Technical Background and Approach
1. Introduction and Summary
To preserve and access the Phoebe Hearst Museum of Anthropology (PHMA) field recorded wax cylinder collection, we propose to utilize a non-invasive optical system to transfer and digitize the audio information from the groove.  This approach was developed at nearby Lawrence Berkeley National Laboratory, in collaboration with the Library of Congress, and is referred to as IRENE/3D.  The system has already been used in a variety of historical audio preservation and access projects.
The reasons we believe this is the best way to digitize this collection are summarized here and supported below with examples. A technical description of the methodology is given.  A variety of audio examples and backup material are posted for reference [X1].
Wax field recorded cylinders are unique historical documents.  Their basic characteristics are described in Figure 1. The wax is soft and could be degraded by multiple playbacks using the traditional stylus methods.  Some cylinders are already damaged by previous playback or by chemical or biological processes.  Some cylinders are broken into multiple pieces.  
· An optical approach avoids the possibility of further degradation. Broken or cracked cylinders can still be scanned, in a piecewise manner, and digitally reassembled.
Playback with a mechanical stylus is very limited in the audio frequency range which can be reproduced. 
· The optical method can measure significantly higher frequencies than the mechanical stylus.
· In the case of degraded material, for example cylinders with damage from invasive mold growth, the optical methods offer a natural noise reduction strategy. This can improve the listening quality of the recording by utilizing the unique high frequency capability of the optical system.
Key historical media, some representing the earliest examples of sound recording, have already been restored using IRENE/3D.  Between 2008 and 2014, a number of pilot studies using wax cylinders from the PHMA, and related collections, have been performed also using IRENE/3D.  These studies, and the experience base gained, inform our expectations for data quality and throughput in this process.  
· Pilot studies and prior experience have led to a series of best practices and transfer specifications which have been developed with partners from the Library of Congress, the North East Document Conservation Center, and others.
Based upon the results of the studies, the best practices, and the technical capabilities we are confident that an optical approach is most appropriate, and will be effective, in preserving and creating access to the entire PHMA collection.  This discussion and the bulleted points are expanded upon below.
2. Technology 
Normal invasive playback utilizes a hard stylus to trace the groove modulation and transduce it into an electrical signal.  The IRENE/3D optical restoration system uses a precision optical probe to create a high resolution profile of the surface which can be formed into a three dimensional digital image.  An algorithm on a computer processes this image to calculate the stylus motion and numerically extract the audio signal. 
The basic optical scanner scheme is shown in Figure 2.  As noted, the technology has been in use for a number of years already and is supported by extensive control, acquisition, and analysis software.  This advanced state of development makes a multi-year digitization project, as proposed, practical and attractive.  More information about the scanning system can found online [X2].
While conceptually appealing, this optical process has to also meet specifications set by the characteristics of the sound carrier media and the practical aspects of measurement.  The two key specifications with regard to the media, itself, are “sampling rate” (number of digitized points per second of audio), in the temporal direction, and “bit depth” which relates to the measurement of the groove, in the vertical (amplitude) direction.  The optical system utilizes a confocal scanning microscope to digitize the surface profile.  The microscope measures a spot of diameter 3.5 microns with a vertical resolution of less than 100 nanometers.  The spot diameter is equivalent to a digital sampling rate in excess of 100 KHz, while the vertical resolution is about 10 times smaller than the noise level of the recording.  The confocal microscope can collect data points from the surface at an effective measurement speed of about 200 thousand points per second of measurement time. This enables us also to digitize the entire cylinder in a reasonable time frame, making this also a practical measurement process in a large project.
Some modern specifications on audio transfer suggest that the signal be digitized at 96 KHz with a bit depth of 24 bits.  Commercial CD’s operate at 44.1 KHz and 16 bits.  Perhaps surprisingly, playback with an electrical stylus system on a wax cylinder is severely attenuated above a few KHz. The natural condition of this historic media limits the information content just a small number of remaining bits. This is discussed further below.  
3. Historic Media and Frequency Response
Wax cylinders were an important grooved sound carrier during the early period of sound recording.  The technology was developed and commercialized by Alexander Graham Bell and collaborators in the middle of the 1880’s.  The first field recordings were made by Jesse Fewkes around 1890.  Professor Alfred Kroeber and co-workers at UC Berkeley adopted the technology in 1900 leading to the creation of the PHMA collection.  Wax cylinders were in use until the 1940’s for office dictation purposes.
 Typical wax cylinders (Figure 1) are about 2 inches in diameter and 4 to 6 inches in length.  The sound is recorded in a helical groove which winds around the cylinder.  The recorded audio duration is 2-4 minutes and the cylinders rotate between 90 and 160 revolutions per minute.  The sound carrier groove depth is in the range 5-25 microns (millionths-of-a-meter) and the pitch of the helix is between 125 and 250 microns.  Audio is impressed in a vertical modulation of the groove depth (referred to as a “vertical recording”).  The modulation amplitude varies from a fraction of a micron (at the noise level) to approximately 10 microns (at maximum amplitude).  This should be contrasted with a modern (mid-late 20th century vinyl LP) grooved recording which has slower rotation speed and a much smaller groove, enabling a longer track and a much higher fidelity process. 
We refer to the wax cylinder media as “analog” because the position of a point along the winding helical groove is analogous to the time elapsed from the beginning of the recording, and the rate of change of the groove depth, vertically, is analogous to the sound amplitude, its period to the frequency.  
Sound is a propagating periodic compression and expansion of elastic matter.  Human hearing extends from a frequency of about 50 Hz (Hz = vibrations per second) to about 20,000 Hz (20 KHz).  The dominant features of human speech are in the hundreds to few thousand Hz range. A critical aspect of audio reproduction is frequency coverage.  It is therefore important to understand the limitations in the frequency range in early recordings.
Today’s familiar electrical recording and playback systems were first introduced in the 1920’s. Modern records (“vinyl LP’s”) are referred to as microgroove recordings.  A modern recording system uses a small cutting stylus, and electronics with a wide frequency response and low noise.  A modern playback system on modern media uses a small stylus to trace the microgroove and reproduce sound, covering the nearly the full range of human hearing.
Wax cylinders, such as those in the PHMA collection predate the electrical recording period and are examples of acoustic recordings.  The acoustic process is governed by the mechanical properties of the materials used and the acoustic recording systems.  This historic process required a relatively wide and shallow groove and has an intrinsic limit to the frequencies it can capture in the range of 3-5 KHz [X3]. 
Before the IRENE/3D approach was introduced, historic wax cylinders would be played back invasively using an adaptation of the modern electrical stylus systems.  Because the wax groove is relatively large, an electrical stylus system must also use a large stylus to trace the groove without distortion and without excessive pressure to the soft material.  This large stylus can reproduce much of the recorded audio signal which is present but is unable to measure frequencies above the limited range of the acoustic recording.  This is illustrated in Figure 3. While these higher frequencies do not contain much deliberate audio information they do contain important information about noise and damage to the cylinder which can degrade the audio at lower frequencies where the recording was originally made.
In principle one should decouple the playback response, which should have higher resolution, from the recording response.  Noise reduction and other post-processing will be more effective if the playback can capture also the higher frequencies.  As illustrated also in Figure 3, the effective “size” of the optical “stylus” is negligible relative to the dimensions of the mechanical stylus and consequently the optical method transfers with a wide (flat) frequency response far beyond that of the electrical stylus.  
4. Historic Media and Bit Depth

Orthogonal to the time sampling, it is also important to measure the shape of the groove, its depth and rate of change, with sufficient resolution in the vertical direction.  The scale for this measurement is set by the maximum and minimum amplitudes present in the recording.  The minimum amplitude is set by the intrinsic level of noise present in the groove. For historic media the noise is dominated by the characteristics of the material and its wear, and the recording process.  Extensive measurements on historic media have shown that the optical probe is able to profile the surface with resolution finer than the texture due to the noise. This is a requirement for a faithful reproduction of the signal.  The probe should not add noise above the level naturally present on the media. In practice the probe makes multiple measurements across the groove  and can even be averaged, yielding additional improvements.
Signal and noise, are often expressed as a certain “bit depth” unit.  In traditional audio parlance, one speaks of performing a digitization with (for example) a depth of 24 bits (commercial CD’s have a depth of 16 bits).  In this context the bit depth refers to the properties of the analog to digital converter used.  In a 24 bit digitization, the data range is a factor of 16.7 million (!).  The assumption here is that the source of the audio is not dominated by noise and the signal processing chain is similarly clean.  This is completely opposite of the case with degraded and historical media.     In practice, on a wax cylinders, like those in the PHMA collection, the intrinsic signal to noise ratio is only about 100, equivalent to just under 7 bits.  That is a property of the wax and independent of the playback method.   Sampling with significantly more bits than this, gains nothing.
5. Degraded media
As noted, historical media is often degraded due to physical, chemical, or biological effects.  Such degradation can have a range of effects on the sound quality during playback.  Sometimes the degradation is so bad that the audio information is lost.  Other times the resulting distortion can make otherwise audible sections difficult to interpret.  In this latter case the optical methods can offer a unique advantage over stylus playback.  The stylus traces a single line along the groove path.  The optical scanner instead measures the entire surface and at higher temporal resolution. This additional information allows us to suppress certain types of distortion during the numerical analysis of the surface shape and results in an improved playback.    The IRENE/3D data analysis software tools contain a range of features for noise and damage identification and suppression which exploit the high resolution of the optical data. This is further illustrated in Figure 4 and at the online link [X1].
6. Broken media
In the case of stylus playback, broken records are not recovered.  Even if the pieces are glued back together, it is difficult to avoid small misalignments which make the stylus movement unstable.  In general, the broken pieces will also change shape once they are separated due to stress release.
The optical scanner can measure the individual broken pieces and the analysis software allows the groove segments to be linked together, through user control, and in some cases automatically.  A system for supporting and scanning broken cylinder sections is shown in Figure 5.  Demonstrations of this capability have been posted at the online link [X1].
7. Pilot studies
A number of pilot studies have been performed on wax field recorded cylinders to asses a variety of aspect of the process.  These are described here.
2008: A study was made of 11 cylinders from the PHMA.  This study validated the basic approach, the sufficiency of digital sampling, and helped to define the analysis framework and methodology
2010-11: A study was made of 20 cylinders from the Indiana University Archive of Traditional Music.  These cylinders were recorded by Franz Boas around 1930.  This study defined a production scanning methodology and established some of the key noise reduction methods.  One broken cylinder from this set was included.
2011-2012: A study was made of 60 cylinders from the PHMA.  This study established a much more extensive production scanning and analysis model.  It also led to the development of an online accessible database for the scanning results.  Cylinders from the collection were scanned according to a regular schedule per day and per week.
2014: A dozen cylinders from the UC Berkeley Linguistics Department collection, recorded by Mary Haas, in Louisiana, were scanned.  This study was key to developing the final data collection and analysis parameters which are proposed for use in the full PHMA campaign.
In addition to the 2008-2014 pilot studies, performed at Berkeley Laboratory, the proposed campaign is informed and supported by a variety of measurements and studies performed by collaborators and partners to and with the IRENE/3D project.
· IRENE/3D has been in operation at the Library of Congress since about 2006.  Numerous measurements have been made of materials there.  The Library has played a decisive role also in defining quality and digitization standards and best practices.
· A diverse set of early recordings from the collection of the Smithsonian Institution National Museum of American History have been digitized since 2010.  Many of these materials were extensively degraded.  The measurement and analysis of this collection led to the development of a variety of new techniques which will benefit and be used in the new proposed project.
· An IRENE/3D system in operation at the North East Document Conservation Center in Andover, Mass [X4].  Since January of 2014 this machine has been used in the systematic scanning of a variety of collections brought to the Center by institutional customers.

8. Technical design
The basic technical design of the scanner follows the scheme shown in Figure 2 and also used at the Library of Congress and NEDCC.  For the PHMA campaign it is important to optimize the system for throughput specifically on cylinders.  The goal is to scan 3000 cylinders in 3 years.    We envision a 6 month commissioning and ramp-up period leading then to a fixed rate of 6 cylinder/ workday.    According to the pilot studies we should be able to scan the 6 cylinders per day in two shifts.  We propose to modify the scanner, as shown in Figure 6, to allow us to mount 3 cylinders on the same spindle.  By appropriately staging the control and acquisition process, the scanner will be able to serially measure the set of three over the course of a day shift.  A second set of three would be mounted at day’s end and scanned overnight. 
Based upon the experience so far we are confident that the degree of automation required to scan groups of three cylinders, eventually with little oversight, is within our technical capabilities.
The scanning campaign will be supported by appropriate staffing.  A dedicated library/museum technical person will oversee the scanning operations and be responsible for the day shift loading/unloading, and analysis.  A second part-time person/student intern will manage the evening switch over.    Scientific and engineering professionals from Lawrence Berkeley National Laboratory will design, assemble, program, and commission the dedicated cylinder scanner and support operations throughout the three year campaign.
[X1] http://bio16p.lbl.gov/PHMA.html
[X2] http://bio16p.lbl.gov/Scanner.html
[X3] V. Fadeyev et al, J. Audio Eng. Soc., vol. 53, no.6, pp.485-508 (2005 June) 
see also http://www-cdf.lbl.gov/~av/cylinder-paper-PVF.pdf
[X4] https://www.nedcc.org/audio-preservation/about
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Figure 1: Characteristics of wax cylinder and a detail of the surface
Figure 2: IRENE/3D scanning system with component details
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Figure 3: Description of the rela
tive frequency limitations of a 
mechanical
 stylus  (left) and the optical probe (right).
Figure 4:
 
Detail of a depth image captured by IRENE.  Time goes from left to right.  Darker 
here 
means greater depth.  The random structures are the effect of mold which attacked the surface wax.
Figure 5: Scheme for scanning broken
p
arts
 of a cylinder individually.
Figure 6: Scheme for scanner to hold 3 cylinders at once.
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