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ABSTRACT

With recent high demand for ultra-high-definition (UHD) content to be screened in high-end digital movie
theaters but also in the home environment, film archives full of movies in high-definition and above are in the
scope of UHD content providers. Movies captured with the traditional film technology represent a virtually
unlimited source of UHD content. The goal to maintain complete image information is also related to the choice
of scanning resolution and spatial resolution for further distribution. It might seem that scanning the film
material in the highest possible resolution using state-of-the-art film scanners and also its distribution in this
resolution is the right choice. The information content of the digitized images is however limited, and various
degradations moreover lead to its further reduction. Digital distribution of the content in the highest image
resolution might be therefore unnecessary or uneconomical. In other cases, the highest possible resolution is
inevitable if we want to preserve fine scene details or film grain structure for archiving purposes. This paper
deals with the image detail content analysis of archive film records. The resolution limit in captured scene
image and factors which lower the final resolution are discussed. Methods are proposed to determine the spatial
details of the film picture based on the analysis of its digitized image data. These procedures allow determining
recommendations for optimal distribution of digitized video content intended for various display devices with
lower resolutions. Obtained results are illustrated on spatial downsampling use case scenario, and performance
evaluation of the proposed techniques is presented.
Keywords: Digital cinema, archive records, film restoration, image resolution, film scanning, digitization, image
quality.

1. INTRODUCTION
A large number of motion pictures is stored on film material, which often has a high historical and artistic
value, and must, therefore, be preserved for future generations. Film material, however, might have a relatively
short life, since it is subject to chemical decomposition, wear and other kinds of deteriorations. Besides, it is
strongly prone to mechanical damage, which also degrades the recorded image information. Degradation can be
mitigated by storage in suitable conditions of film archives with controlled temperature and humidity. However,
as a consequence, valuable archive content might become confined to the general public.
Given that the quality of moving image information recorded on film material has been met only recently
by digital technology, archival film materials are also a valuable source of entertainment programs for ultrahigh-definition (UHD) projection in digital cinemas and using modern home entertainment systems. To preserve
valuable image information and also to make it accessible to the public, it is necessary to digitize the film
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records stored in film archives. The digitized material can also be processed with a variety of advanced image
reconstructing methods that will contribute to a better viewing experience.
The choice of scanning resolution and also the resolution of the distribution copies is closely related to the
quality of preserved image information. It may seem that scanning film material at the highest possible resolution
is the most sensible choice. However, the useful image information content of the film material is limited, and it
is further reduced also due to various degradations. In particular, distribution of such content might, therefore,
be unnecessary or uneconomical.
This paper deals with the useful image information content analysis of the film material. The theoretical limit
of useful image information is discussed as well as the factors that make the actual measured values lower. Finally,
there are methods proposed that could determine the information content of each film material individually based
on the analysis of its digitized picture information and following its outcome provide requirements for resolution
of potentially downsampled distribution copies so that the image quality is not degraded.
More details on the related methodology of digitally restored authorizate (DRA), which defines a procedure
and set of tools to achieve the audio and visual appearance of the digitized film as close as possible to the original
author’s concept, can be found in our previous papers.1–4
The content of this paper is organized as follows. Available studies on achievable image resolution of film
are briefly summarized in Section 2. The issue of digitized image downsampling and proposed techniques for
objective analysis of its impact on obtained image resolution and perceived image fidelity or quality are presented
in Section 3. Preliminary performance verification of the proposed techniques and its results are summarized in
Section 4. Section 5 concludes the paper and discusses possible future work.

2. IMAGE RESOLUTION IN CINEMATOGRAPHIC FILM CHAIN
This section deals with the question of the appropriate choice of resolution, which is affecting the quality of
digitized archive film materials and summarizes related work in the field. At first, we focus on the analysis of
the image resolution of a typical 35 mm film chain. Then we shortly deal with the resolving ability of the film
stock itself. This analysis then implies the basic requirements for the technical specifications of the film scanner.

2.1 Image resolution analysis in theatrical presentation
There were several studies published since the digital technology onset in the film industry trying to determine
requirements for the digital projection. The goal of Baroncini et al.,5 in one of the first published studies on
this topic, was to find out what was the standard resolution common for conventional analog movie theaters.
The focus of this study was not on the measurement of the maximum achievable resolution of the film material.
The presented results are conditional on the characteristics of the particular material used and other standard
technologies, including the projection, and thus describe the limits of resolution that are achieved in the case of
the best effort practice. The process was carried out in the state-of-the-art facilities. The modulation transfer
function (MTF)6 was measured using a conventional approach with the test pattern and microdensitometer.
Further details on the methodology can be found in the study together with the detailed results obtained for
subjective resolution limit evaluation of the images on the cinematographic screen. As pointed out by Morton
et al.,7 the study of Baroncini et al.5 presents the results that may be misleading when misinterpreted, e.g. the
study is focused on the analysis of a system working with a specific image height, the test pattern used has a
sinusoidal profile of brightness, and the authors contemplate a limiting visual resolution for a drop to 10% in
MTF, etc.
Vitale8∗ published another approach in his study to estimate the resolution of images captured on historical
film materials. This approach is based on the equation determining the overall resolving power of the imaging
system, taking into account the characteristics of the individual components, in particular, the camera lens and
the film material. The study presents tabular and graphical estimates of imaging capabilities for film materials
and lenses typical of a given historical period and the resulting estimate of the resolving power of the system.
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It should be noted here that, even beyond the resolution limits determined according to the methodologies
described above (MTF drop to 10% or 5%), there are image details captured on film material. These are not
observable under normal conditions by human sight. However, such details, as far as uncompromising archiving
is concerned, are often desirable to capture during digitization.

2.2 Basic resolution requirements for the film scanner
The main goal of this paper is not to present the actual requirements for the resolution of the film scanners
or the digital distribution copies but to propose and evaluate techniques to obtain this characteristic from the
image data. The following paragraph is included only for the completeness.
Analyzing the information image content captured by the 35 mm film in respect to the film scanner resolution
is not a trivial question.5, 9 The limiting resolution calculations are usually based on a simplified Shannon
sampling condition,10 where spatial sampling is sufficient for two image pixel detectors (sampling sites) per line
pair, corresponding to the so-called Nyquist frequency of 0.5 cycles per pixel (cy/px). This simplification is based
on the assumption that the scanning system has at its input an ideal optical anti-aliasing filter and the sampled
image signal is therefore limited in the spatial frequency domain to 0.5 cy/px.
From the simplified analysis,5, 8, 11 it follows that the open gate resolution of 4K (4 096 × 3 112) can be
considered as the lowest resolution limit for scanning the modern 35 mm original camera negative, especially
for 35 mm formats with a smaller area, e.g. cropped format of 1.85 : 1. At this point, it is worth recalling that
the DCI (Digital Cinema Initiatives)12 consortium defines the size of specific resolution containers. For larger
and higher-resolution formats, there is a certain risk of loss in recorded image information while scanning at
4K. Another significant problem is the possible distortion of the sampled image by aliasing, which appears as
a moiré in the acquired image data when the optical anti-aliasing filter6, 13 is imperfect or missing. To prevent
this distortion and reliably capture image information carried by the 35 mm film, scanning in a higher format,
such as 6K or better 8K, is required. Higher resolution when scanning the original camera negative (OCN)
with subsequent downsampling, such as to 4K using a suitable interpolation algorithm and a digital anti-aliasing
filter, can better suppress the artifacts associated with sparse sampling. The filter prevents moiré distortion that
might occur when sampling high-quality film material with a fine-textured image. This problem can, on the
other hand, happen when digitizing using a lower resolution scanner, e.g. 4K and especially 2K, which has an
improper optical anti-aliasing filter.

2.3 Film grain and its relation to image resolution requirements
The optimal resolution for scanning must be such as to capture the finest detail of recorded image information.
The ultimate goal would be to capture also the film grain to maintain the distinct film look. Although the film
grain is essentially noise, it belongs to the film characteristic, and it adds to its perceived naturalness. On the
contrary, the unwanted artifact is the noise created by the scanner image sensor during the digitization of the
film. Useful image information about the captured scene, film grain and noise are the three distinct properties
that should be analyzed separately. Detailed analysis of the three properties is beyond the scope of this paper.
In the digital world, pixel is the finest detail that can be shown in the image. The film material is different in
that the fundamental particles are silver crystals in black and white, and color dye clouds in color film. For more
details refer to Vitale.8, 11 Thus, theoretically, the resolution of the film should be determined by the size of its
fundamental particles. Fundamental particles are dispersed randomly in the emulsion of film material, but with
a high density. The emulsion is relatively thick in comparison to the particle size, and therefore the particles
are scattered in all three of its dimensions. There is overlapping and clustering of the particles that leads to
the known phenomenon of film material, which is its grain. The grain is not an elementary unit constituting
the picture information. It only arises as a result of the visual perception when one observes a large number of
fundamental particles distributed in a relatively thick film of grain versus resolution. It is the product of the
limited resolution of the vision, which is unable to distinguish the actual fundamental particles. The grain is not
a particle, and because it is so indistinct, it is difficult to measure.11
The film grain can be preserved into the digitized image if the grain characteristics are known, and the
digitization takes them into account. Based on the study of Hepper,14, 15 each film record (depending on e.g.
material type, exposure, development) has its own grain structure. Film grain, as other noises, negatively
influences the performance of image compression algorithms, refer to Oh et al.16

3. ANALYSIS OF RESOLUTION LOSS DUE TO SPATIAL DOWNSAMPLING
The image resolution of cinematographic chain plays an important role, especially if the archive film records are
digitized and subsequently distributed in a variety of formats targeting the full range of devices, from hand-held
devices, e.g. smartphones and tablets, through ultra-high definition (UHD) home entertainment systems, to
high-end digital cinematographic theaters. In each of these environments, spatial resolution plays the crucial
role and influences the quality of experience (QoE)17 as perceived by the human observer.
Given the scanner’s resolution required for the digital footprint of the archive analog film, it is always necessary
to conduct a detailed analysis of the analog film media before scanning, and then perform scanning using the
best available technology. Scanning the original camera negative (OCN) for 35 mm film at 8K resolution with the
subsequent conversion to lower formats, especially for distribution needs, seems to be optimal. There are suitable
formats for storing image data for such workflows. Regarding archiving, it is desirable to preserve the scanned
master data without any modifications in the original resolution and bit depth. It should be noted that the film
strip degrades with time, and when the image is re-digitized, the image information may be significantly more
disturbed or may not be available for digitization anymore. A suitable long-term storage format for this data is
MAP (Master Archive Package), which allows up to 16K resolution (16 384 × 8 640 pixels), the bit depth of up
to 32 bits per color channel, and lossless compression. The next step in this workflow is the IAP (Intermediate
Access Package) profile, which represents a high-quality digital copy of the archived film with 4K (4 096 × 2 160
pixels), 2K (2 048 × 1 080 pixels) resolutions, and subsequent production of distribution formats.18
It is beyond the scope of this paper to analyze QoE loss prediction due to spatial subsampling in details for
the whole range of possible techniques when image data scanned by high-quality film scanner are used or even
objectively assess physical resolution requirements for the film scanner. Thus a particular use case scenario was
selected for further analysis.
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Figure 1: Schematic diagram of analyzed use case scenario. Reference images are downsampled, and their quality
is analyzed using image quality assessment (IQA) techniques based on full-reference (FR), no-reference (NR)
IQA or image fidelity prediction based on analysis of the reference image.

3.1 Use case scenario
The ultimate goal would be to develop a technique which would provide requirements for the resolution of the
film scanner to be used for reliable digitization of the image details captured in the film image, see Section 2 for
the overview. Instead, here we consider a simplified use case scenario.
The best practice for critical archive records is that the film is scanned with the highest resolution available to
the state-of-the-art technology, e.g. 8K, and then for distribution purposes, lower resolution versions are derived.
It is also the use case scenario for further analysis in this paper. The main idea, also captured in Fig. 3.1, can
be summarized as follows.
• Most of the useful image details and preferably also the film grain is captured in the high-resolution scan
of the film.
• Based on the analysis of the derived downsampled version of the original image or based on the analysis
of the original image itself, the deterioration of the downsampled version is predicted.
• The prediction of the image fidelity or quality in the derived downsampled version allows the user to
determine the lowest limit of the resolution of the downsampled version so that the image fidelity or
quality is not deteriorated.

As mentioned above, fidelity or quality of the downsampled version in respect to the original can be predicted
based on the analysis of available image data before and after downsampling. Various options for such technique
are discussed in the following paragraph.

3.2 Description of the analyzed techniques
The main goal of the discussed techniques, see Fig. 1, is to predict the fidelity or quality of the downsampled
version ID of the reference image IR . The downsampling is performed by a defined algorithm with the downsampling factor Dn . The quality or fidelity of the downsampled image ID with respect to the reference IR can
be predicted using one of the three following approaches.
(a) Full-reference (FR) image quality/fidelity assessment, where both images, the downsampled version ID and
the reference image IR , are available and compared, while measure QF R is obtained.
(b) No-reference (NR) image quality assessment, where only the downsampled version ID is available, while
measure QN R is obtained.
(c) Fidelity prediction based only on the reference image IR , properties of the processing, i.e. downsampling
with the downsampling factor Dn , while measure QF is obtained.
Each of the three general approaches listed above can be further analyzed based on the particular measure used
for the calculation of the resulting quality/fidelity criterion. Selected relevant techniques for each of the three
classes are briefly discussed in the following paragraphs. More details can be found in the literature.19–21
Full-reference (FR) image quality/fidelity assessment
Full reference measures require the presence of the original/reference image. This type of criteria measure a
fidelity of the processed version in respect to the reference, i.e. how similar the two versions are. The FR
algorithms provide the most reliable estimates of quality, and thus it is the most common class of measures used
in the field of near-lossless image processing techniques, where the fidelity plays very important role.
Since the FR measures are the oldest and the most developed class, there are numerous approaches, ranging
from the signal or pixel-based metrics to human visual system based (HVS) metrics. Since the pixel-based
metrics, e.g. mean square error (MSE), peak signal to noise ratio (PSNR),19 despite being computationally
efficient, do not correspond well with the subjective perception, these are not further considered. The HVS
based techniques provide a better estimation of the perceived image quality. In this class the most popular
techniques are e.g. structural similarity index (SSIM)21 with its derivatives (e.g. MS-SSIM, IW-SSIM), visual
information fidelity (VIF),22 feature similarity index (FSIM),23 and visible difference predictor (VDP) with its
derivatives (e.g. HDR-VDP, DHR-VDP-2, HDR-VDP-2.2).24
For our study, the well established and computationally efficient SSIM,21 was used in the framework, see
Fig. 1, to predict the fidelity of the downsampled image ID with respect to the reference IR , while obtaining the
measure QF R .
No-reference (NR) image quality assessment
The full-reference measure requires the original reference image to assess the quality of the processed version.
This restriction is eliminated with no-reference measures, where there is no need for the information about
the original image.19 There is a large group of specialized, distortion-aware, measures, designed specifically for
certain image processing distortions, e.g. lossy compression, blur/sharpness, contrast, and colorfulness.
For the selected use case scenario, see Fig. 1, the blur/sharpness distortion-aware metrics are the most relevant
since the downsampling with low-pass antialiasing filter deteriorates high spatial infrequences, thus introduces
blur to the processed image and depreciates its sharpness. Based on our previous work25 two measures were
selected for further assessment within the analyzed framework, i.e. S3 metric proposed by Vu et al.26 and LPC-SI
metric proposed by Hassen et al.27 S3 algorithm was designed to measure the local perceived sharpness in images.
An application of derived S3 measures was demonstrated for no-reference image quality assessment of blurred
images27 or derived techniques augmented for image sharpening.25 No-reference image sharpness assessment

based on local phase coherence measurement (LPC-SI) proved to correlate well with subjective evaluations on
blur image database and also for the image sharpening assessment.25, 27
In our study, the well established no-reference measures, S326 and LPC-SI,27 were used in the framework,
see Fig. 1, to predict the quality of the processed image ID considering its sharpness deterioration25 due to
downsampling, while obtaining the measure QN R .
Fidelity prediction
Full-reference and no-reference techniques, as described in the previous two paragraphs, use the processed image
ID , see Fig. 1, to predict its fidelity or quality. The processing responsible for the image quality deterioration
is downsampling in our use case scenario. Thus it might be reasonable to predict the fidelity of the processed
image. A technique for such image fidelity prediction is described in this paragraph.
Image fidelity of ID can be predicted based on the analysis of the original reference image IR and known
characteristics of the processing, i.e. downsampling factor Dn . Here we introduce a simple fidelity measure based
on power spectral density (PSD) characteristics of the reference image in respect to the prediction of the PSD
of the distorted image. The PSD describes the distribution of the image signal power with respect to its spacial
frequency.10 The PSD of an image can be calculated as the squared magnitude of its Fourier transform
P SDI (k, l) = |F{I(m, n)}|2 ,

(1)

where F represents the Fourier transform (here two-dimensional discrete Fourier transform), I(m, n) is the image
intensity, and (m, n) are rows and columns of the 2D image.
The process of downsampling can be described to some extent by its optical transfer function (OTF) and
modulation transfer function (MTF).6 The shape of resulting MTF will depend mostly on the interpolation
kernel used and the shape of antialiasing low-pass filter.10 If the proper antialiasing filter is used then the power
spectral density P SDD of the downsampled image ID is related to the P SDR of the reference image IR as follows
P SDD (k, l) = |H(k, l)|2 P SDR (k, l),

(2)

where |H(k, l)| is the MTF of the downsampling process.
The simplest measure of fidelity of the processed image ID in respect to the reference one IR can be defined
as a ratio between the total power carried by the processed image PD and the reference one PR . This measure
denoted in Fig. 1 as QF can be calculated as
P P
P P
|H(k, l)|2 P SDR (k, l)
P SDD (k, l)
PD
= k Pl P
,
(3)
= Pk Pl
QF =
PR
k
l P SDR (k, l)
k
l P SDR (k, l)
where P SDD and P SDR are power spectral densities of the downsampled and reference image, and |H(k, l)| is
modulation transfer function associated with the downsampling process.
The shape of the MTF of the particular downsampling process, with defined interpolation and antialiasing
kernels, depends mostly on the downsampling factor Dn . Then the fidelity measure QF can be evaluated from
the Eq. (3) as
P P
|H(D ) (k, l)|2 P SDR (k, l)
QF (Dn ) = k lP Pn
,
(4)
k
l P SDR (k, l)
where |H(Dn ) (k, l)| is the downsampling MTF associated with the downsampling factor Dn . Since the downsampling MTF has a shape of the low-pass filter, and |H(Dn ) (k, l)| ≤ 1, the fidelity measure QF (Dn ) value is
between 0 and 1. The value of 1 is only reachable in the case |H(Dn ) (k, l)| = 1, ∀(k, l), where P SDR (k, l) 6= 0.
The performance of the selected techniques from each discussed class, i.e. full-reference image quality/fidelity
assessment QF R , no-reference image quality assessment QN R , and fidelity prediction QF , is evaluated for the
particular use case scenario in the following section.

4. EXPERIMENTAL RESULTS
The three approaches for the use case scenario of scanned film image resolution loss analysis due to spatial
downsampling are described in Section 3, see Fig. 1. In this section, the performance of the selected techniques
from the three described classes is analyzed. The performance evaluation of the discusses techniques is based on
simulation framework for the selected use case scenario. Description of the simulation framework, selected test
image contents, and performance evaluation results are presented in the following paragraphs.

4.1 Simulation framework
The performance evaluation of the selected techniques was done using real test images and simulated use case
scenario with spatial downsampling, see Fig. 1. As this paper is focused on preliminary evaluation, only the
results of objective image fidelity/quality assessment are presented here. Performance evaluation based on the
results from the subjective experiment with human observers is beyond the scope of the paper, and it is one our
future work items.
The particular steps associated with the selected use case scenario, see Fig. 1, i.e. the simulation of the
applied processing and performance evaluation of the tested techniques, can be summarized in the following
basic steps.
(i) Suitable test image contents selection, with characteristics relevant to the use case scenario, e.g. image
contents originating from film media, required resolution, and scene variability. Here a set of twenty-four
test images covering typical natural scenes was selected. More details on image contents selection can be
found in Section 4.2.
(ii) Simulation of the use case scenario, with selected image postprocessing technique, i.e. spatial downsampling.
Spatial downsampling using popular Lanczos-3 interpolation kernel28 was applied to spatially upsampled
reference images (with the factor of two) for subsequent downsampling factors Dn = {2, 3, 4, 6, 8, 12, 16}.
Using this approach a set of distorted images was created, resulting in 168 images. More details on distorted
image contents dataset creation can be found in Section 4.2.
(iii) Image fidelity/quality measures are calculated for the dataset created in the previous steps. Measure values
QF R for full-reference (i.e. SSIM fidelity measure), QN R for no-reference (i.e. S3 and LPC-SI sharpness/blur
measures), and QF (i.e. power spectral density analysis) for fidelity prediction were calculated. More details
on selected objective measures can be found in Section 3.2.
(iv) In the last step, the performance of the tested techniques was evaluated. The evaluation was based on
the calculation of correlation coefficients between the full-reference image fidelity measure QF R and the
results from the two other approaches, i.e. no-reference QN R , and especially the power spectral density
based image fidelity prediction analysis QF . More details on performance evaluation results analysis can
be found in Section 4.3.
The idea behind this procedure, especially the step (iv), lies in the fact that full-reference image fidelity criterion
QF R can be considered here as the ultimate measure of distorted image ID fidelity in respect to the reference image
IR . It is not very practical, due to computational demands, to calculate QF R for the whole video sequence, since
also the processed video sequence frames ID has to be calculated for each configuration of the tested processing,
i.e. spatial downsampling with downsampling factor Dn .
It is more convenient, especially for the sake of computational simplicity, to predict image fidelity QF of
the distorted image ID based on the features of the reference one IR . The technique considers also known
properties and parameters of the processing, i.e. downsampling factor Dn , see Section 3.2 for more details.
The performance of the fidelity prediction QF has to be evaluated concerning the full-reference measure output
QF R . On the other hand, there are cases, where the reference image IR is not available, and still, we would like
to assess the quality loss of the processed image ID , sometimes in respect to higher quality processed version.
Here comes the importance of the no-reference measure QN R and evaluation of its performance in respect to the
full-reference fidelity measure QF R .

4.2 Test image contents
For the preliminary experimental verification of the techniques proposed in Section 3, twenty-four test images
were chosen from the publicly available Kodak PhotoCD dataset† . The images were downloaded in BMP file
format‡ with the original resolution of 3 072 × 2 048 pixels. This resolution, considering 24 × 36 mm full-frame,
is equivalent to the scanner resolution of 2 167.5 ppi.
These test scenes, see Fig. 2, were selected because of the image contents variability, covering typical natural
scenes. Images available in Kodak PhotoCD dataset are suitable for the test also because they were originally
captured on 35 mm film using an analog still camera and then scanned in high resolution.
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Figure 2: Thumbnails of test images from Kodak PhotoCD. Note the modified order of the test images in the
figure.
The original test images with the resolution of 3 072 × 2 048 pixels (6.29 Mpix) where upsampled with the
factor of two obtaining a set of twenty-four reference images with the resolution of 6 144×4 096 pixels (25.2 Mpix).
The upsampling was performed using popular Lanczos-3 interpolation kernel.28 From each reference image, a
set of seven downsampled images was created again with Lanczos-3 interpolation kernel and anti-aliasing filter
for downsampling factors Dn = {2, 3, 4, 6, 8, 12, 16}. These factors were selected to cover a broad range of
downsampled derivatives of the reference image with common 2n based and also other downsampling factors.
The resolutions of the downsampled images are 3 072 × 2 048 pixels (6.29 Mpix), i.e. equal to the resolution of the
†
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Kodak PhotoCD dataset (Accessed: July 23, 2017): http://r0k.us/graphics/kodak/
B. J. Lucier’s Kodak PhotoCD dataset (Accessed: July 23, 2017): http://www.math.purdue.edu/~lucier/PHOTO_CD/

original image, 2 048×1 366 (2.80 Mpix), 1 536×1 024 (1.57 Mpix), 1 024×683 (0.70 Mpix), 768×512 (0.39 Mpix),
512 × 342 (0.18 Mpix), and 384 × 256 (0.10 Mpix). These resolutions, considering 24 × 36 mm full-frame, would be
equivalent to the scanner resolution between 4 334.9 ppi and 270.9 ppi. To allow calculation of basic full-reference
pixel metrics the set of downsampled images was in the end upsampled back to the resolution of the reference
image, i.e. 6 144 × 4 096 pixels. The upsampling was performed again using Lanczos-3 interpolation kernel.

(a) Reference D0 = 1

(b) Downsampled D1 = 2

(c) Downsampled D2 = 3

(d) Downsampled D3 = 4

(e) Downsampled D4 = 6
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Figure 3: Closeups (315 × 210 pixels) of “[13] Mountain stream” (see Fig. 2(j)) test image for the eight available
versions obtained after downsampling Dn = {2, 3, 4, 6, 8, 12, 16} including the reference version.

4.3 Results
Simulation and performance evaluation results for the techniques described in Section 3 are presented and
discussed in the following paragraphs. At first, the measures QF R , QN R , and QF (Dn ) were calculated for
the whole set of twenty-four reference images IR , downsampled with the factor Dn = {2, 3, 4, 6, 8, 12, 16} while
obtaining a set of downsampled images ID .
For the case of full-reference measure QF R , here SSIM, the downsampled versions were upsampled using the
same algorithm, see Section 4.2, to the original resolution of the reference image for pixel-wise calculation of the
respective measure. The MTF of the downsampling process |H(Dn ) (k, l)|, see Eq.(4), was for the sake of simplicity
approximated with ideal low-pass filter mask in the spatial frequency domain with the cut-off frequency equal
the Nyquist spatial frequency for the downsampled image.10 Resulting dependencies of the calculated objective
measures for the whole dataset and range of the downsampling factor can be seen in Fig. 4. In the case of noreference measures QN R also the difference of the measure for the reference image and the distorted image was
calculated as ∆QN R = 1−QN R (IR )+QN R (ID ), actually turning the no-reference measure to a reduced-reference
case.
The ability of the tested no-reference measures QN R , and especially fidelity prediction measure QF predicting
the image fidelity provided by the full-reference measure QF R , can be evaluated based on the graphs depicted
in Fig. 5. It is clear that in the tested use case scenario the selected no-reference techniques, i.e. QN R based
on LPC-SI (Fig. 5(b)) and S3 (Fig. 5(c)), are not suitable for fidelity prediction. These measures are highly
content dependent. This dependency can be alleviated if the reduced reference variant of the measures ∆QN R
is used, see Fig. 5(e, f). It is evident that the proposed simple fidelity prediction QF based on PSD analysis,
see Section 3.2, is the most efficient in this use case scenario and can predict well the processed image fidelity
as assessed by the full-reference technique QF R . The fidelity prediction ability of the proposed technique, see
Eq. (4), can be seen in Fig. 5(a), and Fig. 5(b), where the five-parameter logistic regression is used.
There are various metrics used to evaluate the performance of an objective measure. Prediction accuracy
can be evaluated using the Pearson linear correlation coefficient (PLCC) denoted as r, whereas prediction monotonicity through the Spearman rank order correlation coefficient (SROCC), referred to as Spearman’s ρ.19–21
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Figure 4: Selected objective measures, see Section 3.2, evaluated for twenty-four test images, see Fig. 2, from
the selected dataset downsampled with the downsampling factor Dn = {2, 3, 4, 6, 8, 12, 16}.
The prediction accuracy of both no-reference techniques QN R based on LPC-SI and S3 measures is very limited,
reaching r = 0.587 and r = 0.260. The prediction monotonicity of S3 based no-reference measure is very low
ρ = 0.264, while for LPC-SI based measure is slightly better ρ = 0.587. The results of both measures improve for
their reduced-reference modification ∆QN R , reaching r = 0.651, ρ = 0.770 for LPC-SI, and r = 0.653, ρ = 0.673
for S3. While the simple fidelity prediction QF (Dn ) achieves better prediction accuracy r = 0.835 and much
better prediction monotonicity ρ = 0.920.

5. CONCLUSIONS AND FUTURE WORK
In this paper an overview of achievable image resolution in archival records is presented, associated resolution
requirements for the film scanner are discussed, followed by brief analysis on the relation between the resolution
and film microstructure properties. The primary goal of the paper is not to give conclusive answers on what is the
optimal resolution of the film scanner for high-quality film digitization but propose and evaluate the performance
of efficient techniques for fidelity prediction in use case scenario of deriving spatially downsampled versions of
original high-resolution recording.
It was shown that simple fidelity prediction technique could achieve high prediction accuracy and monotonicity
while compared to state-of-the-art full-reference image quality/fidelity assessment methods, reaching Pearson
linear correlation coefficient r = 0.835 and Spearman rank order correlation coefficient ρ = 0.920, while compared
with SSIM. The proposed approach is based on the power spectral density analysis of the reference image while
considering characteristics and basic parameters (downsampling factor) of the used downsampling process. On
the contrary, the tested no-reference techniques did not prove to be suitable for the tested use case scenario. Their
computational complexity is much higher than for the proposed technique and achieved prediction accuracy, and
monotonicity is inferior. It has to be noted that the performance evaluation was based on the comparison of the
outcome of the tested measures with the full-reference image fidelity/quality measure. Following the preliminary
results presented in this paper, a proper subjective image quality assessment experiment has to be performed to
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Figure 5: Scatter plots between the fidelity measure QF R (SSIM), and other tested no-reference objective measures, see Section 3.2, evaluated for twenty-four test images from the selected dataset downsampled with the
downsampling factor Dn = {2, 3, 4, 6, 8, 12, 16}, see Fig. 2. Relationship between the fidelity full-reference measure QF R (SSIM) and fidelity prediction QF (Dn ), see Fig. 5(d), is fitted with five parameter logistic regression.
draw conclusive answers. Also, the performance evaluation should be done with more realistic test image data
obtained from a high-end film scanner. The items mentioned above are planned to be treated in our future work.
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