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Abstract: The trade-off between resolution and contrast is a transcendental problem in optical imaging,
spanning from artistic photography to technoscientific applications. To the latter, Fourier-optics-based
filters — such as the 4f system — are well-known for their image-enhancement properties, removing
high spatial frequencies from an optically Fourier-transformed light signal through simple aperture
adjustment. Nonetheless, assessing the contrast-resolution balance in optical imaging remains a
challenging task, often requiring complex mathematical treatment and controlled laboratory conditions
to match theoretical predictions. With that in mind, we propose here a simple yet robust analytical
technique to find the optimal aperture in a 4f imaging system for static and quasi-static objects. Our
technique employs the mathematical formalism of the H-theorem, enabling us to access directly the
information of an imaged object. By varying the aperture at the Fourier plane of the 4f system, we
have empirically found an optimal-aperture region where the imaging entropy is maximum, given
that the object is fitted to the imaged area. At that region, the image is lit and well-resolved, and no
further aperture decrease improves that, as information of the whole assembly (object plus imaging
system) is maximum. With that analysis, we have also been able to investigate how the imperfections
in an object affect the entropy during its imaging. Despite its simplicity, our technique is generally
applicable and passable of automation, making it interesting for many imaging-based optical devices.

Keywords: Fourier optics; optical imaging; applied information theory

1. Introduction

When it comes to imaging solutions, the balance between contrast and resolution is not easily
achieved. In trendy fields such as super-resolution optical microscopy [1], high-resolution imaging of
highly scattering media [2] and noninvasive techniques for biomedical applications [3], it is difficult
to find a general configuration in which brightness and detail solving are mutually compensated
given an imaged object. Therefore, different methodologies are found in the literature for the same
technique in different contexts. Moreover, advancements in artificial-intelligence-based digital image
processing [4] are shifting the task of handling contrast and resolution from hardware to software, as
well as dealing with the modeling and explainability of real-time detections [5,6] in the place of rigid
mathematical equations. Under that perspective, we decided to tackle the contrast-resolution balance
problem in static and quasi-static imaging for a well-established field: Fourier optics. In particular,
we were looking for an empirical approach to analyze the problem purely from the standpoint of the
information carried by an image, which lead us to entropy.

In terms of image enhancement, Fourier optics has been known for decades [7] for its filtering
properties, exploiting the optical Fourier transform suffered by light rays crossing a spherically surfaced
lens and the removal of high spatial frequencies by adjusting the aperture of an iris diaphragm
positioned at the Fourier plane of the lens. More specifically, O'Neilley and Asakura [8] in 1961
presented a formal theory connecting the information of a Fourier-transformed optical image with
its formation, providing means to calculate the image-related statistical entropy H. In 1998, Kriete [9]
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connected entropy calculation to image quality in the context of fluorescence microscopy. Interestingly
enough, few subsequent works [10] employed consistently entropic methods to assess the information
of an optical images — which to us is key point for the address the contrast-resolution balance
problem. As a consequence, we found no investigation about mutual contrast-resolution enhancement
by optimizing the aperture at the Fourier plane — the sole degree of freedom in a Fourier-optics-based
imaging system —, which motivated this study.

Our goal with this paper is twofold: (1) to present an analytical technique of practical use for
experimentalists and (2) to discuss, in a heuristic manner, a different viewpoint on statistical entropy
in the context of optical imaging, enabling us to understand an image as simply as the information
it carries. In view of that, we discuss the H-theorem in Section 2 as a motivation for linking entropy
and optical imaging in this work. In Section 3, we review the essential points about Fourier optics for
understanding our experiment, whose preparation is described in Section 4. The results applying our
analytical technique are then investigated in Section 5, followed by an overview of our findings in
Section 6.

2. An Opto-Statistical Insight on the H-Theorem

To build our intuition connecting entropy and optical imaging, we will quickly discuss the
conditions and the result of the H-Theorem, following Reif’s textbook. [7] Consider an isolated system,
defined by a series of approximate quantum states, where the effect of interactions is small. At any
time instant ¢, the probability Ps = Ps(t) of the system being found in a particular state s is governed
by the law

dr, _

ar Wieg (Py — Ps); ZPS =1, (1)
s'#s s

in which W,_.¢ is the probability per unit time that the system makes a transition from state s to state s’

or vice versa, a condition known as the “detailed balance.” To see what can be found from the dynamics

in Eq. (1), the quantity that denotes the theorem is defined as

H= m%an(log(Ps)) =Y Plog(Ps). )

In the context of statistical mechanics, the quantity in Eq. (2) is regarded as the non-equilibrium entropy
of the system. Notice that because 0 < P; < 1,s0is H < 0. Furthermore, its time derivative (which can
be obtained from Eq. (1) and (2) after a few algebraic steps) gives the main result of the theorem about
the dynamics of the system’s states:

dH dH

ar = 0 = i 0 for P; = constant Vs 3)

Hence, dH/dt will always be negative, except when all states are equally probable. In that case, the
system is said to have reached equilibrium, as the entropy H attains its maximum (least negative)
value, analogous to the thermodynamic potential of the same name.

Asnoticed by O’Neilley and Asakura [8], an image’s H as a function of the defocusing also satisfies
the conditions in Eq. (3), reaching its maximum value at the focus. Therefore, H encompass information
about the quality of the image somehow, which in turn is tied to both contrast and resolution. By
reducing the aperture of an iris placed at the Fourier plane of a lens, one enhances the resolution by
filtering higher spatial frequencies while decreasing the contrast for blocking part of the light. As a
sharp image balances contrast and resolution, there should be an optimal aperture for the best image
quality, maximizing the entropy of the image. The details to achieve those conditions with be analyzed
in Section 3.
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3. Fourier Optics and the Imaging Entropy

We recall the essential features of Fourier optics for this paper following Chapter 5 in Goodman'’s
textbook [11]. Consider the plano-convex lens in Figure 1 of focal length f, illuminated by a monochro-
matic plane-wave light source of amplitude Unax and wavelength A in the geometrical limit. For a
object standing one focal length away on the left-hand side of the curved surface, the transversal
electromagnetic field U(xy, ys) of the image formed at the focal point on the right-hand side of the
curve surface is the Fourier transform (denoted as F) of the transversal electromagnetic field at the
object’s position U (xo, Yo) = AT(%0,Y0) = AT, (T being the lens’ transference function), as shown in

Eq. (4):

Uspy) = e D[] )BT anay = Al (35,55 ). @

object plane

/}

Figure 1. The curved surface of a thin plano-convex lens maps an incident plane wavefront into a spherical
wavefront. By placing a point source on the focal point and flipping the curved surface towards it, the curved
surface now maps the incident spherical wavefront into a plane wavefront. Source: https://commons.wikimedia.
org/wiki/File:Spherical_wave_lens2.svg (CC BY-SA 3.0).

Note that the mapping of the incident plane wave into a focusing spherical wave in Figure 1
is reversible if we consider a point-like source at the focal point. Therefore, by mirroring the plano-
convex lens into a biconvex lens and placing a copy of it two focal lengths away from the first one, we
find a configuration called 4f system, which was used in the experiment described in Section 4. That
arrangement allow us to Fourier-transform a signal, filter spatial frequencies (x¢/Af,y¢/Af) of the
resulting field at the focal point or Fourier plane, and then inverse-Fourier-transform the filtered signal,
improving imaging.

As commented before at the end of Section 2, an iris diaphragm (often called simply iris) is placed
at the Fourier plane, blocking part of the signal and thus filtering the Fourier-transformed field. The
smaller the aperture (also called pupil, in contrast with the iris that blocks light), the more spatial
frequencies will be removed. By modeling the aperture as A = A((x,y), (xf,yf)), Eq. 4 informs us the
U-field at the image plane of a 4f system:

U; = U(x;,y;) = FH(F U] + FIA]), (5)

in which * is the convolution operator. Provided a static or quasi-static object, the only degrees of
freedom that change U; come from the aperture function A. For a circular-aperture iris, it simplifies to
a single degree of freedom, the aperture diameter a.
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To access the information carried by U;, we measure the intensity of the light signal, since
I « |U|?. Using that, O’Neilley and Asakura [8] calculated the imaging entropy as

H= /S,- p(1i)log(p(L;))dI; /Si dp=1, (6)

in which p represents portions of the intensity I; sampled across the image plane’s photosensitive surface
S;. Observe that Eq. (6) is mathematically equivalent to Egs. (1) and (2). As discussed previously, the
degrees of freedom to maximize H in the imaging case — thus satisfying the result of the H-theorem
in Eq. (3) — comes uniquely from the aperture function A. An experiment for finding such an optimal
condition is the subject of Section 4.

4. Experimental Setup

In this section, we discuss how we prepared an experiment to quantify the statistical entropy of
an imaged object as a function of the optical aperture. In Section 4.1, we show the 4f imaging system
built for that purpose. In Section 4.2, we discuss the handcrafting process to make the absorptive mask
used as the imaged object, called object-mask by us.

4.1. Imaging System

We assembled the imaging system described in Figure 2 in the corner of an optical table, sur-
rounded by a covering structure that creates a dark environment over the table when closed. We set up
this experiment for remote operation, as the object-mask (OM) remained unchanged, and the motorized
iris (MI) had a cable connecting it to the control laptop, which could access the Raspberry-controlled
camera sensor (CS) through a wireless link.

Figure 2. Optical system assembled for our experiment. The red-line segments indicate the path of the light
throughout the system, which was produced by a 632.8-nm helium-neon laser source (LS) and whose height and
slope of the laser beam was precisely controlled by a set of four aluminum mirrors (M1, M2, M3 and M4). Between
M2 and M3, a Keplerian telescope was set up, using an eyepice lens (EL) of f = 20 mm an objective lens (OL) of
f =120 mm, producing a collimated beam of approximately 1 cm in diameter at the back of OL. That collimated
beam was guided by M3 and M4 to a 4f system using two biconvex lenses (L1 and L2) of f = 75 mm. At the
object plane, the object-mask (OM) shown in Figure 3 was positioned, imprinting a letter “A” on the beam as a
shadow. At the Fourier plane (where L1 and L2 s focci coincide), a remotely operable motorized iris (MI) was
placed for aperture control. At the image plane, a camera sensor (CS) was settled: a lensless 5-megapixel camera
module connected to a Raspberry board (partly visible at the lower left corner).

We set the exposition time of the camera sensor (CS) to 130 ps, the shortest value for that model. We
also did not lower the 0.95-mW nominal power of the laser source (LS), as we wanted to test the
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robustness of our analytical technique, possibly having to deal with saturated pixel values. With that
in mind, we also designed a object-mask (OM) to serve as an imperfect imaged object, projecting its
shadow onto CS, as explained in Section 4.2.

4.2. Object-Mask

Although originally unintended, the imperfections introduced in the object-mask shown in
Figure 3 after its handcrafting process lead us to retain it to be used in our experiment. After all,
measurement artifacts are present in the majority of real-world problems. Therefore, as we desire to
test our method under realistic conditions, we proceeded with the measurements using that imaging
target.

(a) Object-mask as an image file. (b) Object-mask after being finished.

Figure 3. A letter “A” absorptive mask used as the object-mask (OM) in the optical system of Figure 2. The
design shown in (a) was initially printed on a glossy paper sheet using a high-quality printer. Then, the
printed layout was cut from the sheet and placed over a piece of anti-reflective coated glass, secured by tape
at the edges. Next, the paper-glass assembly was subjected to a heated press, commonly used for small-scale
printed-circuit-board fabrication, to transfer the printed layout to the glass surface. However, due to the poor
quality of the glossy paper, a thin layer of that material remained on the glass. That residue was manually
removed using fingertip friction, which damaged parts of the print in the process. Around the letter “A”, a
small file was used to avoid damaging the character itself, which in turn left scratches on the surrounding
surface. Finally, a black marker pen was used to fill in the damaged areas on the print. The object-mask
is seen in (b) reflecting the blue spectrum of the ceiling light, highlighting artifacts introduced during the
making process, which will influence the results in Section 5.

Now the conditions of the designed experiment are known, we proceed to investigate the measure-
ments obtained from it in Section 5, effectively applying our analytical technique.

5. Results and Discussion

From the imaging methods described in Section 4.1, we acquired 360 images of the object-mask
shown in Section 4.2, with 10 images per aperture value. The acquisition started at 2 = 11.5 mm and
proceeded in steps of Aa = 0.3 mm down to 2 = 1.0 mm. We also acquired 10 images shot in the
dark, thus capturing the background noise. In Section 5.1, we present how we did the post-processing
of those images. In Section 5.2, we show how the statistical entropy H of each image was obtained,
followed by an inspection of the H x a diagrams in Section 5.3, allowing us to find the optimal-aperture
region.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5.1. Image Post-Processing

Each image file is represented as a 3 x 1944 x 2592 tensor, corresponding to the three color
channels (RGB) and the 1944 x 2592 pixel arrays captured by the camera sensor for each color. As
the laser wavelength was 632.8 nm, we used only the R-channel data, converting the images into
pixel matrices, whose values ranged between 0 and 255. We computed the definitive image as the
mean (y-matrix) with its standard deviation (c-matrix) of the 10 acquired images, resulting in two
characteristic matrices for each aperture. For saturated and high-variance (i 4+ 50 > 255) pixels in the
p-matrix, their values were assigned to —1, excluding them from the calculations in Section 5.2. To
distinguish between viable and unviable pixels in the y-matrices (i. e. the definitive images), we created
a custom color map, setting —1 as white, 0 as black and 254 as red, as shown in Figure 4. The full list of
36 final images is presented in Appendix A — again, one image per aperture value.

254 254
Aperture: a
0

0Aperture- a=11.5 mm (saturated pixels set to -1)
T % 3 /]

486 486

152

Pixel value
o
3
I+
Pixel value

101
1458

1944 1944 2592

(a) R channel for a = 11.5 mm. (b) R channel for a = 3.4 mm.

254 254
et to-1) c'Ap’er':ure = 1.0 mm (saturated pixels set to -1)

3 T

c'Apert:ure: a=3.1 mm (saturated p

fian “?},‘

152 152

Pixel Value
w
5
IN]
Pixel Value

101 101

2592 2592

(c) R channel for 2 = 3.1 mm. (d) R channel for 2 = 1.0 mm.

Figure 4. Selected images from Appendix A for analyzing the diagrams in Figures 5 and 6: the highest-
aperture (a) and the lowest-aperture (b) images above the transition region, and the highest-aperture
(c) and the lowest-aperture (d) images below the transition region. Saturated and high-variance pixels
are not used for entropy calculations in Section 5.2.

The sequence of images in Figure 4 displays how the features defining the letter “A” become more
distinguishable as the aperture is reduced, although making them darker. Moreover, imperfections in
the object-mask also become more evident at smaller apertures — artifacts that will be considered later
on our analysis. Those images will be revised when we analyze the behavior of the entropy, whose
calculation is described in Section 5.2.

5.2. Entropy Calculation

To calculate the entropy of each image, we adopted the following procedure:

e Subtract the background noise: y’ = y — g and ¢’ = o + o pixel-wise.
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¢ Discard negative- and zero-valued pixels.
* Normalize viable pixels by their sum, satisfying the continuity condition in Eq. (1).

¢ Calculate the entropy applying the normalized pixel values (i) into Eq. (2).

After the steps above, each p-matrix representing an image becomes effectively a table of portions
segmenting the image, as intended in Eq. (6). However, as the normalized pixel values are very small,
computing their logarithms can be hard. Thus, we used this method:

e Take the absolute order of magnitude of the smallest pixel value: m = |O (fimin)|-

e Calculate the logarithms as log(ji) = log(ji - 10" /10™) = log(ji - 10™) — mlog(10).

With the entropy determined, we examine its dependency on the aperture in Section 5.3.

5.3. Entropy-Versus-Aperture Diagrams

To investigate the statistical quality of the collected data, we filtered the pixel values from the
y- and o-matrices — between the procedures from Section 5.1 and Section 5.2 — to retain only those
satisfying selected thresholds for the coefficient of variation, o/ y, such that the ratio was less than or
equal to the specified values. This allows us to observe how robust the overall behavior of entropy
as a function of aperture remains as the coefficient-of-variation threshold for pixels is progressively
reduced. Therefore, the H x a diagrams for selected o/ u curves are shown on a linear scale in Figure 5
and on a log-log scale in Figure 6.

Entropy versus Aperture: Linear Plot

*  g/u=0.5 per pixel
—14.6 .
*  g/u=0.45 per pixel
. o g/u=0.4 per pixel
. . s o/u=0.35 per pixel
by —14.7 1 e " i b * gfu=0.23 per pixel
7] [ ] ™ L] . X
ié‘ "} L I - 8 *  g/u=025 per pixel
-g o i i i . o/u = 02 per pixel
E _14.8 - i i i ” Transition Region
E— .
z :
L
L]
5 il . o
E —14.9 - 1313 i
g H
]
b
—15.0 L
el
Sie
L
st s
T T T T T
2 4 6 8 10 12

Aperture, a (mm)

Figure 5. Behavior of the entropy as a function of the aperture for the images of the object-mask in Figure 3,
that were acquired with the imaging system in Figure 2. The curves retain their overall shapes for coefficient-of-
variation thresholds up to 0.2, indicating the limit of statistical reliability. There is a clear change in the behavior of
the curves between a = 3.4 mm and a4 = 3.1 mm (orange-shaded area), marking the region of optimal aperture for
the best trade-off between resolution and contrast.

We highlighted in Figures 5 and 6 an orange-shaded region that marks an abrupt change in the
behavior of the curves, which we refer to as the “transition region”. For apertures a > 3.4 mm (above
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the transition region), the entropy was calculated from all images between Figures 4(a-b), whereas
for apertures 2 < 3.1 mm (below the transition region), the the entropy was determined from all
images between Figures 4(c-d). We will analyze the regions above and below the transition area in
the following paragraphs, arguing that the aperture values within the transition region offer a robust
compromise between contrast and resolution, improving significantly the imaging conditions.

Entropy versus Aperture: Log-Log Plot

*  g/u=0.5 per pixel '.|
2.7104 = o/u=0.45 per pixel o
e 0O/u=0.4 per pixel ﬁ“
. {1}
® O/p =035 per pixel L
2.705 - K perp 5
*  g/u=0.3 per pixel ?
s of/u=0.25 per pixel it '
—_— -
T 2.700 of/u = 0.2 per pixel 1H
= L ]
o Transition Region °e
=} )
- L] -
Z 2.6951 1 i .
B ? \/ I
= ' ! | s |
L : L] [] L
2.690 - ST T L 0
- R ! .
. .
2.685 - .
L]
2.680 A
T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5

Aperture, log(a/amin)

Figure 6. Log-log-scale version of the diagram in Figure 5, in which the smoothening effect of the logarithm
function on the curves makes their behavior more evident. Note how little the data varies for apertures below the
transition region, pointing at an expected stability below the optimal aperture.

Above the Transition Region

For apertures bigger than an expected optimal value, the entropy increase can be approximated
to a straight line on a logarithmic scale, as seen in Figure 6. That growth behavior is a characteristic
feature of the assembly constituted by the imaging system and the imaged object, and it can be used
as a reference for determining the transition region for quasi-static scenarios (e. g. slow chemical
reactions on a slide as the imaged object). In terms of content, the smaller the aperture, the greater is
the information about the object — as observed between Figures 4(a-b), with the details of the letter “A”
becoming sharper. That information however is ultimately limited at the transition region, given an
imaged object.

Below the Transition Region

At first glance, it might seem inappropriate to assume that the entropy reaches its maximum stable
value by looking at Figures 5 and 6. However, if we look at Figures 4(c-d), dark patches around the
letter “A” started to appear and become more evident as the aperture decreases. These dark patches are
imaging artifacts introduced by the imperfections on the object-mask, as commented in Figure 3. The
smaller the aperture, the lower the contrast and the higher the resolution, thus the imperfections —
previously neglectable — become evident, influencing the entropy values below the transition region.

Note that our analysis assumes all relevant structural information about the object — specifically,
the letter “A” on the object-mask — is fully contained within the imaged area, and that no additional
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structures beyond the letter are of interest. If, instead, one wished to image finer details of the print
itself, the imaging system would need to be adjusted — such as by increasing magnification — to
appropriately capture the desired structural features. For that reason, the entropy for the letter “A”
image reached its maximum value at the transition region, where one finds an optimal aperture value,
balancing contrast and resolution.

6. Conclusions

In this paper, we have described an analytical technique for measuring the statistical entropy
of an imaged object as a function of the imaging system’s aperture, enabling the identification of
an aperture value that optimizes resolution and contrast to yield a detailed and well-illuminated
image. Our approach draws inspiration from the premises of the H-theorem, which explains how
certain nonequilibrium systems evolve towards equilibrium, while employing the spatial filtering
properties of Fourier optics.

As a case-study of our technique, we have built a 4f system to image an object-mask with
imperfections, as discussed in Section 4. We have imaged that target at various aperture values,
determining the entropy of each image, as presented in Section 5. We have found a transition region
where the entropy as function of the aperture changes its behavior. Above that region, entropy increases
as aperture decreases. Below that region, details from the imperfections become evident, affecting the
entropy curve. Therefore, the transition region is where the optimal aperture is, with the intended
details of an object in evidence.

On one hand, an important assumption for our technique is that the desirable information about
an imaged object is fitted into the imaged area. Smaller structures within that area might not be as
resolved as the structures that fill the characteristic dimensions under imaging. Furthermore, it also
assumes a static or quasi-static target at the object plane.

On the other hand, our analytical technique has the advantage of not relying on heavy mathemat-
ical modeling and physical treatment, as many other approaches usually do. In fact, it relies mainly
on the content that comes with the definition of entropy, making it a very robust method for optical
imaging enhancement. In terms of applications, this technique does require aperture scanning; how-
ever, this requirement enables automated optimization, making it particularly attractive for improving
optical scanners, confocal microscopes, and other Fourier-optics-based systems.
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Appendix A. Images

We present here the full list of the images taken for our analysis, following the procedures from
Sections 4 and 5. Figures A1-A36 represent the shadow of the letter “A” mask in Figure 3 projected
onto the camera sensor after crossing the 4f system seen in Figure 2, for different aperture values. Their
post-processing is described in Section 5.1.
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Figure A1. R channel for 2 = 11.5 mm. Figure A2. R channel for 2 = 11.2 mm.
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Figure A3. R channel for 2 = 10.9 mm. Figure A4. R channel for a = 10.6 mm.
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Figure A5. R channel for a4 = 10.3 mm. Figure A6. R channel for 2 = 10.0 mm.
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Figure A7. R channel for 4 = 9.7 mm. Figure A8. R channel for 2 = 9.4 mm.
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Figure A9. R channel for 2 = 9.1 mm. Figure A10. R channel for 2 = 8.8 mm.
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Figure A11. R channel for 2 = 8.5 mm. Figure A12. R channel for 2 = 8.2 mm.
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Figure A13. R channel for 2 = 7.9 mm. Figure A14. R channel for 2 = 7.6 mm.
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Figure A15. R channel for 2 = 7.3 mm. Figure A16. R channel for 2 = 7.0 mm.
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Figure A17. R channel for a = 6.7 mm. Figure A18. R channel for a = 6.4 mm.
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Figure A19. R channel for 2 = 6.1 mm. Figure A20. R channel for 2 = 5.8 mm.
254 254
Aperture: a =5.2 mm (saturated pixels set to -1)
0 = Tl gara
203 203
152 o 152 ¢
5] ]
g g
2 2
101& 101 &
50 50
-1 -1
Figure A21. R channel for 2 = 5.5 mm. Figure A22. R channel for 2 = 5.2 mm.
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Figure A23. R channel for 2 = 4.9 mm. Figure A24. R channel for 2 = 4.6 mm.
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Figure A25. R channel for a = 4.3 mm. Figure A26. R channel for 2 = 4.0 mm.
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Figure A27. R channel for 2 = 3.7 mm. Figure A28. R channel for 2 = 3.4 mm.
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Figure A29. R channel for 2 = 3.1 mm. Figure A30. R channel for 2 = 2.8 mm.
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Figure A31. R channel for 2 = 2.5 mm.
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Figure A33. R channel for 2 = 1.9 mm.
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Figure A35. R channel for 2 = 1.3 mm. Figure A36. R channel for 2 = 1.0 mm.
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