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Saphir: Optical Playback of Damaged and Delaminated Analogue
Audio Disc Records

JEAN-HUGUES CHENOT, LOUIS LABORELLIL, JEAN-ETIENNE NOIRE,

Institut National de I’Audiovisuel, France

The goal of optical playback of analogue audio discs records has been pursued since at least 1929. Several different
approaches have been demonstrated to work. But in most cases the playback quality is worse than using mechanical
playback. The Saphir process uses a specifically designed colour illuminator that exploits the reflective properties of the
disc material to highlight subtle changes in orientation of the groove walls, even at highest frequencies (20kHz). A
standard colour camera is used to collect rings of pictures from the disc. Audio signal is extracted from the collected
pictures automatically, under user control. When colour signal is not useable, track slope can be used as an alternative.
The process is slow — several hours per disc — but has a wide range of operation on recorded and printed discs, from
earliest Berliner recordings to recent vinyl records, and its strength is at decoding direct-recording lacquer discs. An
Elementary Shortest Path Solver with a reward (negative cost) on the number of turns is used to re-connect all the sub-
tracks obtained, allowing to reconstruct, with limited human intervention, the correct playback order. We describe the
approach and present the main advantages and drawbacks. The process was used to play back a number of extremely
damaged (broken, de-laminated...), physically unplayable records.

CCS Concepts: » Applied computing — Sound and music computing; Hardware — Sensor devices and
platforms; Hardware — Electro-mechanical devices
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Intelligent tools for digital reconstruction, Optical measurement, Rheinberg illumination
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1 INTRODUCTION

1.1 Introduction to Analogue Audio Disc Recordings

The first analogue audio discs were recorded as early as 1887, and distributed as commercial products by
Emile Berliner in 1890 [65]. Analogue disc records were the main vector for commercial distribution of audio
recordings for a century, before being challenged by the apparition of the Compact Disc in 1982. Millions of
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Fig. 1. Left: a printed “shellac” disc (~1920); right: a one-off lacquer “direct recording” disc (1951)

analogue discs have been recorded, billions were sold. Commercially distributed discs were usually printed in
multiple samples but it is less known that many discs were actually produced as a unique sample (Figure 1,
right). Such unique samples were usually direct-recordings, where a recorded track would be playable
immediately after engraving. The main users for such recordings were radio broadcasters but transcription
discs were also in use for recording the minutes of meetings, trials, and other events of historical importance.
Wealthy amateurs could record their family events. All those recordings participate to the cultural heritage of
the 20" Century, and a large fraction, representing millions of records, is critically endangered [8, 14].

1.2 Analogue Audio Disc Recordings Technology

The technique of analogue audio disc recording has been quite stable over more than a century: a horizontal
disc rotating at a (usually constant) speed is engraved using a cutter (the cutter is sometimes replaced by a
hard stylus that marks the disc surface) [20]. The cutter distance to the disc center is the sum of two
components: (a) a slow drift, usually from rim to center, that makes the groove a spiral, and (b) a higher-
frequency component depending on the audio signal to be recorded. As a first approximation, it can be
considered that the velocity (speed of (b)) corresponds to the audio signal. More complex pre-emphasis filters
were often involved, in the view of limiting the radial amplitude, so that consecutive turns would not overlap,
and of improving the surface-to-noise ratio (SNR) at higher frequencies. The inverse filters are applied during
decoding.

The velocity mentioned above may be radial, as in most mono recordings, or vertical, as in the early
sapphire Pathé or diamond Edison hill-and-dale recordings, but also in the case of stereo recordings. In stereo,
the radial velocity contains the central signal (Left + Right), while the vertical velocity is used to encode the
signal difference (Left — Right). The distance between successive turns of the groove varies between 0.3mm
(78rpm discs) and 0.1mm (33rpm long play (LP) vinyl) [59].

The disc may be composed of a whole range of materials including hard rubber, wax, aluminium, vinyl, or a
mix of materials known as shellac. Discs may be monolithic, laminated, or coated: laminated and coated discs
core material may be cardboard, zinc, aluminium, or glass. Coating may be shellac or cellulose nitrate, blended
with filler and plasticisers [4, 13, 50].
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Discs may be mass-produced (printed discs) or one-off recorded. Printing is achieved by using the first
recording as a mould that is used to make a series of other moulds that are eventually used for pressing the
discs by numbers. The one-off recordings case is interesting to us, as such discs — known as instantaneous
recordings or lacquer discs — are usually unique examples of the recording, and are much more fragile than
printed discs [4]. This makes playing back those unique records a more challenging task than playing back a
mass-printed disc. A much more detailed overview by Stotzer of the different disc geometries and materials is
available in Reference [59].

1.3 Cracked Lacquer Discs and Broken Discs

Lacquer discs, such as the one on the right-hand side of Figure 1, are actually much more fragile than vinyls or
even than older shellac records. This is due to the contrast between the high stability of the core ( aluminium,
zing, or glass...), and the chemically evolving composition of the lacquer that is used as the recording layer.
The lacquer contains plasticisers that evaporate or migrate to the surface with time. The layer often tends to
shrink and break along fragility lines; cracks appear, in a typical radial/tangential pattern. Zinc-based and
glass-based lacquer discs are specifically prone to de-lamination. The whole disc can also break, especially in
the case of glass base lacquer discs. Cracked, delaminated, and broken discs cannot be played mechanically,
and are challenging to all optical playback processes.

1.4 Why Optical Playback is Tempting

The principles of analogue audio disc recording involve a cutter blade that gouges or imprints a track into a
disc. Playing back a disc requires exploiting the physical shape of the disc, to reconstruct as precisely as
possible the trajectory of the cutter. This can be done physically, using a stylus to follow accurately this
trajectory, but a number of factors make the physical reproduction process less-than-perfect:

e Guidance is obtained by physical contact with friction, which inevitably damages the stylus and the

recording.

e The guidance process should not generate audible oscillations; this is usually achieved by ensuring a

dissipative resonance around some low frequency.

e The shape of the stylus has to be resistant to friction; it is usually rounder than the sharp shape of the

cutter edge; this difference in shape generates distortion.

e Any obstruction (e.g., dust) results in a fast motion of the stylus that causes a spike (click) in the output

signal, followed by a number of oscillations due to the elasticity/damping in the transmission chain.

e The best stylus for one record depends on the groove shape and wear. Testing different styluses is

necessary to obtain the best signal.

Nearly since the beginning of analogue audio recording, optical techniques for audio signal extraction from
analogue audio disc records have been imagined. Brock-Nannestad ran a thorough research [7] on the patents
and inventions as early as 1929, related to using optical processes for recovering audio signal from discs. The
author pointedly mentions that the processes based on a direct reading of the recording cutter velocity have a
clear advantage in terms of signal quality over the systems that measure the position. It is also highlighted
that, for obvious reasons, using light rather than a stylus for extracting the audio signal from a disc recording
is less susceptible of damaging the recording medium or the playback device.

As a summary, potential advantages of using optical processes include:

e No wear of disc or stylus

e Direct detection of dust and scratches, with potential for automated local correction

e Ability for playing very damaged records that would not stand physical contact

e Ability for playing matrices and stampers

e Better signal quality
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This latest advantage — better signal quality — is, at least by our own experience, only obtained in very
rare cases. In our comparisons, the conventional mechanical stylus playback, when possible at all, usually
delivers a better quality. But the ability to play damaged records is an advantage that compensates largely for
this potential quality loss.

From the processes listed by Brock-Nannestad [7], only the ELP system seems to have worked in practice.
It is still sold as a commercial product.

Since then, a number of other approaches have emerged, using 2D or 3D digitization of the record as input
data for signal processing and audio signal extraction. They are detailed in the following sections.

2 PRIOR ART ON OPTICAL ANALOGUE DISC PLAYBACK

The optical approaches known to us for optically recovering the audio contents from a disc recording can be
classified in three main categories:
e Exploiting the reflective/scattering properties of the groove walls to infer the orientation of the groove
walls: referred to below as A-Reflective method
e Tracking the position of the groove walls using imaging tools: referred to below as B-Imaging method
e Using interferometry to measure the distance to the grove walls: referred to below as C-Interferometry
method
The following sections will summarise briefly the most significant full-optical approaches up to the
present; most references were initially mentioned by Brock-Nannestad [7] or Hamp [26].

2.1 The Finial/ELP Process

The first full-optical process for playing back analogue audio recordings that has met some success was first
described in the Stoddard patent, 1989 [57], and was initially known as the Finial process, then as the ELP
process. ELP stands for Edison Laser Player. ELP was later renamed as ELPJ, after acquisition by a Japanese
company in 1989 [17]. The ELP process works by casting several laser rays at the groove and by using the
reflected rays to track the groove and measure the orientation of the groove walls. The orientation is
measured using analogue Position-Sensitive-Devices (PSDs) that measure the position of the light spots
reflected by the groove wall. All this process is fully analogue. The ELP process is reported to deliver a very
high-fidelity playback on vinyl discs in pristine condition. It is also reported to be highly sensitive to disc
damage (clicks and pops) [30], and to fail completely on coloured vinyl, shellac, and lacquer discs [23].

Despite those limitations, the ELP system is still sold as a commercial product [16, 17], with a success that
was somewhat attenuated by the simultaneous emergence of Compact Disc (CD) [41], but is again boosted by
the recent vinyl come-back. The number of units sold is reported to be by the thousands.

2.2 The VisualAudio Process

The Visual Audio process [11, 58] was designed as collaboration between Département d’Informatique de
I'Université de Fribourg and Ecole d’Ingénieurs et d’Architectes de Fribourg. It consists of three steps: (1)
Preparing a negative real-size photograph of the surface of a disc onto film, (2) Digitizing the negative film at
high resolution. (3) Locating and tracking the grooves, and extracting the radial track position as a function of
angle. It allows digitizing even damaged discs. The signal quality is fair but suffers from lighting and pictures
being taken from top (at 90° angle): more information is available from the disc surface and groove bottom
than from the groove walls themselves. The signal is extracted by tracking the positions of top-to-wall and
wall-to-bottom transitions. This amounts to at most four tracks, and the result is aggregated into a single
audio track. The Signal-to-Noise Ratio (SNR) is fair in the low frequencies but degrades at higher frequencies,
since the requirements in terms of resolution increase with the frequency. Considerable work was dedicated
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to improving the resolution, including fine-grained film, a large chamber setup, blue lighting, and small
optical aperture. Several units are installed, principally in Switzerland. The VisualAudio team achieved a
premiére in 2008 by successfully decoding a number of cracked audio lacquer disc recordings [34], using
software tools with operator involvement.

2.3 The Irene Process

The Irene process results from the collaboration of Physics Division of Lawrence Berkeley National
Laboratory, the Library of Congress, and the North-East Document Conservation Center, under the impulsion
of Carl Haber [18, 47]. The approach is to use high-precision optical measurement devices (confocal probes) to
make a 3D model of the disc surface, and to use this 3D model to reconstruct the signal recorded on the disc.
Scanning a whole disc using confocal probes is more suited to vertical modulation discs, therefore an “Irene
2D” version was also developed, a scanner that scans the disc surface, obtaining a high-resolution reflectivity
picture of the whole disc. This image is then analysed to extract the signal, at this point the process becomes
very similar to VisualAudio. The Irene 2D process suffers similar limitations as the VisualAudio process in
terms of reproduction of high frequencies. A number of units are installed, principally in the USA (LoC,
NEDCGC, ...). The Irene team has reported success in digitizing at least one broken glass-based lacquer disc [32]
and part of one delaminated lacquer disc [33].

2.4 The Flatbed Scanner Processes

A number of independent initiatives have been tried to exploit flatbed scanners to extract the audio signal
from the high-resolution images obtained when scanning a record on a flatbed scanner. Most of those works
were developed as students training projects up to the early software prototype stage, and are described in
web pages or reports such as Springer [55], McCann [44], Olsson [48], Kalla [36]. Feaster [19] actually exploits
scans of discs printed on paper as early as 1889.

The main limitation of the flatbed scanning approach is due to the resolution: even at the highest
resolution available to those projects (2400 dpi), the minute details required to get a decent SNR at frequencies
beyond 5kHz cannot be captured using a flatbed scanner (typical sizes are detailed in Figure 7). Even using the
maximum available hardware resolution, at 3600 dpi, pixel size is still 7um. In addition, the Cartesian scanning
order and lateral lighting source are also susceptible of generating periodic signal distortion depending on the
angle between the scan line and the general groove direction.

2.5 Other Optical Approaches

Although it would be difficult to list all the different tried approaches for reading analogue audio discs using
optical tools, the following ones present some interesting features. They are briefly described below.

Juraj Poliak [51] has designed a mixed physical/optical process for analogue audio disc playback. It involves
physically tracking the bottom of the groove using the tip of a glass fiber, and extracting the tip position using
a lens and a 2D PSD (Position-Sensitive Device). A prototype was built, that runs real-time on discs and
cylinders. The glass fiber tip does touch the record but the stress on the groove walls is much lower than
using a conventional pickup stylus. Juraj Poliak’s page mentions recovery of one cracked lacquer disc.

Heine [28, 29] uses laser illumination, and wedge-shaped optical fibers bundles to detect the position of the
the side lobes of the pattern diffracted by the groove walls.

Hensman [30] uses 2D medium-resolution (~20pum) microscopic imaging, lateral lighting, image stitching,
and a signal processing chain that appears (after stitching) as very similar to Irene 2D and VisualAudio
decoding schemes.

Tian [61] also uses 2D microscopic imaging and lateral lighting, but at a much finer resolution (1um), and
generates a 3D model of the groove by computing optical flow between successive images.
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Table 1. The different approaches for playing optically analogue audio disc records
NAME/AUTHOR APPROACH DEVEIEC\)III;I\I/‘[ENT STRENGTHS WEAKNESSES
Finial-ELP / A-Reflective: Stabilised; > 2000 Very good at extracting Limited to high-quality vinyls.
Stoddard Reflected Laser beam | units sold transients and high frequencies | Reports of annoying clicks and

angle measurement.

from clean LPs and 78rpms

pops. Requires thorough
cleaning.

Irene 2D / Haber

B-Imaging: 2D High-
resolution (1.4pm,
18,150 dpi) imaging

< 10 units in
operation

High resolution imaging.
Successes in recovering earliest
audio recordings.

Complex & costly setup.

Irene 3D / Haber

B-Imaging: 3D High-
resolution confocal
imaging

< 10 units in
operation

High resolution imaging.
Successes in recovering earliest
audio recordings.

Complex & costly setup.
Only for cylinders and sapphire
(vertical-cut) discs

angle of diffraction
pattern using PSD

VisualAudio / B-Imaging: 2D High- | < 10 units in Fast acquisition of film pictures. | Complex & costly setup. Quality
Cavaglieri, Stotzer | resolution (2.5um, operation Film pictures can be saved for limited by film grain.

10,200 dpi) imaging later digitization

of 1:1 scale film

pictures

Flatbed scanner / | B-Imaging: Using a Software Possibly the cheapest Quality intrinsically limited by

Springer, Mc flatbed scanner at 600 | prototypes. low resolution

Cann, Olsson, to 2400 dpi Development

Kalla, Feaster (resolution ~42um to | stopped?
~11um)

LaserPhone/ B-Imaging: Demonstrated Real-time. Probably limited to high-quality

Heine Measurement of prototype. vinyls
diffraction pattern
offset using optical
fibers bundles

Juraj Poliak B-Imaging: Working prototype. | Real-time. Works on discs and | Optical but with contact.
Measurement of the | Development cylinders.
position of a glass stopped?
fiber tip using 2D
PSD

Hensman B-Imaging: 2D Feasibility Simple. Lateral lighting makes Limited set of results
medium-resolution prototype. groove walls visible.

(~20pm, 1,270 dpi) Development
imaging stopped?

Tian B-Imaging: 3D Feasibility Lateral lighting makes groove Limited set of results, very low
reconstruction from | prototype. walls visible. depth of field, slow (2 weeks for
optical flow from Development 3 seconds)
high-resolution (1um, | stopped?

25,400 dpi) imaging

Li C-Interferometry: Feasibility Can read 33 rpm Limited set of results, slow (13
White-Light prototype. h/side)

Interferometry (WLI)
(1pm, 25,400 dpi)

Uozumi A-Reflective: Feasibility Real-time. Potential for Limited set of results

Measurement of prototype. extracting high frequencies
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Li [42] uses White-Light Interferometry (WLI) to obtain a 3D reconstruction of a 33rpm disc surface. The
3D map is then used for recovering the audio signal in stereo. The decoding process becomes then very
similar to the Irene 3D concept. It is stated in Reference [42] that it takes 27 min to scan 1 second of audio on a
33rpm audio disc. This would require more than 13 hours for a standard 33rpm disc side, but it is not
mentioned whether such a duration was ever tested.

Uozumi [63] uses a laser as an illuminator, 2D PSDs to measure the general direction of the side lobes of
the pattern diffracted by the groove walls, and photodiodes to track the groove. This process bears similarities
with the ELP process, using the A-Reflective method, and has the potential of extracting high frequencies.

The work described here only focuses on disc recordings. For completeness, we will also mention two
attempts at recovering optically signal from cylinders recordings: the Syracuse Radius project [49], which
attempted to use interferometry to read velocity (C-Interferometry method), and the A-Reflective approach by
Nakamura et al. [46], related to Uozumi [63], which uses PSDs to measure the position of the reflected spot.

Our process will be detailed in the following sections. We take advantage of the A-Reflective class of
methods in terms of high frequencies but, unlike ELP and Uozumi, we do not track the groove directly but
exploit 2D imaging for acquiring pictures that are decoded at a later stage, and we can recover the signals
from extremely damaged discs.

3 OUR APPROACH TO ANALOGUE AUDIO DISC OPTICAL DIGITIZATION

3.1 The Colour Decoding Scheme

Our initial - and preferred — approach, initially described in References [37, 39, 40], belongs to the A-Reflective
method class. It leverages upon the assumption that the groove walls of a lateral-cut disc record behave as a
mirror. This is also the assumption that is successfully exploited by the ELP process [56, 57]. Beforehand, this
finding has long been exploited for measuring the maximum level of recording, by casting a parallel beam of
light at 45° onto the disc surface and measuring the width of the reflected light pattern; this method is known
as the Buchmann-Meyer [9, 10] method, illustrated in Figure 2. Using the reflective properties of the groove
walls allows measuring the groove wall angle without the need for high-resolution 2D or 3D data.

Our process uses a reflective variation of Rheinberg illumination [53], by casting, onto a small area
(2x3mm®) of the disc surface, a wide (140°x15°) light beam from a condenser, where the colour of the rays
continuously depends on the illumination angle, as detailed in the next section. The groove walls reflect those
colours according to the law of reflection (reflection and incident angles are equal). As a consequence, from a
remote viewpoint, the groove walls appear as coloured, and the colour is a function of the groove wall
orientation, as shown in Figure 3.

The interest of this principle is that simple colour cameras and optics can be used, contributing to making
the scanner affordable, and still performing at high audio frequencies (10 to 20 kHz). This last point is true
when the scanning head is in the 45° configuration, shown on the left-hand side of Figure 4. In the top
configuration, the colour patterns disappear completely. Figure 5 gives an overview of the differences between
45° and top configurations. In the more detailed Figure 6, the 20kHz signal is still plainly visible, despite the
peak-to-peak radial amplitude being already well below our pixel resolution.

Figures 5 and 6 were extracted from the AES Coarse Groove reference disc [3] side visible on the left-hand
side of Figure 2, containing a number of useful reference tracks. We are interested here in the inner 20Hz-
20kHz sweep track, which is preceded by a 1000Hz tone (-9dB, 7mm Light Band Width (LBW)), and followed
by a nominal level 1000Hz tone (8cm/s peak, 20mm LBW).

On this reference disc, the inner 20kHz track is at 75mm from disc center. Tangent speed is 2tx75x%(78/60)
= 612.6mm/s. One full wave at 20kHz spans tangentially over 31um (7.5 pixels). In terms of radial excursion, at
20kHz, LBW = 7mm, which is equivalent to 28mm/s peak-to-peak, or 28/20,000/m ~= 0.45um peak-to-peak
radial deviation, as shown in Figure 7. This is below 1/8 of the pixel resolution of our lens+camera setup
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Fig. 2. The Buchmann-Meyer method was an easy way of measuring the peak radial cutter velocity, by measuring the
width of the reflected pattern from a collimated light source, up to the point the maximum velocity was often expressed

in mm Light Band Width (LBW). Left and center: AES coarse-groove 2007; right: a direct-cut lacquer recording.
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Fig. 3. Principle of reading the groove walls angle through structured colour illumination
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45° Lighting and View Top Lighting and View

Fig. 4. The two different configurations for the scanning device: Left: standard 45° degrees lighting and view; Right: top
(vertical) lighting and view, only used for comparisons and for discs with a high level of exudates.

1000Hz |20Hz " 1000Hz
7mm LBW sweep 20 mm LBW

Fig. 5. A low-resolution composite view of 3x20 pictures from AES 78rpm coarse groove 2007 test disc track shown on the
left-hand side of Figure 2. (a) scanned from top: tracks are dark; (b) scanned at 45°: tracks are coloured; (c) scanned at 45°,
after tracks extraction and normalisation of saturation and luminance.

(4pm) but the A-Reflective method still allows recovering from colour the 20kHz signal without any sub-pixel
processing.

The limiting factor is here the lens+camera tangential resolution (6,350 dpi, 4pm on green channel but the
colour resolution on blue channel is coarser and closer to the 8um Bayer pattern period).

3.2 Physical Implementation of the Scanner

Our disc scanning process consists in acquiring a relatively large number of overlapping pictures, each
covering a 2.6x2mm area. This allows to interactively set up for scanning by examining the current image,
and adjusting until it looks good. Colour line sensors (1D) could have been used instead but a more expensive
setup would have been necessary, and interactive adjustments would have become trickier.

Figure 8 features a view of the system during the scanning of a lacquer disc. The acquisition head position
can be adjusted in height and angle. The turntable lies on a translation bench, allowing the acquisition of
successive rings of pictures. The disc is kept flat under a glass pane; at 45°, the effects of potential multiple
reflections are negligible. On the left, a view of the picture being scanned is displayed.

The scanning head is detailed in Figures 9 and 10. It is designed for ingesting pictures that can be decoded
using the A-Reflective method class, as detailed in Section 3.1, but it also allows reading the signal according to
the B-Imaging method, when A-Reflective is not applicable, as later detailed in Section 3.3.

On an average 78 rpm disc, we collect, in 3 hours, 60 rings of 1,125 overlapping 640x480 8-bit raw Bayer
pictures, which amount to 21Gbytes of storage. The set of collected pictures can be considered as
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3.9kHz |
4.3kHz
4.7kHz
5.2kHz
5.7kHz
6.4kHz
7.1kHz
7.9kHz
8.8kHz
9.7kHz

10.9kHz v oseReRew

12.1kHz EERT ST
13.3kHz
14.9kHz
16.3kHz
18.5kHz
20.0kHz IIverTeITS

Silence

Fig. 6. A composite of 2x5 pictures from AES 78rpm coarse groove 2007 test disc shown in Figure 2, inner and densest
sweep track; signal is accessible on the whole height span of the groove wall, up to 20kHz. Left: viewed from top, tracks
are dark and highest frequencies are indistinguishable from silence. Right: scanned at 45° degrees; tracks are blue-green.
For a better visibility, saturation and luminance are normalised in the exploited central area.

1kHz 3kHz 10kHz 20kHz
~ 660 um N 206 ym 62um 31gm
S_hﬂldi______________—l shoulder
160| | pottom 9um $3um 40.9um 40.45pm bottom
pm — f f f
shoulder shoulder

shoulder shoulder

Fig. 7. An up-to scale top view diagram of a few waves of the 7mm LBW (-9dB) 1kHz, 3kHz, 10kHz, and 20kHz regions of
the same track. From 1 to 20kHz, the recording frequency response is flat. Despite peak-to-peak excursion evolves
proportionally to the inverse of frequency (from 9um to 0.45um), the peak slopes (excursionxm/wavelength) actually
increase by 10%, proportionally to the inverse of distance to center.
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Fig. 8. The prototype scanning a lacquer record through a glass pane

sub-pictures of a large picture that would cover the whole disc. In that sense, our approach has similarities
with several B-Imaging processes mentioned in Section 2. The principal difference lies in the colour decoding
scheme detailed above.

All components of the scanner head are either off-the-shelf or 3D printed, with two exceptions:

e The coloured filter is printed on a Kodak DS 8650PS film printer.

e The 1:1 140°x15° light condenser consists of two total internal reflection optical sector blocks lathe-
turned from PMMA (a.k.a. Acrylite™, Altuglas™, Plexiglas™...) and polished.

The light source is an Ostar 1000 Lumen LE-UW-E3B LED, delivering six flashes per second. Two mirrors
are used for keeping the scanner head compact. The second mirror is also used for initial frame and focus
adjustment. The camera sensor is tilted with respect to the optical axis as per Scheimpflug principle [54], to
compensate partially for the disc surface orientation. Our current setup uses a standard-definition 640x480
PointGrey FireFly MV 1394a camera board, and an optical doublet pair from off-the-shelf lenses with 1:1.5
magnification, with a resulting 4x4um source pixel size, and a 2.6x2mm picture size (5.2mm°).

Due to the use of a 2D sensor with medium resolution and electronic shutter, the requirement for stability
is not such that an optical bench would be necessary. The current setup is still relatively bulky, due to the
whole turntable lying on a translation stage, but we are working on a turntable-sized setup where only the
optical head will be translated on a rail.

3.3 The Alternative Slope Tracking Decoding Scheme

The reflective approach, however, presents a considerable drawback, which also affects the ELP system: when
the reflection on the groove walls is compounded with diffusion, the reflected signal becomes much more
difficult to exploit: we have observed that the colour signal saturation can decrease, negatively affecting the
Signal-to-Noise Ratio (SNR). Furthermore, lacquer discs quite often exhibit exudates, whitish spots of exuded
plasticizer, often palmitic acid [13]. When those spots are scarcely disseminated, it is relatively easy to discard
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Fig. 9. Partial cut view of the colour scanner head: white light from the 6mm” LED source is reflected and refracted
consecutively by mirror M1, optical sector block B1, coloured mask CM, block B2. Each direction is coded by a different
colour. All coloured directions converge towards a 1:1 image of the LED onto the disc surface; rays reflected back along
the optical axis are focused through lenses L1, L2, and reflected by mirror M2 onto the colour camera sensor Cam.

Fig. 10. The coloured mask CM. Changes in the central region are steeper, to obtain a better precision at low levels. This is
compensated for at the decoding stage.

the information collected in this area by ignoring low-saturation pixels [38], but we also have found numerous
examples where the colour information becomes completely unusable, and adds little or no value to the
luminance information.

However, a side-effect of our setup has proved to be beneficial: given that our lighting beam is cast at a
~45° angle, the groove wall is in full light. This results in the groove walls exhibiting a set of parallel fine lines
that are visible in most cases of coarse-groove records, as shown in pictures Figures 11 and 13. We have not
found any literature addressing the exact reason why such lines appear but from our experience this pattern is
quite frequent. We assume that the groove walls are corrugated, due to one or several of the following:

e Disc cutter edges may have been undulated due to machining process
e Lacquer curing may have resulted in stratification
e Wear from past physical playback

This pattern is made more visible as our condenser vertical angle is relatively narrow (15°), with main axis
perpendicular to the general orientation of the groove wall. The pattern is often interrupted but generally
quite visible, even in the presence of a high amount of exudates or dust.

This finding led us to try exploiting as much as possible of those ridges to measure the local groove
orientation, trading off highest frequencies against robustness. Measuring the groove slope is a process very
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Fig. 11.The same area of a stained and damaged lacquer disc record. Left: using vertical lighting and view, the tracks are
dark: only edges, scratches, and occlusions are visible. Right: using 45° lighting and view, grove walls are in full light. In
addition to the coloured signal, they exhibit a set of parallel fine lines (ridges), which can be used to measure accurately
and robustly the track slope.
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Fig. 12. Each round of the Dynamic Programming approach amounts to finding the shortest path in an acyclic graph,
where the cost of each arc is computed by summing the absolute differences between the picture content and the current
profile swept along a quadratic spline (arc of parabola) depending on three coefficients. The constraint that the curve is
continuous and differentiable is enforced by the structure of the graph, as the second coefficient adjustment of every node
is identical to the first coefficient of all nodes it can be connected to. For clarity, the graph is shown for a late round
where only three choices (q, r, s) are available as potential adjustments to each coefficient from previous round.

similar to the B-Imaging principles used by VisualAudio, Irene, and flatbed scanner approaches mentioned in
Section 1.3, but we have the advantage that our pictures of the groove wall can exhibit two to six parallel
ridges.

To build into this process a fair robustness to exudates and other obstructions, we have attempted to
obtain, for each track, a spline model, that minimizes the sum, over the track height, of the variations along all
paths parallel to the spline. The spline keypoint frequency is set to the Nyquist rate, twice the desired signal
cut-off frequency.
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Fig. 13. Images showing how Dynamic Programming can be used to track, with sub-pixel precision, the groove walls
position, when the colour signal is not useable. In grey on the left of the pictures are the profiles used for successive
dynamic programming iterations. The trajectory colour evolves from blue (first round) to green (final round). The points
above the curves show the positions of the spline nodes (set here to 7500 and 10000 points/sec., equivalent to 3.75 and
5kHz cut-off). In yellow is plotted (amplified) the slope of the trajectory, i.e., the recovered signal. Left picture shows that
the approach is relatively little disturbed by debris (first tracked row). Right picture shows that a relatively accurate
tracking can be achieved, even in the presence of exudates.

To minimise this cost, our first implementation used the Powell COBYLA minimiser [52] from the NLOPT
package [35]. This did generate good tracks but made the decoding process extremely slow beyond seven
keypoints per track. We then implemented a Dynamic Programming approach that makes the processing time
independent of the number of keypoints. The robustness is achieved by alternating between measuring the
profile along the current track, and finding the track that minimizes the cost. The new cost is the sum of the
weighted absolute differences between (a) the profile translated along the track, and (b) the actual luminance
at the corresponding pixels. For robustness, those measured differences are weighted with a weight decreasing
with the difference. To guarantee that the slope is continuous, we use standard quadratic B-Splines (three
coefficients per spline segment) and only explore the next choice where the 1" and 2" coefficients are
respectively equal to 2" and 3" coefficients for the previous choice, as illustrated in Figure 12. This results
into a shortest path search in an acyclic graph where the cost of one round is proportional to the cube of the
number of distinct coefficient adjustments considered.

The total cost of exploration is limited by allowing nine distinct coefficient values only on the first round,
then the number of potential coefficient adjustments is decreased by two at each round until three choices are
left (9, 7, 5, 3, 3, 3...). The range of adjustments is also decreased at each round. Thus the first rounds are
moderately exhaustive, avoiding as much as possible local minima, and the subsequent rounds allow for a
finer, relatively fast convergence, when in the vicinity of the — hopefully global — minimum. The found
trajectory is a series of successive arcs of parabola, continuous and tangent at keypoints, but still containing
high frequencies due to jumps in second derivative (curvature). Those high frequencies are filtered out using a
Gaussian with ¢ = 0.35 x stepwidth; the output of the decoder is the derivative (slope) of the filtered
trajectory.

Our tests have shown a surprisingly robust behaviour, where signals can be extracted nearly optimally
from clean tracks with several ridges, still maintaining an output generally free of spurious artefacts or spikes
on tracks with occlusions and large amounts of exudates.

Overall, we are in a position where signals can be extracted with full bandwidth from the colour, or with
restricted bandwidth using the slope, relying on the ridges still present in the damaged tracks. The subpixel
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Fig. 14. Examples of cracked lacquer discs

precision on slope increases with stepwidth and the number of ridges present in the track: if the profile is
simple, precision will be better than the two-tracks processes by VisualAudio and Irene-2D. When three ridges
are present, which is relatively common, the increase in precision can be roughly estimated to be equivalent to
a six-track process, for a result still limited in quality and bandwidth.

3.4 Reconstructing the Path in Simple Cases

In simple cases, the decoding workflow implements the following steps:

e Identifying track segments in each picture

e Extracting signal from each segment

¢ Joining and blending overlapping segments into groove fragments
e Assigning to each groove fragment a playback order

e Joining and blending overlapping groove fragments into audio files

Assigning the correct playback order to groove fragments was a more difficult task than anticipated,
because, even on a high-quality recent disc, the disc is never perfectly centered, and may be warped, which
sometimes results in incorrect ordering when relying for this task solely on the distance to center. To
compensate for this, we have modelled a slowly varying radial correction parameter, which is fitted to avoid
any ambiguity when deciding on the playback order ranking. This allowed us to output audio files directly
from the picture contents. But the workflow described above was far from sufficient to address the cracked
lacquer discs problem. The next section is dedicated to this specific issue.

4 ADDRESSING THE CRACKED LACQUER DISCS PROBLEM

As mentioned by Copeland [12] and Pickett [50], lacquer discs add up to a considerable fraction of the
production of audio recordings between 1930 and 1960, among others by radio broadcasters, before being
replaced by audio tape. Many of these recordings are still not digitized, and a large fraction exhibits cracks as
shown in Figure 14, making them impossible to play using a stylus. It is estimated, only within INA, that more
than 20,000 such discs are awaiting a solution for recovering the audio signal. VisualAudio and Irene have
already demonstrated promising results on those discs [33, 34]. Taking into account the specificities of our
tools and of the discs submitted to us, we have developed our own approaches for recovering the signal from
such cracked discs.
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Fig. 15. Results of the failed Patch approach for adjusting the flakes position. Note that A and B patches have complex
shapes, and are distorted in a way that cannot be properly managed by the rigid-shrinkage paradigm. C, D, and E patches
should also be subdivided further. This disc could not be completely played using the Patch approach.

4.1 The Patch Approach

Our initial assumption was to consider that the lacquer patches were rigid enough so that, by re-scaling and
re-positioning them on the disc map, the geometry would become good enough for decoding the disc using
the standard process described in Section 3.4.

After pictures de-coding, we end up with a set of tracks that cover the whole disc surface. We worked on
separating this set of tracks into subsets, each subset belonging to a common patch. To be considered as
belonging to the same patch, two track fragments had to be close enough to each other, and share a large
overlap between their angular ranges. Then we tried to implement a matching method between nearby
patches, using track variance as a signature, in a way similar to VisualAudio [34]. But this resulted into a
difficult arbitration between obtaining too small or too large patches, as shown in Figure 15. A single patch
was often deeply cut into by a crack, and its shape distorted.

Overall, the assumption that the lacquer patches were simply shrunken rigidly proved to be considerably
too simplistic for the considered disc samples. This led us to giving up entirely the patch-based modelling, and
we have instead concentrated on recovering the best path that would join every single track fragment in the
right order.

4.2 The Many-turns Path Approach

We have modelled the best path problem as follows: given a number (up to ~12,000) of track fragments
considered as nodes in a graph, and an even larger number of possible jumps (arcs) between those nodes, what
is the best possible path from the outer node to the inner node in this graph? The path had to exhibit the
following properties:
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Fig. 16. Synthetic example. Left: a simplified view of the fragments to be chained. Right: considered successors shown for
a few fragments.

e From the outer node to the inner node

e A simple path: except start and end, every node has either one in and one out selected arcs, or none

e Elementary: without subtours (cycles, even with negative cost)

e Optimal: avoid long jumps and poor track variance transitions (cost) but use as much as possible of the
available nodes (reward, or negative cost)

This kind of problem belongs to the Elementary Shortest Path Problem (ESPP) class. The Elementary term is
relevant here because, as we have negative costs (understand: rewards) on a number of arcs, omitting this
constraint may result in possible loops with negative costs, that could be run through an arbitrary number of
times, making the cost of the path arbitrarily low. When such negative cost loops are possible, the Elementary
constraint becomes a condition for the existence of a shortest path. Considerable effort has been dedicated to
this class of problems, and it is known that, depending on the constitution of the problem, it can become NP-
complete, i.e. extremely difficult (slow) to solve [22].

Starting with simple baseline techniques, we first used the Bellman-Ford [5] algorithm, which is known to
deliver quickly the optimal path, provided there is no accessible negative cost cycle in the whole graph (in the
presence of such a negative cost cycle, it detects it and stops). Provided that the “reward” was low enough, the
Bellman-Ford algorithm did deliver the shortest path, but this path was unsatisfactory, in that it would jump
quickly from the rim to the center, avoiding a large subset of the available track fragments, as illustrated on
the left-hand side of Figure 17. Increasing the reward would increase the number of turns, but would soon
result in the detection of an accessible negative cycle, without any path being delivered any more.

As a consequence, we searched for a more efficient, albeit more computation-intensive, way of solving the
shortest-path problem, even in the presence of cycles with negative costs. Haouari [27] presents several ways
of solving this problem using mixed-integer programming formulations. In such formulations, the problem
can be modelled as minimizing a linear cost function of variables, with constraints expressed as limits on
other linear functions of variables. Such variables can be scalar (Linear Programming), integer (Integer
Programming), or both (Mixed Integer Programming). Commercial and Open Source solvers for those
problems are available.

In our case, there would be as many variables as arcs in the graph; those variables would be binary, as a
specific case of integer variables. The value would be 1 if the arc is visited, 0 otherwise. There are a number of
formulations, involving a number of auxiliary variables for this problem, as detailed by Taccari [60]. We have
first implemented the Miller, Tucker, and Zemlin (MTZ) [45] and Single Flow (SF) [27, 60] formulations, and
used the LP-solve solver [6]. We obtained paths that would satisfy the constraints; but the computing cost
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Fig. 17. Potential solutions for the synthetic example. Left: an acceptable but too short (low reward) path. Center: without
non-crossing constraints, a high-reward but unacceptable path (self-intersections and cycles). Right: adding the non-
crossing constraints makes the problem easier and faster to solve, the best path is found. Note some fragments are
dutifully ignored, and a missing fragment is correctly bypassed (bottom-right, fourth turn).
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rose considerably, from seconds to hours. Adding additional constraints, e.g., non-crossing constraints or
visiting order constraints, increased the computing cost even more. Stopping the computation before the end
of the run would result in unsatisfying solutions, with too few turns, or self-crossing paths. It only became
clear at this point that the MTZ and SF formulations for enforcing the Elementary constraint were not
applicable to our case, as we had too many potential cycles with negative costs.

It is known that the convergence time of solvers on MIP problems is quite variable [43]. The solution may
lie in changing the solver but more often in changing the model [1, 62]. We searched for alternative ways of
modelling the problem. Drexl [15] states that computing costs for the ESPP can become affordable, under the
condition that only binary variables be used, with additional constraints coding for conditions to be avoided.
More specifically, Drexl concludes that a fast way of solving the ESPP, is to model the problem using only
binary (arc) variables, to obtain a preliminary non-elementary solution that may contain a number of subtours
(cycles), to add the corresponding Subtour-Elimination-Constraints (SECs) to the model, and to solve again
until an elementary (no subtour) solution is obtained. The fact that potential SECs are “exponentially many” is
not too much of a problem, since only the needed SECs are added explicitly to the model. The potential
improvement in speed was already promising, but we at this point realized that our model could be adjusted
so that very few subtours would be possible in solutions, giving hope for a one-shot solution.

We refined our model to the following formulation, where differences with previous approach are
underlined:

e From the outer node to the inner node

e A simple path: except start and end, every node has either one in and one out selected arcs, or none

El wit] I (eyeles, ” . |

e Counterclockwise: considered arcs never go backwards by more than a fraction of a mm

e Non-crossing: a selected arc should not cross another selected arc, or a selected node (track fragment)

e Optimal: avoid long jumps and poor track variance transitions (cost) but use as much as possible of the
available nodes (collecting reward, or negative cost)

The combination of the “Non-Crossing” and “Counterclockwise” constraints satisfies in most cases the
Elementary constraint and makes SECs unnecessary, as illustrated in Figure 17. Allowing subtours makes the
problem easier to formulate and faster to solve. In the infrequent cases where subtours still come out in the
solution, they can be safely ignored (cycles of two close very small fragments), or are due to an imprecision in
the computation, or omission of non-crossing constraints. They can be corrected interactively as shown in the
next section.
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Fig. 18. The decoding interface, with all potential arcs displayed in grey

The presence of numerous cliques (mutually-exclusive binary constraints) in the model led us to test and
adopt SCIP_solve [2, 21] as a new solver, which did solve our problems much faster than LP-solve.

We are now in a position where solving the complete ESPP for one disc side with a few cracks usually
takes less than one minute. In cases where there are numerous track fragments (> 10,000 nodes, potentially >
60,000 arcs) the time increases up to several minutes, or more. But in that case we can stop the solver and run
again on a reduced number of rings, and interactively tune the problem to make it faster to solve, as described
in the next section.

4.3 A Graphical User Interface for Tuning the Many-Turns Path Approach

In simple cases, directly feeding the ESPP to the solver leads to a satisfying path. But it is often the case that
the solver states no solution is achievable, or that the number of turns of the spiral is lower than desired, or
that the found path is incorrect, e.g., a large jump is made instead of using a seemingly valid track fragment...
The possible origin for such flaws has to lie in the submitted ESPP itself, but the solver does not tell where.
We developed specific tools in the graphical user interface shown in Figures 18 and 19 to help the user
understanding where the problems lie. Most of the found problems are due to one of the following conditions:

e A needed arc is not available as a variable to the solver

e The desired path is self-intersecting

e A track fragment should be cut across a crack to allow for alternative arcs

e A track fragment is missing, and a good arc for bypassing is not available in the model

e Insufficient reward for additional turns

Our graphical user interface allows us to examine in detail the ESPP and solution, if any. When
unsatisfying, we have the possibility of running the computation again with different parameters, or on a
reduced set of rings.

In addition to changing global parameters, it is also possible to act locally, using graphical branching
directives such as:
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Fig. 19. The decoding interface, highlighting the solved reconstructed path. Note the jumps over missing parts (top left
and center views).

e Recommended Area: for each node finishing in area, only the arc that matches the area pattern is
allowed

e Mandatory Area: for each node finishing in area, the arc that matches the pattern has to be used

e Shortcut Arc: a new arc can be added to the set of available arcs. This new arc is allowed to cross any
arc or node

When the right path is found on a set of rings, it is possible to freeze the section, e.g., by using a number of
Recommend/Mandatory Areas; this has the further advantage of reducing, often dramatically, the computing
cost on next computation rounds.

The tool is not used to force all connections but rather to constrain the problem so that the solution comes
faster and closer to the desired result. Actually, when one adds too many directives, the solver often comes
out with no solution at all. Finding out why can be made easier by temporarily adding one or several Cut
Areas, as defined later in Section 4.4, to relax the problem, get a solution, and figure out the location of the
conflicting constraints.

This tool has allowed us during 2016 to successfully reconstruct more than 20 severely damaged lacquer
disc sides. In the worst cases, several patches were missing, and the radial jump between joined tracks was as
much as 8 times the distance between tracks.

Table 2 gives typical orders of magnitude in effort and solving times for a number of cracked or broken
lacquer disc sides.

The effort in reconstructing a cracked lacquer disc depends on the disc condition. In extreme cases, several
hours of work are still necessary. After practising on 10-15 disc sides, we can locate more easily where the
problems lie (e.g., a candidate connection missing in the model, or a fragment that should be cut in two), and
the effort and number of directives can be reduced: on an average cracked disc, directives generation usually
takes less than 20 min.
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and Solving Times for the Many-turns Approach

BRANCHING/CUT PREPARATION /

DISC SIDE STATE NODES ARCS DIRECTIVES SOLVING TIME
Cabaret Dolto disc 13, side 25 A few cracks 1484 10336 0/0 Omin./2s
Fado Mouraria, Maria Teresa de | Aluminium base, many 2638 8337 19/43 5 min. / 6 s
Noronha, 1939 narrow cracks
Poésie en Suéde, disc 2, side 1T Broken glass-base 3504 16704 43/ 61 10 min. /30 s
ggrge“t’ box 73, disc 1, side A | 71 hase, flaking off 2485 7189 351/ 239 2 hours / 6 s
Dargent, box 73, disc 2, side A Aluminium base, heavily 12570 64164 79/ 110 2 hours / 200-500 s
(1) spotted
Voici ma carte, disc 2, side 2, Zinc base, extr.emely 4835 13864 1243 / 1201 8 hours / 16.5 s
1946 damaged, peeling off

4.4 Finding the Cracks

Given the specificities of our lighting and scanning process, cracks can either appear as light or dark, textured
or not, without easy identification criteria, unlike as in Reference [34]. Therefore, we have not attempted to
locate the cracks from the picture content but rather from the extracted tracks. For each track sample, we have
access to a confidence value that is obtained by measuring by how much the track stands out against the dark
background. This confidence value is useful not only for locating cracks but also for deciding whether the
sample has to be used, or rather repaired, as detailed later in Section 5. By setting a threshold on the
confidence level, we are in the position to decide that a span of samples is not useable, because of dust or
because of a crack. The track is then cut at the position of the damaged samples.

But it happens that, in the presence of a narrow crack, or of a spurious piece of dust or exudation, a track
that crosses a crack is not cut. This is not a problem when the parts of the track on both sides of the crack
belong to the same turn; but when they belong to a different turn, it becomes necessary to cut the track where
it crosses the crack.

In the case of the Patch approach mentioned in Section 4.1, we detected patches connected by a few tracks,
and could cut at the boundaries. In the case of the many-turns approach, there is no notion of a patch, but the
graphical user interface was extended to provide for a new directive:

e Cut Area: any Track fragment intersecting with area is cut, and new arcs are generated

An example of the insertion of such Cut Areas is shown in Figures 20 and 21.

Currently, the user has to draw as many rectangular Cut Areas as necessary. This is time-consuming as,
depending on the condition of the disc, a number of such regions may be necessary for one single narrow
diagonal crack.

Allowing for more complex shapes should be faster, especially when generated by software processing; we
are therefore working on an automated crack detection tool that will, from confidence signals, identify the
radial cracks, and will force new cuts where necessary. It is expected to help cleaning up the cracks and to
reduce the need for manual interventions.

5 NATIVE DE-CLICKING ON JUMPS, DUST AND SCRATCHES

Even when decoding a clean shiny disc scanned under a glass pane, there are usually places where scratches,
or dust pieces, result in a spot in the picture that obscures the underlying signal. Exudates are greasy spots of
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Fig. 20. On this view, a number of branching directives (green boxes) are visible. The reconstructed path is not correct
(missed fragment in cyan, subtour in yellow) due to missing cuts on the narrow crack on 3", 10", and 14" turns (white
arrows). The long selected arc in orange comes directly from the start fragment, and is not submitted to non-crossing
constraints.
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Fig. 21. On this view, two Cut Areas (purple boxes) have been added. The reconstructed path is now correct.
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plasticiser residue that can affect the signal extraction, sometimes up to the point where the track becomes
visible only as a series of aligned bright spots (e.g., Figure 13, right). The confidence channel mentioned in
Section 4.4 allows us to store how confident we are that an audio sample actually contains valid signal.
Currently the signal only exploits the pixels that are in the acceptable colour subspace. This is far from
perfect, but we have confirmed visually that a drop in confidence usually corresponds to a spurious signal
peak. Without correction, these peaks are audible as distinct clicks, or crackle if they are frequent. In the case
of cracked lacquer discs, at each selected arc, we have to make the connection between the signals from the
two connected track fragments (nodes). The signal is usually distorted at both ends of the fragments, and the
position of the fragments ends is not known with full accuracy, which results in a few samples missing or in
excess. Therefore spurious signal is also present at connections between track fragments.

Of course, good de-clickers already exist, but we have the advantage here of having an estimation, based on
the confidence signal, of where the audio signal is reliable, and where it has to be repaired. We have therefore
built a tool for reconstructing the missing signal. This tool is fed with an audio signal track, an associated
confidence track, and a confidence threshold below which the signal is to be regenerated. Our first version
used a Least Square Auto Regressive (LSAR [24, 25]) process implemented in Gnome Wave Cleaner [64]. But
LSAR cost is quadratic in terms of the number of samples to be reconstructed, and, when the known good
signal data is too scarce, it tends to generate high energy peaks. This led us to design our own tool. The tool
works on a large window of signal (up to 16,384 samples), and alternates between (a) spectrum coring in the
spectral domain (reducing the spectral components where low), and (b) re-enforcing the known samples to the
original value in the temporal domain. After relaxation (always faster than 1 sec), the values of the samples to
be repaired are copied back into the audio track. This crude process is similar to Projection onto Convex Sets
(POCS) applied by Hirani to missing samples in images [31]. It ensures that the minimal energy signal that
goes through the known good samples is recovered. When only a few clicks are corrected, it is usually
impossible to tell where the corrections have taken place. But we also have successfully used this process even
in cases where a large fraction (> 50% of samples) has to be re-constructed, e.g., for de-clipping signal: at this
level of reconstruction, audible artefacts do emerge, but clicks and crackle are still considerably reduced.

6 SIGNAL QUALITY

When mechanical playback is possible, signal quality is usually audibly better than using our optical process.
In rare cases, on very shiny discs, we have been able to extract audio tracks that were difficult to audibly
distinguish from their mechanical playback counterpart. We have tried to measure the quality of the
recovered signal using our process, using as a reference the AES Coarse Groove reference disc [3]. This is one
of the rare 78 rpm discs that we could use, as other reference discs available to us are already degraded
lacquers. Frequency response is good, as shown in Figure 22. On the inner track, 20kHz is at 75mm from
centre. We have on this track a nearly flat frequency response until 5kHz, —-6dB at 11kHz, —12dB at 17kHz. On
the outer track, the 20kHz is at 127mm from center; sampling frequency is nearly doubled, and frequency
response is significantly better (-8dB at 20kHz).

We have also, exploiting the strength of Colour decoding, measured THD+N at 3.1% in the 20Hz-20kHz
band on the inner 1kHz reference level (20mm LBW) test signal of the same Coarse-Groove AES test disc, side
A [3]. This is not fully satisfying, but we expect to reach a better THD+N after re-calibrating the system.

We have also measured a bit depth of some 11 bits on the same track, by confirming that THD+N stayed at
3.1%, even after applying a —30dB amplification, storing in 16 bits/48kHz, and re-amplifying.

Using the Slope decoding scheme, however, THD+N stays over 18% (-15dB SNR) on the same section; this
is in the same range as found by VisualAudio ([59], p179): -19dB SNR on a 78 rpm between 500 and 10,000Hz.
We expect to obtain a slightly better result on lacquer records exhibiting the ridges mentioned in Section 3.3
but we do not have access to a lacquer equivalent test record. When the disc presents a high level of exudates,
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Fig. 22. The Frequency Response, measured on the AES 2007 Coarse Groove Test Disc, after correction of pre-emphasis
(time constants 3180usec / 450usec / Ousec: no effect beyond 1000Hz). The inner sweep sequence exhibits a somewhat
poorer frequency response, principally due to the limitations in the optical setup.

the quality is still very poor, and noise often pre-dominates the recovered signal. From those findings, we
estimate that in most cases signal quality will be, using our system, poorer than when using a well-calibrated
mechanical playback process with the most appropriate stylus. For this reason, we are currently focusing on
discs that cannot be played using a stylus: broken/cracked/delaminated records, matrices, oxidized discs.

7 APPLICATIONS

7.1 Advantages of the Process

Being fully optical, our process does present a number of advantages over the mechanical process. It also
presents advantages against other optical processes. Among others:

e Affordable components

e No selection of stylus is necessary; parameters may be adjusted after scanning

e No friction on the grooves

e Disc can be scanned through a glass pane, that flattens the disc and keeps de-laminating flakes flat and
in place

e Small obstructions can be read through

e Stampers and matrices can be read directly

e Disc cleaning is not necessary

e Good frequency response: up to 20kHz on 78 rpm discs

e Colour and/or Slope signal extraction can be used, depending on the disc surface condition

e Reconstruction of severely cracked or broken discs using a Mixed Integer Problem solver for the
Elementary Shortest Path Problem, under control of the Graphical User Interface
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7.2 Cases Where our Process is Less Applicable

Our process is currently not applicable to:

e Stereo recordings: our process only reads one channel; post-synchronisation of two channels was
tested but is not finalised

e Fully de-laminated discs... but who can read those?

e Lacquer discs with transparent coating (Metallophon, discoloured Thorens...)

e Coloured vinyl prints

e Vertical-cut discs (Pathé, Edison...)

e Cylinders recordings

7.3 Success Stories

Starting in 2016, we were able to extract the signal from a number of discs, some of them previously
considered as irrecoverable. The first two were a set of two broken glass-base lacquer discs. The 9 and 17
pieces were carefully re-positioned tightly together, stabilised under a glass pane, and scanned. As the re-
positioning of the different pieces was not perfect, a number of cracks were still visible on the scans. These
three disc sides justified considerable re-working of the many-turns approach described above in Section 4.2,
but we eventually succeeded in recovering the complete set of three sides. The signal quality obtained was
surprisingly good, given the initial condition of the records.

We were also able to scan completely several 33rpm metal stampers of unknown origin, dated 1953. After
playback, we were able to identify Pierre Schaeffer as the speaker, and then the discs as the original stampers
for a limited-edition vinyl case “Dix Ans d’Essais Radiophoniques, du Studio Au Club d’Essai : 1942-1952”.

We then experimented with a number of recordings, most of them without an existing known digital track.
For example, we were able to recover the content of lacquer disc cabaret recordings dated 1951, with various
levels of de-lamination. We then concentrated on recovering the contents of heavily delaminated zinc lacquer
discs. We were able of successfully recover a number of such recordings from 1946 to 1951. This still requires
manual work, especially in the presence of cracks and missing parts, but practice and improvements in the
process make this process progressively faster.

The Saphir process was used to successfully recover broadcasts in Spanish on the French radio of the
Spanish Diaspora community (1946-1950), and the live audio recording in Montmartre (Paris) of the first post-
war spade duel in France, between two French painters, recorded on July 5, 1946. The object of the dispute
was... Pictural Existentialism !

Recently, we could recover using the same approach the first-ever recording of the fado singer Maria
Teresa de Noronha, dated 1939.

The pictures in Figure 23 give an idea of the level of destruction that can be recovered exploiting
the Saphir process. Audio track samples of the recovered records above are available at URL
http://recherche.ina.fr/eng/Details-projets/saphir.

8 DISCUSSION

We present here a scanner and decoder process for optical digitization of analogue audio disc records. First,
we try to cover pre-existing optical approaches for this task and classify them in three classes. We show that
most of the approaches use the B-imaging or the C-Interferometry methods. Saphir uses the A-Reflective
method, also exploited by the only system that achieved a commercial success, the ELP system. We give
details on how the scanner and the decoder work, and present the advantages of the A-Reflective method in
terms of signal quality. We also show how our decoding process can also use the B-Imaging approach when
needed. We then explain how we address the difficult problem of reconstructing the signal from broken,
cracked, or de-laminated disc records, using a Mixed Integer Problem solver for solving a specific case of the
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Fig. 23. Examples of disc, listed in Table 2, successfully digitized using Saphir. In lexicographical order: Poésie en Suéde,
disc 2, side II; Fado Mouraria, Maria Teresa de Noronha, 1939; Voici ma carte, disc 2, side 2, 1946; Dargent, box 73, disc 1,
side A (V).

Elementary Shortest Path Problem. As this process still involves some operator input through the Graphical
User Interface (GUI), we give an estimation of the efforts still needed, and provide leads on how to limit them.
We conclude by giving indication on the quality achievable with our system and provide examples of discs in
severe condition that could be saved using Saphir. The presented advantages make our process particularly
suitable for the recovery of very damaged discs.

9. FUTURE WORK

The work presented here is still in progress. We intend to further work on a number of points. First, the
scanner presented here is still a unique sample, and is very slow (3 hours for one disc side). We intend to work
on the development of a compacter and faster scanner that can be replicated easily. The footprint of this
scanner will be comparable to the one of a standard audio turntable.
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We also intend to also work on a number of improvements on the decoder software. Among others, most
of the processing being mono-thread, there is room for decoding speed improvement on a standard multi-core
desk-side computer.

We also intend to improve the quality of the output signal. Although the quality is acceptable when the
disc surface is still shining, it degrades considerably in the presence of exudates and discolouration. This could
be improved by a better understanding of the picture contents, particularly when exudates or other flaws are
present on the groove walls. Currently, we have the possibility of blending Colour and Slope measurements
into a single track, but we do not have a joint decoding process for extracting, directly from the picture, the
best signal, taking jointly into account the typical features of groove wall signals, and the properties of the
flaws (colour, shape, texture...); there is still room for improvements in that respect.

The graphical user interfaces also deserve attention. Obtaining the best results from the scanner pictures
still requires a good understanding on the internal decoding processes, and the numbers of parameters to be
set carefully is such that the best results are usually only obtained after a number of trial and error runs. In
addition, decoding cracked discs still requires a number of manual graphical directives. We intend to work on
reducing the number of necessary directives by bringing more automation (e.g., in detecting cracks) and by
providing more powerful directives that can work on larger areas.

It is our intention to start working, first within INA, on the digitization of a large number of records.
Eventually, we hope to be able to provide, to a wider set of potential users, the possibility (scanner + software)
of recovering optically the contents of their endangered analogue disc recordings.

ACKNOWLEDGMENTS

The authors wish to thank for their contributions Alain Perrier, Paul Tomi, Patrice Maylin, Gilles Daigneault,
and the companies Indeep and Optis. Delphine Chadefaux, Maxime Bocquier, Aurélie Fosso, Rémi Peltier,
Nicolas Grosset-Grange were involved as training engineers on the project. We thank all INA staff from INA
Archive department and others, who have been supportive and patient: Eléonore Alquier, Julien Bréchot, Jean
Carrive, Jean-Pierre Cordin, Valérie Chaumelle-Serrus, David Doukhan, Vincent Fromont, Quentin Geffroy,
Daniel Teruggi, Arnaud Touveron, Jean Varra... We also thank for their support and advice Henri Chamousx,
Philippe Demichel, Gérard Frappé, Sébastien Noygues; the anonymous reviewers; and Bertrand Le Cun for
seminal discussions on how to address the Elementary Shortest Path Problem.

REFERENCES

[1] Tobias Achterberg, Thorsten Koch, and Andreas Tuchscherer. 2008. On the Effects of Minor Changes in Model Formulations. ZIB-
Report 08-29. Retrieved from https://opus4.kobv.de/opus4-zib/files/1080/ZR_08_29.pdf

[2] Tobias Achterberg. 2009. SCIP: solving constraint integer program. Math. Prog. Comp. 1:1-41. DOI 10.1007/s12532-008-0001-1

[3] Audio Engineering Society (AES). 2007. Calibration Disc Set for 78 rpm Coarse-Groove Reproducers. Retrieved from
http://www.aes.org/standards/data/x064-cal-disc-notes-V2.1.pdf

[4] Harrison Behl. 2015. Chapter 2 - Audio Formats: Characteristics and Deterioration. ARSC Guide to Audio Preservation. 14-36.
Retrieved from https://www.clir.org/pubs/reports/pub164/pub164.pdf

[5] Richard Bellman. 1958. On a routing problem. Quart. Appl. Math. 16, 87-90

[6] Michel Berkelaar, Kjell Eikland, and Peter Notebaert. 2004. LPsolve Open source (Mixed-Integer) Linear Programming system.
Retrieved from http://Ipsolve.sourceforge.net/

[7] George Brock-Nannestad. 2001. The Attraction of Optical Replay of Mechanical Recordings. In Proceedings of the Audio
Engineering Society Conference, (AES’01)

[8] Sam Brylawski, Maya Lerman, Robin Pike, and Kathlin Smith, editors. 2015. ARSC Guide to Audio Preservation. Retrieved from
https://www.clir.org/pubs/reports/pub164/pub164.pdf

[9] G. Buchmann and E. Meyer. 1930. Eine neue optische Mefimethode fiir Grammophonplatten. Elektrische Nachrichten Technik 7 (4),
147-152

[10]  G. Buchmann and E. Meyer. 1940. A New Optical Method of Measurement For Phonograph Recordings. Acoust. Soc. Am. J. 12(2),
303-306

[11]  Stefano Cavaglieri, Ottar Johnsen, and Frédéric Bapst. 2001. Optical Retrieval and Storage of Analog Sound Recordings. In
Proceedings of Audio Engineering Society 20" International Conference (AES’01).

ACM Journal on Computing and Cultural Heritage, Vol. 11, No. 3, Article 14. Publication date: August 2018.



14:28

[12]
(13]

(14]

[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]

(30]

(31]

(32]
(33]
[34]
(35]
(36]
(37]
(38]

(39]

« J-H Chenot et al.

Peter Copeland. 1991. Sound Recordings. British Library

Anji Cornette and Alan Lewis. 2003. Contracting for Services. In Proceedings of the Symposium on Sound Savings: Preserving
Audio Collections. Association of Research Libraries. Retrieved from http://www.arl.org/storage/documents/publications/sound-
savings.pdf

Robin Dale, Janet Gertz, Richard Peek, and Mark Roosa. 1998. Audio Preservation — A Selective Annotated Bibliography and Brief
Summary of Current Practices. American Library Association, Association for Library Collections & Technical Services,
Preservation and Reformatting Section, Photographic and Recording Media Committee, Audio Preservation Task Force. Chicago,
1998. Retrieved from http://www.ala.org/alcts/sites/ala.org.alcts/files/content/resources/preserv/audiopres.pdf

Michael Drexl and Stefan Irnich. 2012. Solving Elementary Shortest-Path Problems as Mixed-Integer Programs. Technical Report,
Johannes Gutenberg University, Mainz

ELP Laser Turntable. 1998. Retrieved from http://elpj.com/

ELP Japan. 2012. Retrieved from https://en.wikipedia.org/wiki/ELP Japan

Vitaliy Fadeyev and Carl Haber. 2003. Reconstruction of Mechanically Recorded Sound by Image Processing, J. Audio Eng. S, 51(12)
Patrick Feaster. 2012. Extracting Audio from Pictures. Blog post on MediaPreservation, June 6, 2012. Retrieved from
https://mediapreservation.wordpress.com/2012/06/20/extracting-audio-from-pictures/

John G. Frayne. 1985. History of Disk Recording. J. Audio Eng. Soc., 33 (4). Retrieved from http://www.aes.org/aeshc/pdf/
frayne_history-of-disk-recording.pdf

Gerald Gamrath, T. Fischer, T. Gally, A. M. Gleixner, G. Hendel, T. Koch, S. J. Maher, M. Miltenberger, B. Miiller, M. E. Pfetsch, C.
Puchert, D. Rehfeldt, S. Schenker, R. Schwarz, F. Serrano, Y. Shinano, S. Vigerske. D. Weninger, M. Winkler, J. T. Witt, and J. Witzig.
2016. The SCIP Optimization Suite 3.2. Retrieved from http://www.optimization-online.org/DB_HTML/2016/03/5360.html

Mike R. Garey, and David S. Johnson. 1979. Computers and Intractability: A Guide to the Theory of NP-completeness. W. H.
Freeman, New York

Bill Gaw. 2004. ELP Laser Turntable. Enjoy the Music.com Review Magazine Audiolics Anonymous Chapter 55. Retrieved from
http://www.enjoythemusic.com/magazine/viewpoint/0404/aachapter55.htm

Simon J. Godsill and Peter J. W. Rayner. 1996. Robust Treatment of Impulsive Noise in Speech and Audio Signals. In Bayesian
robustness, Institute of Mathematical Statistics, Hayward, CA. 331-342. DOI: http://dx.doi.org/10.1214/Inms/1215453077

Simon J. Godsill and Peter J. W. Rayner. 1998. Digital Audio Restoration A statistical model based approach. Springer, London
Christer Hamp. 2007. The Phonograph Makers' Pages. Retrieved from http://www.christerhamp.se/phono/index.html

Mohamed Haouari, Nelson Maculan, and Mehdi Mrad. 2013. Enhanced compact models for the connected subgraph problem and for
the shortest path problem in digraphs with negative cycles. Comput. Operat. Res. 40, 10 (2013), 2485-2492. DOI:
http://dx.doi.org/10.1016/j.cor.2013.01.002

William K. Heine. 1974. Disc Phonograph Record Playback by Laser Generated Diffraction Pattern. United States Patent Office,
Number 3,992,593

William K. Heine. 1977. A Laser Scanning Phonograph Record Player. In Proceedings of the Engineering Society (AES) Convention,
(AES’77). http://www.aes.org/e-lib/browse.cfm?elib=3098

Arnold Hensman, and Kevin Casey. 2007. Optical Reading and Playing of Sound Signals from Vinyl Records. Proceedings of the 7™
Annual International Conference on Information Technology and Telecommunication (ITT°07). Institute of Technology
Blanchardstown, Dublin, Ireland.

Anil N. Hirani and Takashi Totsuka 1996. Combining Frequency and Spatial Domain Information for Fast Interactive Image Noise
Removal. In Proceedings of the 23" 4 Annual Conference on Computer Graphics and Interactive Techniques, (SIGGRAPH’96), 269-
276.DOI: 10.1145/237170.237264

Irene. 2014a. New Hope for Damaged Media - WNYC Radio Broadcast on Broken Disc Successfully Imaged with IRENE. IRENE
Seeing Sound Blog, June 20 2014. Retrieved from https://www.nedcc.org/audio-preservation/irene-blog/2014/06/20/damaged-media/
Irene. 2014b. A Hefty Challenge for Irene: Working with Delaminating Lacquer Discs. Irene Seeing Sound Blog, Aug 12, 2014.
Retrieved from https://www.nedcc.org/audio-preservation/irene-blog/2014/08/12/delaminating/

Ottar Johnsen, Frédéric Bapst and Lionel Seydoux. 2008. Sound extraction of delackered records. In Proceedings of the Audio
Engineering Society AES 125" Convention (AES’08)

Steven G. Johnson. 2012. The NLopt nonlinear-optimization package. Retrieved from http://ab-initio.mit.edu/nlopt

Ulf Kalla, Niklas Jaldén, Niklas Lithammer, Markus Eriksson, and Eduardo Pérez. 2003. Digital Needle -Final Report. 2E1366 - Project
course in Signal Processing and Digital Communication. Retrieved from http://web.archive.org/web/20031224083613fw_/
http://www.s3.kth.se:80/signal/ edu/projekt/students/03/lightgreen/downloads/lgdn%20Final%20report%20ver%203_0.pdf

Louis Laborelli, Jean-Hugues Chenot, and Alain Perrier. 2007. Non contact Phonographic disks digitisation using structured colour
illumination. In Proceedings of the Audio Engineering Society 122" * Convention (AES’07).

Louis Laborelli and Jean-Hugues Chenot. 2007. Dust Detection by Colour Analysis in an Optical of Phonographic Disks Digitisation.
In Proceedings of IEEE International Conference on Image Processing (ICIP’07)

Louis Laborelli. 2007. Equipement pour la lecture optique des disques phonographiques analogiques. European Patent Office
EP1626402_B1, priority FR2874280 August 12, 2004, issued October 17, 2007

ACM Journal on Computing and Cultural Heritage, Vol. 11, No. 3, Article 14. Publication date: August 2018.


http://www.aes.org/aeshc/pdf/frayne_history-of-disk-recording.pdf
http://www.aes.org/aeshc/pdf/frayne_history-of-disk-recording.pdf
http://web.archive.org/web/20031224083613fw_/http:/www.s3.kth.se:80/signal/%20edu/projekt/students/03/lightgreen/downloads/lgdn%20Final%20report%20ver%203_0.pdf
http://web.archive.org/web/20031224083613fw_/http:/www.s3.kth.se:80/signal/%20edu/projekt/students/03/lightgreen/downloads/lgdn%20Final%20report%20ver%203_0.pdf

[40]

[41]
(42]

[43]
[44]
(45]
[46]
(47]

(48]

[49]

[50]
[51]
(52]
(53]
[54]
[55]
[56]
(57]
(58]
(59]

[60]

[61]

[62]

[63]

[64]
[65]

Saphir: Optical Playback of Damaged Analogue Audio Disc Records « 14:29

Louis Laborelli. 2010. Equipment for the optical playback of analog phonographic records. United States Patent Office. Number
7,660,208, filed August 3, 2005, issued February 9, 2010

Laser turntable. 2015. Retrieved from https://en.wikipedia.org/wiki/Laser_turntable

Beinan Li, Jordan B. L. Smith, and Ichiro Fujinaga. 2009. Optical Audio Reconstruction For Stereo Phonograph Records Using White
Light Interferometry. In Proceedings of 10" International Society for Music Information Retrieval Conference (ISMIR’09)

Andrea Lodi and Andrea Tramontani. 2014. Performance Variability in Mixed-Integer Programming. INFORMS Tutor. Operat. Res.
1-12. DOI: https://doi.org/10.1287/educ.2013.0112

Mark McCann, Paul Calamia, and Nir Ailon. 2006. Audio Extraction from Optical Scans of Records. COS 429 Final Project. Retrieved
from http://web.archive.org/web/20080705213310/http://saturn.vfx.com/mccann/visionfinal/doc/index.html

Clair E. Miller, Albert W. Tucker, and Richard A. Zemlin. 1960. Integer Programming Formulation of Traveling Salesman Problems.
J. ACM 7(4), 326-329

T. Nakamura, T. Ushizaka, Jun Uozumi, and A. Toshimitsu. 1997. Optical reproduction of sounds from old phonographic wax
cylinders. In Proceedings of the Society for Oprical Engineering (SPIE’97). 304-313

Northeast Document Conservation Center (NEDCC). 2015. Understanding IRENE. Retrieved from https://www.nedcc.org/audio-
preservation/understanding-irene

Patrik Olsson, David Ohlin, Robert Olofsson, Cécile Ayrault, and Reine Vaerlien. 2003. The Digital Needle Project - Group Light
Blue. KTH Royal Institute of Technology, Stockholm, Sweden http://www.s3kth.se/signal/edu/projekt/students/03/lightblue/
(not accessible any more). Retrieved from http://web.archive.org/web/20031027173906/http:/www.s3.kth.se:80/signal/edu/projekt/
students/03/lightblue/pdf/DOC_final_report_v01.pdf

William A. Penn, and Martha J. Hanson. 2003. The Syracuse University Library Radius Project: Development of a
non-destructive  playback system for cylinder recordings. First Monday, 85 (May 2003). Retrieved from
http://firstmonday.org/issues/issue8_5/penn/index.html

Andrew G. Pickett and Mike M. Lemcoe. 1959. Preservation And Storage Of Sound Recordings. Library of Congress. Retrieved from
http://lcweb2 loc.gov/master/mbrs/recording_preservation/manuals/

Juraj  Poliak.  1999. The  optical  turntable.  Retrieved  from  http://www.christerhamp.se/phono/poliak.html
https://www.youtube.com/watch?v=CnGh7FADitg

Michael J. D. Powell. 1994. A direct search optimization method that models the objective and constraint functions by linear
interpolation. Advances in Optimization and Numerical Analysis, S. Gomez and J.-P. Hennart (Eds.). (Kluwer Academic, Dordrecht).
51-67

Julius Rheinberg. 1897. Note on Coloured Illumination, J. Quekett Microscopical Club, Ser. 2, VI, 346-347

Theodor Scheimpflug. 1904. Improved Method and Apparatus for the Systematic Alteration or Distortion of Plane Pictures and
Images by Means of Lenses and Mirrors for Photography and for other purposes. GB Patent No. 1196. Filed 16 January 1904, and
issued 12 May 1904. Retrieved from http://www.trenholm.org/hmmerk/TSBP.pdf

Ofer Springer. 2002. Digital Needle — A Virtual Gramophone. Retrieved from http://www.cs.huji.ac.il/~springer/
DigitalNeedle/index.html

Robert E. Stoddard, Finial Technology Inc. 1986. Optical turntable system with reflected spot position detection. United States
Patent Office. No. 4,870,631

Robert E. Stoddard et al. Finial Technology Inc. 1989. Dual beam optical turntable. United States Patent Office, No. 4,972,344

Sylvain Stotzer, Ottar Johnsen, Frédéric Bapst, C. Sudan, Rolf Ingold. 2004. Phonographic Sound Extraction Using Image and Signal
Processing. In Proceedings of the International Conference on Acoustics, Speech, and Signal

Processing (ICASSP’04). IEEE, vol. 4, 289-292

Sylvain Stotzer. 2006. Phonographic Record Sound Extraction by Image Processing. PhD Thesis No. 1534, University of Fribourg,
Switzerland

Leonardo Taccari. 2016. Integer Programming Formulations for the Elementary Shortest Path Problem. European Journal of
Operational

Research 252,1 (2016), 122-130

Baozhong Tian, Samuel Sambasivam, and John Barron. 2011. Practical Digital Playback of Gramophone Records using Flat-Bed
Scanner Images. In Proceedings of the Audio Engineering Society Convention, (AES’11)

Michael Trick. 2005. Formulations and Reformulations in Integer Programming. Integration of Al and OR Techniques in Constraint
Programming for Combinatorial Optimization Problems. CPAIOR 2005. Lecture Notes in Computer Science, Bartak R., Milano M.
(eds.). vol. 3524. Springer, Berlin, Heidelberg. DOI: https://doi.org/10.1007/11493853_27

Jun Uozumi, and T. Asakura. 2009. Optical methods for Reproducing Sounds from Old Phonograph Records. International Trends in
Optics and Photonics, Springer, Berlin, 65-81

Jeff Welty. 2005. The Gnome Wave Cleaner Project. Retrieved from http://gwc.sourceforge.net/

Raymond R. Wile. 1990. Etching the Human Voice: The Berliner Invention of the Gramophone. Assoc. Record. Sound Collect. J. 21,1,
2-22

Received September 2017; revised December 2017; accepted January 2018

ACM Journal on Computing and Cultural Heritage, Vol. 11, No. 3, Article 14. Publication date: August 2018.


http://web.archive.org/web/20031027173906/http:/www.s3.kth.se:80/signal/edu/projekt/students/03/lightblue/pdf/DOC_final_report_v01.pdf
http://web.archive.org/web/20031027173906/http:/www.s3.kth.se:80/signal/edu/projekt/students/03/lightblue/pdf/DOC_final_report_v01.pdf
http://www.cs.huji.ac.il/~springer/DigitalNeedle/index.html
http://www.cs.huji.ac.il/~springer/DigitalNeedle/index.html

