxo Magic paper is used in addition. Results 
for the three other papers are very similar to the results 
on Tauro Offset paper.

When comparing different low limit frequencies 
b = {3.7075 mm−1; 5.0950 mm−1; 6.4825 mm−1} (listed 
from high range to low range) from two different test 
charts (binary noise and text aligned at 0°), the results 
show a very similar appearance qualitatively before 
entering the focal depth (see Figure 7).

The magnitude increases with a larger frame range 
for both test patterns in the same way. For a low limit 
frequency of b = 6.4825 mm−1 resulting in the smallest 
frame the lowest frame power is observed as well as 
for a low limit frequency of b = 3.7075 mm−1 resulting 
in the largest frame the largest overall frame power is 
observed. Therefore, a lower low limit frequency also 
considers lower frequencies, which on the one side are 
detectable earlier even when the test pattern is not in 
focus and secondly the percentage of lower frequencies 
in image data is higher by implication. We can confirm 
that the focus is found with each of the considered low 
limit frequencies, but because of the most distinctive 
results and reasons of computational speed upcom-
ing experiments are only done with a high frequency 
range, considering frequencies from b = 3.7075 mm−1.

Results of frame power obtained from color and mon-
ochrome pictures show a similar appearance before 
entering the focal depth, but the absolute magnitude of 
the frame power 𝑷𝑷high range	is larger for the colored pic-
ture (see Figure 8).

Figure 5: Geometry for identifying the height of the stack of sheets (left) and test rig (right)

F = 30 mm

F = −45 mm

F = 0 mm

Figure 6: Test charts used in the experiment, where the first category is closely related to printing products and 
encloses an image in monochrome as well as colored and a text pattern, whereas the second category is build up by 

generic frequency distributions with a stroke pattern and a binary noise pattern
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Digitalized image of the colored picture is noisier than 
the monochrome picture as cutouts show in Figure 9. 
Also differences in the printing screens of colored 
and monochrome picture printouts can be detected in 
visual control. For a distinct association further investi-
gations are required.

Continuing, in the experiments a major influence due 
to different angles of text cannot be detected. Figure 10 
shows the results of text aligned at 0°, 15°, 45° and 75° 
using the large frame range with a low limit frequency 
of b = 3.7075 mm−1. These results hereby match the 
statement that frequency spectra are invariant of input 

Figure 7: Power spectra of binary noise (solid lines) and text aligned at 0° (circled lines) test chart 
using Low, Medium and High Ranges of frequency bandwidths

High

High

−40 −35 −30 −25 −20 −15 −10 −5

Focal plane distance [mm]

Figure 8: Power spectra of colored picture and monochrome picture test chart using the high frequency range

Focal plane distance [mm]
−40 −35 −30 −25 −20 −15 −10 −5
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image rotation (Ó Ruanaidh and Pun, 1998). Beside a 
global peak of the frame power 𝑷𝑷	high range, small local 
peaks are existent (see Figure 9), when using the sam-
ple text pattern.

Figure 11 shows the results of the sensor filling stroke 
pattern and a windowed stroke pattern. The behav-
ior of local peaks is even more remarkable and invar-
iable which is noticeable for all investigations using 
the stroke pattern, when it fills the camera̕s sensor 
completely (see solid line in Figure 11). The deviation 
between the maximum frame power 𝑷𝑷	high range, max and 
the actual point of focus f = 0 mm, which is defined by 
|∆f (𝑷𝑷"	)|, goes up to |∆f (𝑷𝑷	high range, max)| = 5 mm. This behav-
ior occurs because of strokes entering the image due 
to upwards camera travel resulting in a larger acquisi-
tion area (see Figure 12 on the left side). Reducing the 
printing size of the test chart so that the complete pat-

tern is detected in the lowermost camera position (see 
Figure 12 on the right side) prevents local peaks from 
occurring. The magnitude of the power spectrum of the 
windowed stroke pattern is much lower because the 
region of interest, or more precisely the area that con-
tains a frequency pattern is much smaller. Even though 
the frequency and amplitude of the windowed stroke 
pattern is the same, less harmonics are found by our 
FFT algorithm in the reduced area, what decreases the 
power spectrum by more than 80 %.

Nevertheless, we can confirm that windowing the 
stroke pattern and hereby preventing strokes from 
entering the acquisition area eliminates local peaks. 
Furthermore the accuracy increases as the devia-
tion between maximum frame power 𝑷𝑷	high range, max 
and the actual point of focus f is reduced by 1 mm to 
|∆f (𝑷𝑷	high range, max)| = 4 mm.

Figure 9: Cutouts of the digitalized monochrome (left) and colored (right) 
picture test pattern using a monochrome camera

monochrome test pattern colored test pattern

	

Figure 10: Power spectra of text test chart aligned at 0°, 15°, 45° and 75°, using the large frequency range

−40 −35 −30 −25 −20 −15 −10 −5

Focal plane distance [mm]
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However, we assume that an image sensor filling stroke 
pattern is not found frequently in real printing prod-
ucts, therefore the suitability of the introduced method 
is not less applicable because of these results.

Contrary to the indistinct results of the sensor filling 
stroke pattern, outcomes of the binary noise pattern 
are highly convergent (see Figure 13). In visual con-
trol, we detect a major influence caused by the circular 
light though. Because of parallelism of lighting direc-
tion and the cameras optical axis, partial reflections of 
the light source are captured in the images when using 
glossy papers. This biases the results of FFT and thus 
the power spectrum. For correction a light diffusor is  

Figure 11: Power spectra of sensor filling stroke pattern and windowed stroke pattern showing local peaks besides a 
global maximum occur with the sensor filling stroke pattern, while the windowed stroke pattern is preventing local 

peaks in power spectrum; a large frequency range is used

Focal plane distance [mm]
−40 −35 −30 −25 −20 −15 −10 −5

installed which prevents sharp reflections on glossy 
surfaces. The reflectance of the paper sheet influences 
the absolute values of the power spectrum as well. 
The frame power 𝑷𝑷	high range is raised by usage of glossy 
papers without exception (see Figure 13), what possibly 
is explained through higher contrast. Hence a result-
ing higher contrast of the image leads to higher ampli-
tudes of the corresponding FFT functions, what implies 
larger absolute values of the FFT and thereby the power 
spectrum (see Figure 11). Deviations of 𝑷𝑷	high range max to 
the actual point of focus, when using the binary noise 
test chart, lie in a span of ∆f �𝑷𝑷	high range max) = ± 1 mm. Out 
of focus, small structures of the noise pattern become 
indistinct, hence the edge contrast is reduced dras-

Figure 12: Sensor filling stroke pattern (left) and windowed stroke pattern (right); the acquisition area in the 
lowermost camera position is highlighted in light blue, in the uppermost position in blue, the red arrows mark the 

enlargement of the acquisition area
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tically. Inside the focal depth, structures are distin-
guishable and the high spatial resolution of the pattern 
results in a sudden detection of high frequencies. Out of 
all experiments, the results of the noise pattern show 
the best results. Nevertheless scaling the frame power 
to the maximum of the series of a single test pattern 
is essential for obtaining a distinct statement of which 
image is focused best. Yet we can confirm that the pre-
sented algorithm found a maximum frame power for 
each series of images inside the focal depth of the acqui-
sition assembly for all the used test patterns.

4.  Conclusions

The method shown in this research serves as a robust 
alternative for focusing tasks where only data from the 
imaging sensor is available. No further sensor is needed 

within the system. The method was evaluated by using 
four different test charts representing a large variety of 
print layouts found in printing jobs. Deviations of 𝑷𝑷", max	
to the actual point of focus for all experiments done 
lie in a span of ∆f (𝑷𝑷", max	 ) = ± 4mm. While a decrease 
in low limit frequency and thus considering also lower 
frequencies results in a higher frame power 𝑷𝑷"	, even a 
low limit frequency of just b = 6.4825 mm−1 results in 
precise prediction of the actual focus. However, for the 
most distinctive results and because of computational 
speed a low limit frequency of b = 3.7075 mm−1 is con-
sidered the best.

A variety of glossy and matte papers were tested and 
even though glossy paper caused difficulties with 
partial reflections due to circular lighting and power 
spectrum performed on matte sheets showed lower 
maxima, the method still worked sufficiently. 

Figure 13: Power spectra of random binary noise pattern for glossy and matt paper using a large frequency range

Focal plane distance [mm]
−40 −35 −30 −25 −20 −15 −10 −5
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